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ABSTRACT 

The aquatic macrophyte communities of the lower Chowan River are 
dominated by the yellow water lily (Nuphar luteum) and the water willow 
(Justicia americana). Aerial surveys (370 m altitude) made in 1974-75 by 
means of overlapping photography of the shoreline revealed about 27 hec- 
tares of aquatic macrophyte stands in a 52 km sector of the river north 
of Albemarle Sound. An estimated 99 percent of the coverage was by Nuphar. 
Peak biomass of Nuphar ranged between 115 and 300 grams dry weight per 
square meter at three sites and net primary productivity was estimated at 
222 grams dry weight per square meter per year based on turnover rate of 
leaves and growth increments of rhizomes and roots. About 77 percent of 
the Nuphar biomass was in the sediments (roots and rhizomes) while 92 
percent of the annual net primary productivity occurred in aboveground 
structures (leaves, petioles, and reproductive parts). 

A radioisotope technique was employed to trace bidirectional movement 
of phosphorus in Nuphar. Upward translocation followed root absorption and 
downward translocation followed submersed leaf absorption of phosphorus. 
The two pathways occurred simultaneously in the same plant with the former 
dominating year round. These events, in addition to the summertime secre- 
tion by submersed leaves of phosphorus that was absorbed by roots, constitute 
a phosphorus "pump," whereby phosphorus is transferred from the sediments 
to the overlying water. 

Other inorganic nutrients, namely nitrogen, potassium, calcium, 
magnesium, and iron, were present in Nuphar and Justicia at concentrations 
generally within the ranges reported in the literature. Analysis of plant 
structures, rather than whole plants, allows for between-site comparisons 
that may be indicative of ambient levels of nutrients. For example, the 
phosphorus concentration in roots correlated with the phosphorus concen- 
tration in interstitial water and an acid extractable fraction of the 
sediments. 

Aquatic macrophytes are unlikely to affect the water quality and 
other uses of the lower Chowan River if current conditions prevail. 
Because of the restricted area of the shallow littoral, it is doubtful 
that aquatic macrophytes will have a significant impact on the productivity 
or nutrient status of the river system in the future. 

iii 



TABLE OF CONTENTS 

ACKNOWLEDGEMENTS. . . . . . . . . . . . . . . . . . . . . . . . . . .  ii 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ABSTRACT iii 

. . . . . . . . . . . . . . . . . . . . . . . . . . .  LIST OF FIGURES vii 

LISTOFTABLES . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ix 

SUMMARY AND CONCLUSIONS . . . . . . . . . . . . . . . . . . . . . . .  xi 

. . . . . . . . . . . . . . . . . . . . . . . . . . .  RECOMMENDATIONS xiv 

IbJTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 
Objectives of Study . . . . . . . . . . . . . . . . . . . . . . . .  1 
Description of Study Area . . . . . . . . . . . . . . . . . . . . .  1 
Description of Plants . . . . . . . . . . . . . . . . . . . . . . .  5 

PRIMARY PRODUCTIVITY AND BIOMASS DISTRIBUTION.. Lacy 
Introduction . . . . . . . . . . . . . . . . . .  
Materials and Elethods . . . . . . . . . . . . . .  . . . . . . . . . . . . .  Primary Productivity . . . . . . . . . . . . . .  Harvest Method 

Biomass Growth . . . . . . . . . . . . . .  . . . . . . . . . . . . .  iomass Distribution . . . . . . . . . . . .  Aerial Photography . . . . . . . . .  Extensive Biomass Survey 
Results . . . . . . . . . . . . . . . . . . . . .  

Primary Productivity . . . . . . . . . . . . .  . . . . . . . . . . . . . .  rvest Method 
Biomass Losses . . . . . . . . . . . . . .  

Biomass Distribution . . . . . . . . . . . . .  . . . . . . . . . . . .  Aerial Photography . . . . . . . . .  Extensive Biomass Survey 
Discussion . . . . . . . . . . . . . . . . . . .  

Primary Productivity . . . . . . . . . . . . .  
Nuphar Productivity . . . . . . . . . . . .  
Justicia Productivity . . . . . . . . . . .  
Community Structure . . . . . . . . . . . .  

Biomass Distribution . . . . . . . . . . . . .  

R . Blanton. Jr . . 8 

PHOSPHORUS CYCLING IN Nuphar COMMUNITIES.. Robert R . Twilley . . . . .  36 
Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . .  36 . . . . . . . . . . . . . . . . . . . . . . .  Research Approach 38 . . . .  Concentration as in Index of Phosphorus Availability 38 

Flux as in Index of Phosphorus Availability . . . . . . . . .  39 
Materials and Methods . . . . . . . . . . . . . . . . . . . . .  40 



Page 

. . . . . . . .  Seasonal and Spatial Phosphorus Distribution 
Fieldsampling . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . .  Phosphorus Analysis . . . . . . . . . . . . . . . .  Phosphorus Pools in the Sediment 
Field Collection . . . . . . . . . . . . . . . . . . . . . .  
Interstitial Water . . . . . . . . . . . . . . . . . . . . .  
Biologically Available Phosphorus . . . . . . . . . . . . . .  . . . . . . . . . . . . . . .  Phosphorus Flux Tracer Experiments 
General Procedures . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . .  Laboratory Experiments 
Field Experiments . . . . . . . . . . . . . . . . . . . . . .  

Decomposition Rates . . . . . . . . . . . . . . . . . . . . . .  
Results and Discussion . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . .  Spatial and Seasonal Phosphorus Concentration 

Spatial Phosphorus Concentration . . . . . . . . . . . . . .  
Seasonal Phosphorus Concentration . . . . . . . . . . . . . .  

Sediment Analysis . . . . . . . . . . . . . . . . . . . . . . .  
Interstitial Water . . . . . . . . . . . . . . . . . . . . .  
Biologically Available Phosphorus . . . . . . . . . . . . . .  . . . . . . . .  Phosphorus Uptake. Translocation. and Secretion 
Laboratory Results . . . . . . . . . . . . . . . . . . . . .  

Absorption . . . . . . . . . . . . . . . . . . . . . . . .  
Translocation . . . . . . . . . . . . . . . . . . . . . .  

FieldResults . . . . . . . . . . . . . . . . . . . . . . . .  
Absorption . . . . . . . . . . . . . . . . . . . . . . . .  
Translocation . . . . . . . . . . . . . . . . . . . . . .  
Secretion . . . . . . . . . . . . . . . . . . . . . . . .  

Decomposition . . . . . . . . . . . . . . . . . . . . . . . . .  
DryWeightLoss . . . . . . . . . . . . . . . . . . . . . . .  
Phosphorus Release . . . . . . . . . . . . . . . . . . . . .  

Synthesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  Seasonal Flux of Phosphorus 
WinterFlux . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . .  SpringFlux 
Summer Flux . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  Comparison with Other Studies 

Evaluation of Tracer Studies . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . .  Mobility of Phosphorus 

. . . .  INORGANIC NUTRIENT COMPOSITION OF PLlLNT TISSUE 
Introduction . . . . . . . . . . . . . . . . . . .  
Materials and Methods . . . . . . . . . . . . . . .  
Results and Discussion . . . . . . . . . . . . . .  . . . . . . . .  . Elemental Composition of Nuphar . . . . . . .  Elemental Composition of Justicia 

Importance of Elemental Analysis by Structure . 
Nutrient Loss from Decaying Nuphar and Justicia 



Page 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  REFERENCES 101 

. . . . . . . . . . . . . . . . . . .  LIST OF PATENTS AND PUBLICATIONS 112 

GLOSSARY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  113 

. . . . . . . . . . . . . . . . . . . . . . . . . . .  APPENDIX TABLES 115 





LIST OF FIGURES 

FIGURE: PAGE 

1 The Chowan River study area  located i n  the  northeastern 
coas ta l  p l a in  of North Carolina, . . . . . . . . . . . . . +  2 

2 Maximum and minimum water temperatures recorded a t  the  
mouth of Rockyhock Creek during 1974 and 1975. . . . . . . .  4 

3 Photograph of Nuphar luteum from the  Chowan River, 
N o r t h C a r o l i n a .  . . . . . . , . . . . . . . . . . . + . . .  6 

4 Relative variance of biomass a s  a function of . . . . . . . . . . . . . . . . . . . . . .  q u a d r a t s i z e . .  11 

5 Monthly mean biomass of Nuphar luteum a t  (a)  Rockyhock 
Creek, (b) Keel Creek, and (c) Wiccacon Creek. . , . . . . .  16 

6 Monthly mean biomass of J u s t i c i a  americana a t  Rockyhock 
Creek during September 1974 and t he  1975 growing . . . . . . . . . . . . . . . . . . . . . . . . . .  s e a s o n ,  18 

7 Turnover r a t e ,  biomass, and ne t  primary productivity of 
f loa t ing  leaves of Nuphar luteum f o r  1975. . . . . . . . . .  22 

8 Correlat ion of roo t  and rhizome biomass based on samples 
col lected during June 1975 . . , . . . . . . . . . . . . . .  26 

9 A model of t h e  phosphorus cycle through a community of 
rooted aquat ic  macrophytes . . . . . . . . . . . . . . . . .  37 

18 Diagram of plexiglass  chambers used t o  i s o l a t e  s t ruc tu r e s  
of Nuphar luteurn and radioact ive  isotopes.  . . . . . . . . .  44 

11 Seasonal phosphorus concentration (pg-at/g OW) f o r  
separate  s t ruc tu r e s  of Nuphar luteum a s  wel l  a s  
averages f o r  t he  aboveground and belowground 
s t r u ~ t u r e s . . . . , . ~ . . . . . . . . . . . . .  , . . . ,  56 

12 Seasonal trends i n  phosphorus concentration (mg-at/m2) 
i n  the  aboveground and belowground biomass of Nuphar 
luteum based on mean values fo r  each ecological  - 
s e a s o n .  . . . . . . . . . . . . . . . . . . . . . . . . . .  60 

13 Seasonal trends i n  phosphorus concentration (mg-at/m2) 
i n  t he  biomass of each s t ruc tu r e  of IJuphar luteum based 
on mean values f o r  each ecological  season. . . . . . . . . .  60 

v i i  



PAGE 

Kegression of (A) i n t e r s t i t i a l  phosphorus concentrat ion 
and t h e  phosphorus concentrat ion i n  roo t s ,  and (B) bio- 
l o g i c a l  a v a i l a b l e  phosphorus concentrat ion and the  
phosphorus concentrat ion i n  roots .  . . . . . . . . . . . . .  62 

Regression of phosphorus concentrat ions i n  b i o l o g i c a l  
a v a i l a b l e  phosphorus and i n t e r s t i t i a l  water from Keel . . . . . . . . . .  Creek, Kockyhock Creek, and Indian Creek 66 

16 Response of r o o t s  and submersed leaves  of Nuphar 
luteum t o  increase  t i m e  of incubation wi th  t h e  - 
radioisotope 3 2 ~  . . . . . . . . . . . . . . . . . . . . . .  67 

17 Response of t h e  phosphorus absorption a c t i v i t y  of 
submersed leaves  of Nuphar luteum t o  the inc rease  
i n  phosphorus concentrat ion i n  the  absorbing medium. , . , . 6 7 

18 Lineweaver-Burk form of the  Michaelis-Mentsn 
equation f o r  r o o t s  and submersed leaves  of 
N u p h a r l u t e u m , . .  . . . . . . . . . . . . . . . . . . . . .  6 9 

19 Amount of 3 2 ~  detected i n  t h e  s t r u c t u r e s  of S p h a r  
luteum a f t e r  submersed leaves  and r o o t s  had been 
incubated wi th  3 2 ~  a t  d i f f e r e n t  t i m e  i n t e r v a l s  . , . , , . . 71 

20 The quant i ty  of phosphorus (pg-at/g dry wt) t rans-  
located  t o  each s t r u c t u r e  during a 24-h period i n  
winter ,  spring,  and summer . . . . . . . . . . . . . . . . ,  7 4 

21 The d a i l y  f l u x  of phosphorus (pg-at per  m2 of 
Nuphar luteum community) during winter ,  spr ing,  
a n d ~ m e r , ~ . . ~ . . . . . * ~ . . . . * ~ . . . . . . .  75 

22 Percentage of t h e  o r i g i n a l  dry weight remaining 
during a period of decomposition of t h e  above- 
ground and belowground s t r u c t u r e s  of Nuphar 
luteum and J u s t i c i a  americana during the  summer 
and winter  . . . . . . . . . . . . . . . . . . . . . . . . .  80 

The d a i l y  f l u x  of phosphorus (pg-at) through a m2 
of Buphar luteum community during t h e  winter ,  
spring,  and summer . . . . . . . . . . . . . . . . . . . . .  85 

v i i i  



LIST OF TABLES 

TABLE PAGE 

1 Surrmrary of monthly biomass of Nupharluteum f o r  1975, , , , , 17 

2 Summary of monthly biomass of J u s t i c i a  americana f o r  
1975 . .  . . . . . . . . . . . . . . . .  .-.-. . . . . . . . . .  17 

3 Leaf area  index and density of f l oa t i ng  leaves and 
pe t i o l e s  f o r  Nuphar luteum i n  1975, , , , , . . , , , . , . , 20 

4 Leaf area  index and density of stems f o r  
J u s t i c i a  americana i n  1975, . . , , , . , , , , , , , , , . . 20 

5 Annual production of Nup-har luteum i n  1975, , , , , . , , , . 21 

6 lihizome age est imates of Nuphz luteum based on new pe t i o l e  
sca rs  and increases i n  rhizome l x d u r i n g  1975 . . . . . .  2 4 

7 Coverage bL) of Nuphar and Jus t i c ia ,  comrmunities on t h e  
lower Chowan River f o r  August - September 1974 and f o r  
1 6 J u n e 1 9 7 5 , , , , . . . , . . , . , . , , , . . , , , ~ , ,  27 

8 Extensive biosaass survey i n  the  lower Chowan Kiver of 
Nuphar luteum f o r  June 1975 . . , , , . . , . , , , , , , . , 29 

9 Analysis of variance comparing Nuphar luteum biomass 
between the  upper and lower Chowan River, , , , , , , , . , , 29 

10 Estimations of peak biomass f o r  some aquat ic  
macrophytes . . . . . . . . . . . . . . . . . . . . . . . . .  31  

11 Ash content of th ree  types of aquat ic  macrophytes 
including t h e  uean values fo r  the s t ruc tu r e s  of 
Nuphar luteum and g, advena . . . . . . . . . . . . . . . . .  50 

12 Mean concentration of phosphorus (pg-at/g OW) during 
the  sampling season i n  t he  anatomical s t r uc tu r e s  of 
Nuphar l u t eum.  . . . . . . . . . . . . . . . . . . . . . . .  5 1  

2 13  Elan content of phosphorus (g/m ) during t he  sampling 
season i n  the  s t ruc tures  of Nuphar luteum , . . , , . , , , , 52 

1 4  Phosphorus incorporated during the production of 
individual  s t r uc tu r e s  of K p h a r  luteum and t he  amount 
of phosphorus i n  biomass fo r  the  lower Chowan 
R i v e r . . . , . . . , , , , , . . , , . , , , , . , , . , , .  54 



TABLE PAGE 

15 Phosphorus content, as percent P of dry weight, of 
species in the Nymphaeaceae family . . . . . . . . . . . . . . .  55 

16 Mean seasonal phosphorus concentration (ug-at/g OW) 
and standard errors of luteum structures. . . . . . . . .  5 7 

17 Mean seasonal phosphorus biomass (mg-at/m2) and 
standard error of luteum structures . . . . . . . . . . .  5 8 

18 Concentration of phosphorus in the interstitial 
water, as biologically available phosphorus in the 
sediment, and in the roots of Nuphar luteum at 
Keel Creek, Rockyhock Creek, and Indian Creek. . . . . . . . . .  63 

13 Comparison of phosphorus concentrations of 
interstitial water and biologically available 
phosphorus from this study to work of other 
investigators. . . . . . . . . . . . . . . . . . . . . . . . . .  6 4 

20 Coefficients and rates of phosphorus exchange 
between phosphorus in the plexiglass chambers . . . . . . . . . . . . . . . . . . . . . . .  7 2 

21 Daily rates of absorption, translocgtion, and 
secretion of phosphorus through a mZ of Nuphar 
luteum community during winter, spring, and 

22 The constants and half-life (days) for decompo- 
sition (dry weight loss) and phosphorus release 
by the aboveground and belowground structures of 
Nuphar luteum and Justicia americana during 
summer and winter. . . . . . . . . . . . . . . . . . . . . . . .  81 

23 Mean daily phosphorus flux (ug-at/m2*day) and 
total phosphorus release per season (pg-at/m2) 
to the detritus compartment during each ecological 
season based on turnover rate of the aboveground 
biomass.. . . . . . . . . . . . . . . . . . . . . . . . . . . .  84 

24 Inorganic nutrient composition for structures of 
Nuphar luteum collected in the Chowan River 
during1974-75.... . . . . . . . . . . . . . . . . . . . . .  94 

25 Inorganic nutrient composition for structures of 
Justicia americana collected in the Chowan River 
during1974-75. . . . . . . . . . . . . . . . . . . . . . . . .  95 

26 Decay constants (A) and decay half-life (tQ of 
weight and nutrients for Nuphar luteum and 
Justicia americana in the Chowan River . . . . . . . . . . . . .  100 



SUllMARY AND CONCLUSIONS 

The two dominant aqua t i c  macrophytes i n  t h e  lower Chowan River a r e  
Nuphar luteum (yellow water l i l y )  and J u s t i c i a  americana (water willow). 
The d i s t r i b u t i o n  of the  l a t t e r  is  r e s t r i c t e d  t o  t h e  l i t t o r a l  near the  
mouth of the  r i v e r .  Net primary product iv i ty  of Nuphar could not  be 
estimated from monthly changes i n  biomass owing t o  l o s s e s  of p lan t  mater- 
i a l  between da tes  of harves t  and t h e  high degree of v a r i a t i o n  between 
samples taken wi th in  t h e  same p lan t  bed. Weekly tagging of leaves  
allowed an es t imate  of turnover r a t e s  f o r  aboveground product iv i ty  and 
measurement of rhizome growth was used a s  an es t imate  of rhizome and root  
product iv i ty .  The l i f e  span of f l o a t i n g  leaves  averaged 31 days f o r  an 
average turnover r a t e  of 5.7 times per growing season. This value  t i m e s  
t h e  mean biomass f o r  the  f l o a t i n g  leaves and p e t i o l e s  (23.4 g dry wt/m2) 
during t h e  growing season gave an  annual production of 133 g dry wt /m2  
f o r  those pa r t s .  By adding es t imates  from other  p lan t  p a r t s ,  t h e  t o t a l  
annual production by Nuphar was estimated a t  222 g dry wt/m2. While 77% 
of the  Nuphar biomass was below t h e  sediments, 92% of t h e  n e t  annual 
primary product iv i ty  w a s  by aboveground s t r u c t u r e s .  Peak biomasses f o r  
the  two Nu har study sites i n  1975 were 115 g dry  wt/m2 a t  Keel Creek and P7! 300 g dry  w t / m  a t  Wiccacon Creek. J u s t i c i a  reached a peak biomass of 
277 g dry w t / m 2  during August 1975 with 42% of t h e  t o t a l  biomass i n  t h e  
subs t ra te .  

Macrophyte coverage f o r  the  study a rea  between U.S. 17 and Winton 
was approximately 26.3 hec ta res  i n  1974 and s l i g h t l y  higher (27.7 hectares)  
i n  1975. Biomass of aqua t i c  macrophytes f o r  the  study a rea  i n  1975 was 
estimated a t  60.4 metr ic  tons (KC) f o r  Nuphar and 1.4 ETT f o r  J u s t i c i a .  

P a r t  of t h e  study was t o  evaluate  t h e  r o l e  of Nuphar i n  t h e  cycling 
of phosphorus (P) i n  t h e  lower Chowan River. Neasurements w e r e  made of 
(a) seasonal  and s p a t i a l  P concentrat ions i n  t h e  p lan t ,  (b) P f r a c t i o n s  
a v a i l a b l e  t o  t h e  p lan t  i n  t h e  sediment, and (c)  P f l u x  between p l a n t ,  
sediment, and overlying water. The P concentrat ion i n  t h e  aboveground 
biomass ( leaf  blades and p e t i o l e s )  peaked during e a r l y  spr ing (242 ug-at 
P/g OW)* while t h e  rhizomes declined i n  P concentrat ion during t h i s  
season. Rhizomes accumulated t h e  g r e a t e s t  amount (66.2%) of t h e  P bound 
i n  t h e  biomass of Nuphar followed by r o o t s  (10.6%) wi th  t h e  remainder 
d i s t r i b u t e d  among the  th ree  aboveground s t r u c t u r e s  ( f loa t ing  leaves  = 7.9%, 
submersed leaves  = 7.1%, p e t i o l e s  = 8.1%). Flowers, f r u i t s  and peduncles 

*OW = organic weight o r  ash-free dry weight; 1 ug-at P = 31 ug P. 

x i  



were only a minor portion of the P biomass. Total accumulation of P in 
the biomass of Nuphar during June in the lower Chowan River was 9.2 MT. 
At three sites, the biologically available phosphorus in the soil and the 
phosphorus in the roots correlated better (r = 0.90) than did interstitial 
water and root concentration (r = 0.74). 

Uptake, translocation, and subsequent secretion of phosphorus by 
Nuphar was studied under laboratory and field conditions using two radio- 
isotopes, 3 2 ~  and 33~. In the laboratory studies, roots had the greatest 
absorption rate of P,  submersed leaves were intermediate, and floating 
leaves had the lowest rate. An increase in the concentration of P 
resulted in increased absorption rates for submersed leaves and roots. 
In the Chowan River, 24-h experiments tracing P from both water and 
sediments into the plant were done simultaneously using a double isotope 
procedure with 3 2 ~  and 3 3 ~  during the winter, spring, and summer. Absorp- 
tion rates for roots were greatest in summer (1.72 pg-at/g dry wtoday) 
and lowest in winter(l.29 pg-at/g dry wtoday) while the highest absorption 
rate for submersed leaves was in spring (0.55 pg-at/g dry wt'day) and 
lowest in winter (0.29 ~g-at/g dry wt-day). In both laboratory and field 
experiments translocation of P absorbed by roots occurred more rapidly 
and extensively than with submersed and floating leaves. A bidirectional 
flux of P was measured in Nuphar with the dominant pathway from belowground 
to aboveground structures. The flux of P between the aboveground and 
belowground structures varied between winter, spring, and summer and the 
translocation rates were affected more by the seasons than the absorption 
rates. Secretion from submersed leaves and roots was observed only during 
the summer, 

Decennposition studies showed that once the aboveground structures 
died, the P was quickly regenerated back into the system (half-time ca. 
8 days). Calculations of P flux from biomass to detritus was based on 
production rates of Nuphar which equaled 3.2%  day. During the summer 
months, the rate of P movement from the aboveground to the detrital 
compartment was 174 ug-at/m2 day of which 130 ug-at/m2*day originated 
from the substrate via root absorption and translocation. By adding the 
daily rate of secretion, which also represented regeneration of P from the 
substrate, the net loss of P from the sediments during the summer via 
decomposition and secretion was 201 ug-at /m2* day. The significance of 
these results is that Nuphar functions as a nutrient pump resulting in a 
net flux of P from belowground to aboveground structures and the water 
column. 

The radioactive tracer estimates of P inputs by absorption and trans- 
location to aboveground biomass were only 11% of the values calculated by 
multiplying daily biomass production by P concentrations. Possibly P 
absorbed by Nuphar is converted to a storage product and later redistri- 
buted via translocation. A 24-h experiment may be too brief to measure 
this proposed redistribution movement of P because of lag time from 
absorption to storage to translocation. 

The elemental composition of Nuphar and Justicia was determined for 

xii 



nitrogen, potassium, calcium, magnesium and iron. Leaves of both species 
tended to have highest elemental levels with the exception of iron, which 
was highest in roots, and potassium, which was highest in Nuphar petioles. 
Nuphar roots growing at locations with highly organic sediments had hfgher 
iron concentrations than those in sandy sediments. For elements that were 
selectively accumulated by individual structures, between site differences 
would have been masked by pooling samples and analyzing whole plants. 
None of the seasonal mean concentrations for structures of Nuphar and 
Justicia fell below the proposed critical level for aquatic macrophytes 
of 1.3% dry weight for nitrogen of 0.13% for phosphorus. 

Owing to the steep relief and high wave energy of most of the littoral 
of the lower Chowan River, it is unlikely that rooted aquatic macrophytes 
will ever become a dominant feature of the river system. Macrophyte bio- 
mass of the river is much too low for accumulated plant nutrients to have 
a significant control over nutrient cycling in the river. The replacement 
of floating leaved and emergent macrophytes by submersed forms, which 
could result from increasing water clarity, is unlikely to occur in 
nuisance proportions even if the species are normally regarded as nuisance 
species. 
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RECOMMENDATIONS 

Aerial photography at low altitudes is recommended as a time and cost 
efficient method for determining coverage of floating-leaved and 
emergent aquatic macrophytes. Following photography, biomass surveys 
can be designed to provide an estimate of biomass. Biomass should 
always include underground parts, as they may constitute greater than 
58 percent of the total. The total biomass, multiplied by a measured 
elemental component of plant tissue, will give a first order approxi- 
mation of the amount of that element immobilized by the plant and 
whether plant communities may be important in the regulation of 
nutrient cycling. 

Radiotracer techniques provide a useful tool for determining pathways 
of nutrient movement in vascular aquatic plants. By using two radio- 
isotopes of phosphorus, 3 2 ~  and 3 3 ~ ,  studies on pathways of phosphorus 
movement can be simplified by simultaneously examining rates of 
absorption and translocation from more than one absorption site. The 
data from short term experiments should be interpreted with a great 
deal of caution, especially if they are to be extrapolated to longer 
time periods. Field data on the nutrient accumulation in new growth 
during a growing season provides a basis with which radiotracer values 
may be compared. 

To better understand the significance of nutrient distribution in aquatic 
plant communities, individual structures should be analyzed when pos- 
sible, rather than whole plants. Data on nutrient concentrations from 
whole plant analyses are dominated by large structures that may be 
relatively insensitive to ambient levels of available nutrients. 
Absorbing parts such as submersed leaves, and particularly roots, may 
correlate well with nutrient availability and thus allow deductions 
on differences in nutrient supply between sites. 
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Objec t ives  of Study 

T h i s  s tudy  was designed t o  g a i n  a b e t t e r  understanding of t h e  r o l e  of 
a q u a t i c  vascu la r  p l a n t s  i n  t h e  cyc l ing  of e la i len ts  i n  a q u a t i c  e c o s y s t e m ,  
The s tudy  a r e a  w a s  t l ie l i t t o r a l  of t h e  lower Chowan River  where two spec i t  
dominate--11upha~ luteulli (L,)  S ib thorpe  G Smith (yellow water  l i l y  o r  
spa t t e rdock) ,  and J u s t i c i a  americana (L.) Vahl. (water wi l low) .  Our s t u d j  
focused on liuphar s i n c e  i t  was more widely d i s t r i b u t e d  than  J u s t i c i a ,  

i h e  ~ l i n e r a l  cyc l ing  of p l a n t  corrulzunities i s  n e c e s s a r i l y  c l o s e l y  i n t e l  
r e l a t e d  w i t h  their pr i i ia ry  p r o d u c t i v i t y ,  However, t h e  r a t e s  between t h e  
two nay n o t  be  p e r f e c t l y  c o r r e l a t e d  owinb t o  t h e  phenomenon of luxury  
n u t r i e n t  uptake (Gerloff and 1l;ro~ilbholz 196G) and s e c r e t i o n  of i n o r g a n i c  
n u t r i e n t s  n o t  accompanied by o rgan ic  carbon s e c r e t i o n .  These d e v i a t i o n s  
u s u a l l y  can be  d is regarded  w i t h  l i t t l e  s a c r i f i c e  i n  accuracy,  i f  es t imate:  
of n u t r i e n t  cyc l ing  a r e  c a l c u l a t e d  by mul t ip ly ing  t h e  n e t  primary yroduc- 
t i o n  by t h e  n u t r i e n t  concen t r a t ion  of t h e  p l a n t  m a t e r i a l  produced. The 
accuracy of t h i s  estimate can be  iuproveu by c a l c u l a t i n g  s e p a r a t e l y  t h e  
p r o d u c t i v i t y  and n u t r i e n t  concen t r a t ions  of each p l a n t  p a r t  on a seasonal  
b a s i s .  u r y  ma t t e r  product ion  by p l a n t  communities (ne t  primary produc- 
t i v i t y )  i s  i n  i t s e l f  a n  iraportant e c o s y s t a l  a t t r i b u t e  s i n c e  h ighe r  t rophi t  
l e v e l s  depend on t h i s  energy source  f o r  maintenance, growth, and occasion. 
a l l y  h a b i t a t ,  

I n  this s tudy  w e  taeasured t h e  n e t  p r i n a r y  p r o d u c t i v i t y  of Nuphar and 
determined annual  phosphorus accumulation by t h e  uethod j u s t  mentioned. 
I n  a d d i t i o n ,  i n s t an t aneous  r a t e s  of phosphorus uptake and t r a n s l o c a t i o n  
were tleasured i n  Nuphar i n  t h e  l a b o r a t o r y  and t h e  f i e l d ,  F i n a l l y ,  t h e  
n u t r i e n t  c o q o s i t i o n  of Juphar  and J u s t i c i a  p l a n t  t i s s u e  was d e t e m i n e d  
f o r  n i t rogen ,  calcium, potassium, magnesium, and i r o n .  l h e  e x t e n t  t o  
which t h e  n u t r i e n t  composition v a r i e s  among p l a n t  p a r t s  and between s i t e s  
is considered,  and coiilparisons a r e  made w i t h  publ ished va lues .  

Desc r ip t ion  of Study Area 

The Chowan x i v e r ,  l o c a t e d  i n  t h e  n o r t h e a s t e r n  c o a s t a l  p l a i n  of North 
Caro l ina  (P ig ,  I ) ,  o r i g i n a t e s  a t  t h e  confluence of t h e  i i laclmater  and 
Nottaway Kivers  near  t h e  llort'n Carol ina-Virginia  boundary and f lows  i n t o  
t h e  Albeuarle  Sound nea r  Edenton, d o r t h  Caro l ina  8 1  la t o  t h e  south ,  1hi 
l e n g t h  of r i v e r  has  a s u r f a c e  a r e a  of app rox iua t e ly  116 k d ,  The lkieherri 
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Figure 1. The Chowan River study a rea  located  i n  the  nor theas tern  
c o a s t a l  p l a i n  of liorth Carolina. 



Xiver,  which j o i n s  t h e  Chowan River j u s t  above Winton, 14. C, , a r i s e s  i n  
sou theas t e rn  V i r g i n i a ,  The t o t a l  d ra inage  b a s i n  of t h e  Chowan River  i s  
12,800 liul2 of w.nich 3,269 km2 l i e s  w i t h i n  i ior th Caro l ina  (Smith 1963),  
The s e c t o r  of t h e  Chowan River  chosen f o r  t h i s  s tudy  l i e s  between t h e  
U , S ,  highway 17 b r i d g e  near  Edenton, North Caro l ina  and extends 52 km 
northward t o  t h e  U,S, highway 13 b r idge  near  Winton, Worth Caro l ina  
(36'03'14 t o  36°23t1i and 76'41t\? t o  76'56'WW) (Fig,  1 ) .  Of t h e  60% of t h e  
watershed which i s  f o r e s t e d ,  most i s  i n  upland f o r e s t ,  The remainder 
c o n s i s t s  of a g r i c u l t u r e  (27%) and swamp (13%) (Department of Natura l  and 
Economic Resources 1972).  The swamps border ing  rmch of t h e  lower Chowan 
d i v e r  and i t s  t r i b u t a r i e s  a r e  dominated by Hyssa a q u a t i c a  (water tupe lo)  a 
Taxodium dis t ichum (bald cypres s ) ,  and a r e  s u b j e c t  t o  f r e q u e n t  f l ood ing  
by wind t i d e s ,  

The l i t t o r a l  v a r i e s  g r e a t l y  w i t h i n  t h e  s tudy  a r e a ,  The e f f e c t  of 
wind wave a c t i o n  on sho re  e r o s i o n  i s  g r e a t l y  pronounced i n  t h e  lower 36 Im 
of t h e  r i y e r  sou th  of fIoliday I s l and  ( B e l l i s  e t  a l .  1975) ,  Throughout t h e  
s p r i n g  and summer months, a f t e rnoon  thunderstorms occur  f r e q u e n t l y ,  These 
even t s  c r e a t e  g r e a t  wave stresses on t h e  l i t t o r a l  zone dur ing  t h e  growing 
season  f o r  a q u a t i c  macrophytes, The l i t t o r a l  above IIoliday I s l a n d  i s  
sub jec t ed  t o  cons iderably  l e s s  wave stress owing t o  t h e  reduced r i v e r  
wid th  ( l e s s  than  1 knl) and the s h e l t e r  provided by surrounding swamp 
f o r e s t .  Below Holiday I s l a n d  t h e  r i v e r  wid th  i s  a t  i t s  maxirnur;~ (2-4 hi) 

al lowing  f o r  g r e a t e r  f e t c h  which r e s u l t s  i n  l a r g e r  waves compared w i t h  
t h e  upper p o r t i o n  of t h e  r iver ,  Eecause of t h e  slow c u r r e n t  i n  t h i s  
reg ion ,  t h e  river h a s  c h a r a c t e r i s t i c s  of a  l a k e ,  The e f f e c t s  of l u n a r  
t i d e s  a r e  n e g l i g i b l e  (0 ,3  rn) b u t  t h e  system is inf luenced  by wind t i d e s  
t h a t  vary  by a s  much as 1 , 2  m a t  i r r e g u l a r  i n t e r v a l s  (Daniel,  I11 1975) ,  
A s  expected, t h e  water  temperature i n  sha l low l i t t o r a l  a r e a s  v a r i e s  w i th  
t h e  seasons  w i t h  a maximum i n  August of 3 2 ' ~  and a low of 4'C i n  January 
(F ig ,  2). 

F ive  s i t e s  w i t h i n  t h e  s tudy  area were sampled i n t e n s i v e l y :  Black 
Eock, Rockyhock Creek, Keel Creek, Ind ian  Creek, and Wiccacon Creek 
(F ig ,  1). A l l  b u t  Black Rock a r e  l o c a t e d  a t  t h e  mouths of t r i b u t a r i e s  
which tend t o  b e  more p ro t ec t ed  from waves than  t h e  open r i v e r ,  

A t  Black Rock, where J u s t i c i a  was sampled, t h e  bed w a s  a s s o c i a t e d  w i t .  
a  few ba ld  cypress  t h a t  a f fo rded  l i t t l e  p r o t e c t i o n  from t h e  open r i v e r ,  
The sediment w a s  predominately sandy w i t h  a  mixture  of o rgan ic  p a r t i c l e s  
(bark, wood ch ips ,  e t c , ) .  Rockyhock Creek s u p e r f i c i a l l y  had a  sediment 
s i m i l a r  t o  t h a t  of Black Rock and much of t h e  l i t t o r a l  of t h e  lower r i v e r ;  
however, a  gray  c l a y  base  occurred a t  va ry ing  dep ths  below t h e  sand, 
u s u a l l y  ca.  20 cm, Eoth Nuphar and J u s t i c i a  were sampled a t  dockyhock 
Creek and t h e  phosphorus r a d i o t r a c e r  experiments were done t h e r e ,  This  
was t h e  only  s i t e  where J u s t i c i a  and liuyhar beds overlapped,  J u s t i c i a  bed: 
a r e  r e s t r i c t e d  t o  a r e a s  sou th  of Keel Creeh where breaking waves o f t e n  
occur ,  A submersed, b u t  y e t  u n i d e n t i f i e d ,  a q u a t i c  angiosperm was roo ted  
i n  t h e  J u s t i c i a  bed a t  I~ockyhoclc Creek, Although i t s  t ape - l i ke  l e a v e s  
were s i n i l a r  t o  a  dwarf V a l l i s n e r i a ,  t h e  l e a f  b l ades  seldom exceeded a few 



Figure 2. Piaxbum and minimum water temperatures recorded at the mouth 
of Rockyhock Creek during 1974 and 1975. 



cen t i r i e t e r s  i n  l e n g t h ,  Flowers or  f r u i t s  were never p r e s e n t  t o  a l low posi-  
t i v e  i d e n t i f i c a t i o n .  

The Indian  Creek s i t e  was s i u i l a r  t o  t h a t  of Xockyhock Creek except  
t h a t  no J u s t i c i a  was encountered,  The s i t e  was chosen so  our  sampling a re .  
would no t  b e  r e s t r i c t e d  t o  t h e  lower r i v e r  below Holiday I s l a n d ,  

The sediments a t  Keel Creek and Wiccacon Creek are h i g h l y  o rgan ic  
which d i s t i n g u i s h e s  them from t h e  s i t e s  j u s t  descr ibed .  Keel Creek, below 
Holiday I s l and ,  i s  a s e r i e s  of d e n d r i t i c  t r i b u t a r i e s  p e n e t r a t i n g  swamp 
f o r e s t .  The sediments of t h e  l i t t o r a l  l a c k  c o n s o l i d a t i o n  and can be  
cha rac t e r i zed  a s  a h i g h l y  o rgan ic  ooze, The border ing  swamp f o r e s t  i s  
appa ren t ly  t h e  source  of t h e  sediment and t h e  da rk ly  s t a i n e d  wa te r s  i n  t h e  
c reek ,  

The Wiccacon Creek sediments are a l s o  organic ,  b u t  c o n s i s t  of compact 
p e a t  r a t h e r  than  a f l o c c u l e n t  ooze a s  a t  Keel Creek, While Keel Creek 
r e c e i v e s  a l l  d ra inage  from a ve ry  smal l  a r e a  of swamp f o r e s t ,  t h e  wa te r s  
a t  t h e  Wiccacon Creek s i t e  are from t h e  Chowan River  o r  Wiccacon Creek, 

T h e  Chowan River  i s  a h i g h l y  product ive  r i v e r  t h a t  suppor t s  a major 
comnercial  f i s h i n g  i n d u s t r y  as w e l l  a s  s p o r t s  f i s h i n g .  Beginning i n  1970, 
a l g a l  blooms of unprecedented p ropor t ions  were r epo r t ed  and by 1972 had 
become seve re  i n  t h e  middle and lower s e c t i o n s  of t h e  r i v e r ,  Since t h a t  
year ,  t h e  blooms have been l e s s  severe ,  a l though some troublesome a l g a l  
b1001~s occurred dur ing  t h e  summer of 1976. Wutr ient  i n p u t s  t o  t h e  Chowan 
~ : i v e r  i nc lude  i n d u s t r i a l  sources  such a s  t h e  pulp  i n i l l  on t h e  Blackwater 
River  a t  F rank l in ,  V i r g i n i a ,  and a f e r t i l i z e r  p l a n t  a t  Tunis ,  j u s t  below 
Winton, urban a r e a s  and a g r i c u l t u r a l  runoff  a r e  poss ib ly  impor tan t  
sou rces ,  Natura l  i n p u t s  i n c l u d e  runoff  from f o r e s t e d  l and  and swamp d r a i n  
age ,  

Desc r ip t ion  of P l a n t s  
- .  

Nuphar luteum, t h e  f l o a t i n g  leaved angiosperm on which t h i s  s tudy  
focused, i s  t h e  dominant macrophyte i n  t h e  Chowan River ,  It grows i n  
predominately rnonospecific s t a n d s  i n  water  depth  from 0,5 t o  2 m on a 
v a r i e t y  of sediment types .  Nuphar i s  he t e rophy l lous  (a  s i n g l e  p l a n t  bear- 
i ng  two o r  more d i f f e r e n t  l e a f  t ypes ) ,  bearing, submersed l e a v e s  w i t h  s h o r t  
p e t i o l e s  and f l o a t i n g  l e a v e s  wi th  long,  h i g h l y  f l e x i b l e  p e t i o l e s  (F ig ,  3 ) ,  
The submersed l e a v e s ,  which have a reduced c u t i c l e  and epidermis 
(Scul thorpe 1967),  are f l a c c i d  and t r a n s l u c e n t ,  and a r e  e a s i l y  t o rn .  W h i l r  
submersed l e a v e s  p e r s i s t  throughout t h e  yea r ,  f l o a t i n g  l e a v e s  occur  only  
dur ing  t h e  growing season t h a t  extends from A p r i l  t o  October. They a r e  
extremely tough and t o l e r a t e  cons ide rab le  wave a c t i o n  w i t h  l i t t l e  apparent  
daaage. The f lowers  are borne on peduncles t h a t  ma in t a in  them above t h e  
water  su r f ace ,  owing t o  t h e  buoyancy of t h e  spongy a i r - f i l l e d  t i s s u e .  A l l  
t h e s e  aboveground s t r u c t u r e s  develop from rhizome a p i c e s ,  



Figure 3 ,  Photograph of Nuphar luteum from t h e  Chowan River ,  North 
Carol ina.  S t ruc tu res  r e f e r r e d  t o  i n  t e x t  a r e  f l o a t i n g  
l e a v e s  (FL) , submersed l eaves  (SL) , p e t i o l e s  (P) , 
reproduct ive  p a r t s  (RP), rhizomes (RH), and r o o t s  (RO), 
The f l o a t i n g  l eaves  a r e  approximately 15-20 c m  wide. 



The pe renn ia l  and dichotor;zously branched rhizomes of Nuphar a r e  f l e s h y  
and have l a r g e  l e a f  ( p e t i o l e )  s c a r s  on t h e i r  s u r f a c e s .  extend down- 
ward along t h e  l e n g t h  of t h e  rhizome and a r e  f r e q u e n t l y  30-40 cm long.  A s  
t h e  rhizomes cont inue  t o  branch and e longate ,  i n d i v i d u a l s  a r e  perpe tua ted  
i n d e f i n i t e l y  which r e s u l t s  i n  t h e  formation of e x t e n s i v e  c lones  (Ueal 1956, 
DePoe and Beal 1969),  Reproduction may be  sexual ,  b u t  is  l ack ing  i n  w e l l  
e s t a b l i s h e d  beds,  

J u s t i c i a  americana i s  a l s o  pe renn ia l ,  b u t  i s  a n  emergent angiosperm 
wi th  f l & i b l e  steias (Fas se t t  1972),  Leaves a r e  borne almost e n t i r e l y  on 
e r e c t  a e r i a l  stems a s  a r e  t h e  f lowers ,  Rhizomes a r e  s u p e r f i c i a l l y  s i r ~ i l a r  
i n  morphology t o  t h e  e r e c t  stems, and w i t h  t h e i r  r o o t s ,  f o m  e x t e n s i v e  mats 
a t  t h e  s u r f a c e  of t h e  sediments .  During senescence i n  autumn, t h e  stems 
f i r s t  break a t  t h e  water  level. Continued f ragmenta t ion  of stem con t inues  
t o  w i t h i n  a few cen t ime te r s  of t h e  sediment,  During t h e  fo l lowing  growing 
season  new stems i n i t i a t e  from t h e  nodes of t h e s e  remnant s tems o r  from 
t h e  s u p e r f i c i a l  rhizomes. Establ ishment  of new p l a n t s  by sexua l  reproduc- 
t i o n  was never  observed i n  J u s t i c i a  dur ing  t h e  course  of t h i s  s tudy ,  



PRIi4AEY PRODUCTIVITY AND BIOLUS S DISTRIBUTION 

Lacy b, Blanton, Jr. 

In t roduc t ion  

The importance of rooted  a q u a t i c  macrophytes a s  primary producers  i n  
t h e  l i t t o r a l  zone of l o t i c  ecosystems too o f t e n  has  been assumed t o  be 
i n s i g n i f i c a n t ,  However, as streams and r i v e r s  i n c r e a s e  i n  s i z e ,  and 
decrease  i n  v e l o c i t y  of flow, t h e  importance of pr imary p r o d u c t i v i t y  of 
l o t i c  phytoplankton and a q u a t i c  macrophytes i n c r e a s e s  (Westlake 1973; 
Wetzel 1975, pp, 545-546), O i r e c t  c o n t r i b u t i o n s  of a q u a t i c  v e g e t a t i o n  may 
b e  an important  energy source  a f f e c t i n g  v a r i o u s  t roph ic  l e v e l s ,  e s p e c i a l l y  
a s  a n  energy source  f o r  decomposers ( b a c t e r i a  and fung i )  a s  w e l l  a s  f o r  
d e t r i t u s  f e e d e r s  (Westlalie 1965).  

icooted a q u a t i c  macrophytes a r e  o f t e n  considered important  t o  a q u a t i c  
animals  by provid ing  suppor t ,  s h e l t e r ,  food, and oxygen. When decomposition 
occurs ,  a q u a t i c  macrophytes c o n t r i b u t e  d i r e c t l y  t o  t he  s t o c k  of o rgan ic  
d e t r i t u s  which i n  t u r n  g i v e s  t h e  system metabol ic  s t a b i l i t y  (Penfound 1956; 
Wetzel 1975, p ,  546).  When n o t  p re sen t  i n  e x t r e u e  amounts, a q u a t i c  macro- 
phytes  i n c r e a s e  s p e c i e s  d i v e r s i t y  by c r e a t i n g  h a b i t a t s  f o r  organisms n o t  
a v a i l a b l e  i n  a  system wi th  f l o r a  e n t i r e l y  of phytoplankton, Thus, a  h igh  
s p e c i e s  d i v e r s i t y  w i l l  tend t o  i n c r e a s e  t h e  s t a b i l i t y  of a q u a t i c  ecosystems 
a s  a  r e s u l t  of a more complex food web (Boyd 1971).  

d e t  prizoary p r o d u c t i v i t y ,  a s  def ined  by Westlake (1965), is  t h e  rate 
of accumulation of new organic  ma t t e r ,  o r  s t o r e d  energy; t h a t  i s ,  t h e  
observed change i n  biomass p l u s  a l l  l o s s e s  except  r e s p i r a t i o n ,  d iv ided  by 
t h e  time i n t e r v a l .  However, i f  l o s s e s  a r e  cont inuous throughout growth, 
t hen  methods us ing  changes i n  biomass a r e  d i f f i c u l t  t o  i n t e r p r e t .  
These cond i t i ons  r e q u i r e  s p e c i a l  i n v e s t i g a t i o n s  of such l o s s e s .  

Ea r ly  s t u d i e s  of a q u a t i c  macrophytes o f t e n  express  peak aboveground 
biomass o r  s easona l  maximum s tanding  crop a s  annual  n e t  product ion.  
Severa l  f a c t o r s  should be considered p r i o r  t o  such a n  i n t e r p r e t a t i o n ,  I f  
t h e r e  a r e  few l o s s e s  of t h e  c u r r e n t  y e a r ' s  product ion,  o r  d e t e r u i n a t i o n  of 
t h e  l o s s e s  a r e  poss ib l e ,  then  peak b iouass  may be  a  u s e f u l  paraineter of 
product ion  (Westlake 1969).  Westlake (1965) r e p o r t s  t h a t  some s p e c i e s  have 
been observed t o  have two maxima o r  peaks a t  d i f f e r e n t  t imes of t h e  year  
f o r  d i f f e r e n t  l o c a t i o n s .  

Pe renn ia l s  p re sen t  a d d i t i o n a l  p r o b l e m  due t o  t h e i r  morphology and 



phenology of t h e  p l a n t s  and p l a n t  p a r t s ,  I n  many s t u d i e s  involv ing  
pe renn ia l s ,  belowground biomass ( r o o t s  and rhizomes) is  assumed t o  be  
n e g l i g i b l e .  This  assumption i s  erroneous when underground organs can 
be more than  ha l f  t h e  t o t a l  bioinass of Phragruites communis and Nuphar 
l u t e a  a s  w e l l  as o t h e r  s p e c i e s  (Westlake 1968, 1969; Wetzel 1975, p ,  379).  - 
I n  a d d i t i o n ,  very  l i t t l e  in format ion  e x i s t s  concerning t h e  age o r  turn- 
over r a t e  of underground organs ,  Without t h i s  necessary  growth para- 
meter,  many yea r s  of biomass accumulation w i l l  tend t o  ove res t ima te  
belowground product ion  i f  t h e  seasonal  maximum s t and ing  crop i s  used a s  
an  eva lua t ion  of annual  product ion  (Westlake 1966),  

Cse of te rmina l  biomass, which i s  normally sampled a t  t h e  end of t h e  
growing season a s  a measure of average p r o d u c t i v i t y , i s  t o  b e  discouraged 
due t o  biomass l o s s e s  a s  a r e s u l t  of dea th ,  damage, and graz ing .  Ue- 
pending upon e n v i r o m e n t a l  f a c t o r s  (storms, wave stress, e ros ion ,  e t c .  ) , 
dea th  and damage r a y  account  f o r  s i g n i f i c a n t  biomass l o s s e s ,  Wetzel 
(1975, p. 380) r e p o r t s  v a l u e s  of graz ing  l o s s e s  ranging  from 0.5 t o  8 
pe rcen t  of t h e  annual  product ion,  

The purpose of t h i s  s tudy  was t o  measure t h e  n e t  primary p r o d u c t i v i t y  
and biolnass d i s t r i b u t i o n  of a q u a t i c  macrophytes i n  t h e  lower Chowan g i v e r .  
In  t h i s  s tudy,  rnonthly changes i n  biomass p l u s  any l o s s e s  of p l a n t  
m a t e r i a l  were included i n  t h e  e s t ima t ion  of n e t  primary p r o d u c t i v i t y  of 
Nuphar luteum, Because f l o a t i n g  l e a v e s  and p e t i o l e s  c o n t i n u a l l y  emerged 
and d i ed  throughout t h e  growing season, de te rmina t ion  of t h e i r  tu rnover  
rate w a s  necessary.  I n  a d d i t i o n ,  t h e  age o r  tu rnover  r a t e  of below- 
ground s t r u c t u r e s  was determined s i n c e  a l a r g e  p o r t i o n  of t h e  t o t a l  
biomass appeared t o  be  i n  t h e  s u b s t r a t e ,  The de t e rmina t ion  of n e t  primary 
p r o d u c t i v i t y  was es t imated  f o r  J u s t i c i a  americana by peak biomass. 

H a t e r i a l s  and Methods 

Primary Productivity- 

Harvest method 

Uependirig upon t h e  type  of v e g e t a t i o n  t o  be sampled, s e v e r a l  f a c t o r s  
should be  considered p r i o r  t o  choosing a h a r v e s t  method f o r  measuring n e t  
primary p r o d u c t i v i t y ,  One important  f a c t o r  i s  sample s i z e .  Gathering,  
t r a n s p o r t i n g  and process ing  biomass samples i s  t ime consuming and c o s t l y  
due t o  l a r g e  q u a n t i t i e s  of p l a n t  m a t e r i a l  encountered i n  roo ted  macrophyte 
commni t i e s ,  Therefore,  many i n v e s t i g a t o r s  s tudying  rooted  a q u a t i c  macro- 
phytes  have found i t  necessary  t o  reduce t h e  s i z e  of t h e  sample quadra t  t o  
o b t a i n  a manageable amount of m a t e r i a l  f o r  a n a l y s i s  ( P e a r s a l l  and Gorham 
1956, Waring 1970).  However, by reducing t h e  a r e a  of t h e  sampling quadra t ,  
i n c r e a s e s  i n  e r r o r  due t o  t h e  "edge" e f f e c t  have been observed ( P e a r s a l l  
and Gorham 1956, Smith 1964).  

For t h i s  s tudy ,  a , . l i t ab l e  quadra t  s i z e  was determined dur ing  June 1974 



with a method described by Wiegert C1962). Six s e t s  of nested quadrats  
(0.10 m2, 0.25 m2, and 0.50 m2) were placed randomly along a t r a n s e c t  
perpendicular t o  t h e  shore l ine  across  t h e  width of t h e  rilacrophyte bed. 
A l l  p l an t  biomass i n  each quadrat was removed t o  a sediuent  depth of 
approximately 30 cm; then a l l  l i v i n g  plant  ma te r i a l  was dr ied  and weighed, 
By add i t ion  and subtrac t ion,  s i x  poss ib le  uadrat  s i z e s  were obtained 4 with the  following r e l a t i v e  areas:  0.10 m , 0.15 m2, 0.25 m2, 0.35 m2, 
0.40 m2, and 0.50 m2. A mean and var iance  was ca lcula ted  f o r  each quad- 
r a t  s i ze .  By p l o t t i n g  the  r e l a t i v e  var iance  of the  mean aga ins t  quadrat  
s i z e ,  the  smal les t  quadrat s i z e  of 0.10 m2 was excluded from considera- 
t i o n  because of i t s  comparatively high var iance  (Fig, 4) .  A quadrat  

2 s i z e  of 0,35 m was chosen f o r  rgu t ine  sampling because i t  represented a 
compromise between t h e  minimum variance and the  maximum quadrat  s i z e ,  
This s i z e  was used f o r  both Nuphar and J u s t i c i a .  

The loca t ion  of macrophyte beds f o r  biomass sampling was determined 
from a e r i a l  photography taken i n  August 1974, Four macrophyte s t ands  
( th ree  of Nuphar and one of J u s t i c i a )  were chosen f o r  in tens ive  sampling 
each month during the  growing season t o  represent  a range of s u b s t r a t e  
types i n  t h e  upper and lower por t ion  of the  Chowan River (Fig. 1 ) .  Two 
sample sites were es tabl ished a t  t h e  mouth of Rockyhock Creek. Both 
Nuphar and J u s t i c i a  were found growing i n  a sandy sediment which appeared 
t o  be influenced by shore eros ion a s  a r e s u l t  of wave ac t ion ,  J u s t i c i a  
had colonized the  apparently more s t r e s s f u l  a r e a s  while Nuphar occupied 
a less exposed area .  Some overlapping of the  rnacrophyte s tands  occurred 
but  t h i s  condi t ion  appeared t o  be r e s t r i c t e d  t o  Rockyhock Creek, Water 
depth wi th in  the  macrophyte bed ranged from 0.3 m t o  1 , 5  m, 

The t h i r d  sampling s i te  f o r  Nuphar was s i t u a t e d  i n  t h e  lower por t ion  
of t h e  r i v e r  a t  t h e  mouth of Keel Creek. Owing t o  t h e  high organic 
matter  content  of t h e  sediment, harvest ing was much e a s i e r  than i n  sandy 
sediments. Large q u a n t i t i e s  of filamentous a lgae  (Spirogyra and 
O s c i l l a t o r i a )  were growing among the  aboveground p l a n t  s t r u c t u r e s ,  Water 
depth ranged from 0.3 m t o  2 m from t h e  shore t o  t h e  ou te r  margin of the 
macrophyte bed. 

The four th  sampling loca t ion  was a t  the  mouth of Wiccaeon Creek i n  
t h e  upper por t ion  of the  r i v e r .  The red a lga  Batrachospermum was 
found growing on many of t h e  decomposing l o g s  and stumps wi th in  t h e  
macrophyte bed. Water depth ranged from 0.5 m t o  2 m, 

A s t r a t i f i e d  random sampling design was used f o r  biomass determina- 
t ions ,  I n  each bed, a 30 m t r ansec t  p a r a l l e l  t o  shore was erec ted  t o  
serve a s  a reference  point .  A t  one meter i n t e r v a l s  along t h i s  base  l i n e ,  
po in t s  were chosen randomly by the  use of a random numbers t a b l e  and 
t r a n s e c t s  were run perpendicular t o  the  shore ac ross  the  width of t h e  
macrophyte stand.  A 0.35 m2 i r o n  quadrat frame was placed a t  random po in t s  
along this l i n e ,  and a l l  p lan t  ma te r i a l  removed t o  a sediment depth of 
30 cm, A s t r a i g h t  hoe was used f o r  c u t t i n g  around the  edge of t h e  quad- 
rat and posthole d iggers  were used t o  remove t h e  p l a n t  ma te r i a l ,  The p lan t  



0-0 Nupher 
e-e Justicia 
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Figure 4. Re la t ive  var iance  of biomass a s  a funct ion of 
quadrat s i z e .  Optimum quadrat  s i z e  chosen was 
0.35 m2 (N=6) .  



m a t e r i a l  was placed on a w i r e  screen ,  washed of d i r t  and d e t r i t u s ,  placed 
i n  p l a s t i c  bags, and t r anspor t ed  t o  t h e  l a b o r a t o r y  on i c e ,  

I n  t h e  l abo ra to ry ,  t h e  macrophytes were cleaned of per iphyton  w i t h  a 
nylon brush  and separa ted  by s t r u c t u r e ,  Nuphar w a s  s epa ra t ed  i n t o  r o o t s ,  
rhizomes, emerged l e a v e s  (b lades) ,  emerged p e t i o l e s ,  submersed l eaves ,  and 
submersed p e t i o l e s ;  J u s t i c i a  was p a r t i t i o n e d  i n t o  r o o t s ,  rhizomes, stems, 
and l eaves .  The separa ted  p l a n t  m a t e r i a l  was placed i n  paper  bags, d r i e d  
i n  t h e  oven f o r  72 h a t  approximately 85"C, and weighed. The d r i e d  p l a n t  
m a t e r i a l  was ground i n  a Wiley m i l l  i n  o rde r  t o  a s s u r e  sample homogeneity. 
A one gram sub-sample from each component was i g n i t e d  a t  4 8 0 " ~  i n  a muff le  
fu rnace  f o r  3 h t o  determine ash  con ten t  f o r  c a l c u l a t i n g  o rgan ic  weight  
(ash  f r e e  d r y  weight ) ,  

T o t a l  p l a n t  biomass (g d ry  wt/m2) was s t a t i s t i c a l l y  analyzed t o  de t e r -  
mine macrophyte d i s p e r s i o n  f o r  each sample s i t e .  A method developed by 
P ie lou  (1960, 1969) us ing  t h e  variance-to-mean r a t i o  of p l a n t  biomass, 
served as a c r i t e r l o n f o r  t h e  de te rmina t ion  of r e g u l a r ,  aggregated,  o r  ran- 
dom macrophyte d i s t r i b u t i o n .  

Leaf a r e a  index (LAI), t h e  r a t i o  of l e a f  s u r f a c e  t o  ground o r  
water su r f ace ,  w a s  determined f o r  bo th  macrophyte communities (one s i d e  
on ly ) ,  A l l  l i v e  l e a v e s  per  0.35 m2 quadra t  ha rves t ed  were t r a c e d  on paper 
and t h e i r  s u r f a c e  a r e a s  determined by t h e  p r o p o r t i o n a l i t y :  

Area of page - - Area of l e a f  
Weight of page Weight of l e a f  t r a c e  

Biomass growth 

By h a r v e s t i n g  biomass a t  monthly i n t e r v a l s ,  and accounting f o r  any 
l o s s e s  due t o  graz ing  o r  dea th  of p l a n t  p a r t s ,  n e t  primary p r o d u c t i v i t y  
can be  determined (Westlake 1965, Wetzel 1975, pp. 376-378). Grazing was 
n o t  measured i n  t h i s  s tudy,  bu t  appeared t o  be low except  f o r  o l d e r  Iluphar 
l e a v e s  a t  t h e  Keel Creek. Even t h e r e  most i n s e c t  damage occurred  on 
senescing l e a v e s ,  One might s u c c e s s f u l l y  a rgue  t h a t  d e t r i t u s ,  r a t h e r  t han  
green  p l a n t ,  was being consumed. Biomass l o s s e s  due t o  senescence o r  
damage of f l o a t i n g  l e a v e s  f o r  Nuphar were monitored w i t h  tagging  experiments ,  
A 1 m x 1 2  m quadra t  w a s  e s t a b l i s h e d  from t h e  sho re  a c r o s s  t h e  wid th  of t h e  
macrophyte s t and  a t  Roclcyhock Creek t o  s tudy  seasona l  rhizome growth as w e l l  
as emergent l e a f  tu rnover  r a t e s .  Each rhizome meristem w a s  l o c a t e d  w i t h i n  
t h e  quadra t  and t h e  p o s i t i o n  of i t s  apex was marked w i t h  a metal s t a k e  
pushed i n t o  t h e  sediment.  The s t a k e s  were c a r e f u l l y  pos i t i oned  a t  t h e  end 
of the rhizome meristem i n  such a way t h a t  rhizome growth was n o t  obs t ruc t ed ,  
The l e n g t h  of rhizome t h a t  grew beyond t h e  s t a k e  was harves ted  a t  t h e  end 
of t h e  growing season,  The s t a k e s  a l s o  a ided  i n  l o c a t i n g  l o s t  rhizomes i n  
t h e  event  t h a t  emergent l e a f  product ion  was i n t e r r u p t e d  dur ing  t h e  growing 
season,  

Newly emerged f l o a t i n g  l e a v e s  of Nuphar were tagged weekly beginning 



with the  f i r s t  emergent l ea f  of the  growing season, Loosely t i e d  p l a s t i c  
f lagging was used t o  a t t a c h  aluminum tags ,  A record was maintained of 
t h e  number of new leaves  emerged and of those l o s t  f o r  each ind iv idua l  
rhizome meristem during t h e  dura t ion of the  growing season, The number of 
annual leaf  turnovers was determined by dividing t h e  number of days i n  the  
growing season by t h e  average number of days t h a t  t h e  tagged leaves  were 
emerged, Using t h i s  est imate,  annual n e t  production f o r  the  emergent l ea f  
blades and p e t i o l e s  was ca lcula ted  by mult iplying t h e  average standing 
crop f o r  l e a f  blades and p e t i o l e s  f o r  the  growing season by the  number of 
turnovers (Waring 1970). 

Also, weekly l e a f  turnovers were ca lcu la ted  by dividing t h e  number of 
new leaves  produced weekly by the  average number of leaves  present  f o r  t h a t  
week, This gave an  es t imate  of l ea f  turnovers per  week a t  Rockyhock Creek, 
The densi ty  of f l o a t i n g  leaves  times t h e  average grams dry weight per l ea f  
f o r  each sampling s i t e  resu l t ed  i n  a value  of grams dry weight per  meter 
square f o r  leaves ,  Therefore, by mult iplying t h e  l e a f  weekly turnover r a t e  
times g dry wt /m* of l ea f  blades and p e t i o l e s ,  p roduc t iv i ty  could be calcu- 
l a t e d  i n  grams per meter square per week, 

The submersed l ea f  annual production was determined i n  t h e  same manner 
a s  the  emergent leaves  by tagging randomly located rhizome meristems f o r  
t en  weeks during August through November 1975, The number of turnovers 
f o r  submersed leaves  ext rapola ted  t o  a growing season mul t ip l i ed  by t h e  
average standing crop r e s u l t e d  i n  t h e  es t imate  of the  annual production f o r  
submersed leaves ,  

Flowers were tagged i n  t h e  same quadrat as f l o a t i n g  leaves .  This gave 
an es t imate  of the annual number of turnovers used t o  determine annual 
flower, peduncle, and f r u i t  production per meter square f o r  the  growing 
season, 

Early r e s u l t s  showed t h a t  a l a r g e  por t ion  of the  Nuphar biomass was 
i n  the  s u b s t r a t e  and could account f o r  a considerable p a r t  of t h e  t o t a l  
product iv i ty ,  The necess i ty  of observing t h e  annual increment of under- 
ground growth t o  avoid an  overest imation of annual p roduc t iv i ty  due t o  
t h e  accumulation of pas t  years biomass has been emphasized (Westlake 1965, 
Szczepanski 1969), Therefore, both t h e  biomass and age of t h e  under- 
ground p lan t  ma te r i a l  a r e  required f o r  ca lcu la t ions  of primary production 
(Westlake 1968). 

To study belowground growth, a 15 m t r a n s e c t  perpendicular t o  t h e  
shore l ine  was constructed a t  Rockyhock Creek t o  determine monthly rhizome 
growth f o r  Nuphar, A 0.50 m2 metal quadrat  frame was randomly placed 
along the  t r a n s e c t  and each m e r i s t e m  was tagged using metal s t a k e s  
posi t ioned a t  t h e  apex of each rhizome, Khizome growth beyond t h e  s t akes  
was harvested and the  procedure was repeated i n  new quadrats  a t  monthly 
i n t e r v a l s  f o r  f i v e  consecutive months (Nay through September), Resul ts  
were expressed i n  u n i t s  of grams dry  weight per  meter square per  month, 

A t  t h e  end of t h e  growing season, t h e  tagged rhizome meristems used 



i n  a n a l y s i s  of emergent l e a f  turnovers were harvested. A l l  growth p a s t  t h e  
metal s t akes  was designated a s  new growth, Prominent p e t i o l e  and peduncle 
sca r s  were counted on t h e  new growth a s  w e l l  a s  t h e  o ld  por t ion  of each 
rhizome. The t o t a l  number of p e t i o l e  and peduncle s c a r s  divided by t h e  
new p e t i o l e  and peduncle sca r s  gave an es t imate  of rhizome age, A general  
check was performed by comparing the  number of newly tagged f l o a t i n g  leaves  
and p e t i o l e s  p lus  peduncles with the  t o t a l  number of p e t i a l e  and peduncle 
s c a r s  on t h e  new rhizome growth, Also, t h e  t o t a l  rhizome leng th  divided 
by t h e  one year growth increment r esu l t ed  i n  an es t imat ion of average 
rhizome age, 

Root production f o r  t h e  growing season was determined by an  i n d i r e c t  
method s ince  i t  was observed t h a t  roo t s  were considerably longer p o s t e r i o r  
t o  the  growing apex. I n  June 1975, an  extensive biomass sampling of t h e  
study a r e a  was undertaken t o  determine between-bed v a r i a t i o n  i n  biomass, 
Seventeen nuphar beds were chosen a t  random from aerial .  photographs f o r  t h e  
e n t i r e  study area .  Two 0.35 m2 quadrats  of p l a n t  biomass were excavated 
from each bed wi th  only one quadrat harvested f o r  r o o t s ,  These d a t a  were 
used t o  es t imate  t h e  average annual root  production by assuming roo t  
growth t o  be propor t ional  t o  annual rhizome biomass growth, The r o o t  
biomass-to-rhizome biomass r a t i o s  were determined from these  samples by 
l i n e a r  regress ion of roo t  biomass on rhizome biomass, 

Biomass Dis t r ibu t ion  

Aer ia l  photography 

The d i s t r i b u t i o n  of duphar and J u s t i c i a  was determined by a e r i a l  remote 
sensing, Three f l i g h t s  were taken; two i n  1974 (August and September) and 
one f l i g h t  i n  1975 (June). The f l i g h t  i n  June 1975 was taken t o  coincide  
with an extens ive  sampling of the  study area .  A l l  a e r i a l  photographs were 
taken i n  the  morning (0800 - 1100 hours) a t  an a l t i t u d e  of 1,200 f t  (ca. 
366 m) using handheld 35-mm s i n g l e  l e n s  r e f l e x  cameras. The two types of 
cameras used were a P e t r i  PT and a Wikkormat wi th  a polarized f i l t e r ,  Two 
cameras allowed uninterrupted overlapping photography of the  l i t t o r a l  by 
loading one camera with new f i l m  while t h e  o ther  was i n  use. 

Kodak Ektachrome-X color s l i d e  f i lm was found t o  give the  b e s t  r e s u l t s  
f o r  t h i s  study. Several types of f i lm,  black and white (Plus-X), and co lo r  
in f ra red ,  were t r i e d  wi th  less than s a t i s f a c t o r y  r e s u l t s  i n  1974. Black 
and w h i t e  f i l m  wi th  t h e  add i t ion  of the  yellow f i l t e r  reduced t h e  c o n t r a s t  
between the water and the  macrophyte bed, Color in f ra red  f i l m  increased 
con t ras t  but ,  a s  i n  t h e  case of black and white f i lm,  overemphasized t h e  
shading of t r e e s  upon the  macrophyte beds. However, color  f i l m  with i t s  
v a r i e t y  of hues and chromas offered super ior  i n t e r p r e t a b i l i t y .  A l l  f i lm 
processing except black and white was done by Kodak, 

The color  s l i d e s  w e r e  projected on paper and t h e  margins of each 
macrophyte bed were traced.  A p laniueter  and a ruodified acreage g r i d  



were used t o  c a l c u l a t e  macrophyte coverage f o r  t h e  s tudy  a rea ,  Cal ibra-  
t i o n  f o r  s c a l e  was wi th l ' g round  t ru th"  comparison t o  t h e  s i z e  of b u i l d i n g s ,  
b r idges ,  and o t h e r  l a r g e  s t a t i o n a r y  s t r u c t u r e s  over  t h e  l e n g t h  of t h e  
s tudy  area, 

Extensive biomass survey 

During June 1975 an ex tens ive  biomass survey of t h e  t o t a l  s tudy  a r e a  
was completed t o  determine v a r i a t i o n  between macrophyte s t a n d s  i n  t h e  
upper and lower p o r t i o n  of t h e  s tudy  a r e a ,  Seventeen macrophyte beds 
were chosen randomly from a t o t a l  of 42 beds based on f l i g h t s  taken  i n  
1974. Two 0.35 m2 samples were excavated from each Nuphar bed. Only one 
of t h e  two 0.35 ni2 quad ra t s  was harves ted  f o r  r o o t s .  A c o r r e l a t i o n  
between r o o t s  and rhizomes was determined f o r  t h e  s tudy  area from t h e s e  
da t a .  

Primary P r o d u c t i v i t y  

l la rves t  method 

N e t  primary p r o d u c t i v i t y  of Nuphar could n o t  be es t imated  from monthly 
changes i n  biomass due t o  l o s s e s  of p l a n t  uaterial between sampling d a t e s  
and t h e  h igh  degree of v a r i a t i o n  between samples taken w i t h i n  t h e  same 
p l a n t  bed (Appendix, Tables  A, B and C ) .  A t  t h e  t h r e e  s i t e s ,  Nuphar was 
found t o  range i n  peak biomass between 115 g d ry  wt/m2 (Keel Creek) and 
300 g dry  w t / m 2  (Wiccacon Creek) (Fig. 5 ) .  Monthly biomass va lues  (Apr i l  
through August 1975) f o r  t h e  e n t i r e  s tudy  a r e a  r e s u l t e d  i n  a n  average  
biomass of 155 g d r y  wt/m2 (Table 1 ) .  The monthly t o t a l  biomass sampling 
i n  Table 1 w a s  approximately w i t h i n  a month of t h e  e x a c t  d a t e s  l i s t e d  i n  
Figure  5 (  

F igure  5a shows that a l a r g e  i n i t i a l  biomass of Nuphar w a s  p r e s e n t  i n  
January 1975 wi th  a l a r g e  p o r t i o n  (99%) of t h e  biomass i n  t h e  s u b s t r a t e ,  
D i r e c t  c a l c u l a t i o n s  of n e t  primary p r o d u c t i v i t y  based on biomass changes 
could n o t  be  made because of t h e  l a r g e  v a r i a t i o n  i n  measurements between 
sampling d a t e s ,  iJuphar peak biomass f o r  Keel Creek (Fig,  5b) f o r  June 
1975 was approximately 115 g d r y  wt/m2 w i t h  71% of t h e  t o t a l  biomass i n  t h e  
s u b s t r a t e ,  I n i t i a l  biomass i n  November 1974 has  a n  e s t i u a t e d  89% of t h e  
t o t a l  biomass i n  t h e  sediment. The Wiccacon Creek s tudy  s i te  was h ighe r  
i n  t o t a l  biomass than  t h e  o t h e r  sampling s t a t i o n s .  A peak biomass of 
300 g dry  wt /m2 occurred dur ing  August 1975 of which 63% of t h e  biomass 
was belowground (Fig. 5c ) .  

J u s t i c i a  (Fig, 6 )  reached a peek biomass of 277 g d ry  wt/rn2 dur ing  
August 1975 w i t h  a n  es t imated  42% of t h e  t o t a l  biomass i n  t h e  sediment ,  
Un i fom growth of aboveground s t r u c t u r e s  (stems and l eaves )  was observed 
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Figure 5 ,  Monthly mean biomass of Nuphar luteum at (a) Rockyhock Creek, (b) Keel 
Creek, and (c) Wiccacon Creek. Values above zero are aboveground 
biomass and those below zero are belowground biomass, All samples 
were collected in 1975 except 20 Noveiiber 1974 (b). 



Table  1. Summary o f  monthly biomass  o f  Nuphar l u t e u m  f o r  1975.  A l l  
v a l u e s  are monthly means f o r  t h r e e  s i tes  and g iven  i n  
g d r y  wtlm2 

- 
P l a n t  p a r t  A p r i l  May June  J u l y  August x 

Aboveground 

F l o a t i n g  l e a v e s  
F l o a t i n g  p e t i o l e s  
Submersed l e a v e s  
Submersed p e t i o l e s  
Flowers ,  p e d u n c l e s ,  

and f r u i t s  

Belowground 

Rhizomes 
Roots 

T o t a l  

Tab le  2. Summary o f  monthly biomass o f  J u s t i c i a  americana f o r  1975.  
A l l  v a l u e s  i n  g d r y  wtdm2 

- 
P l a n t  p a r t  May J u n e  J u l y  August Sept. x 

Aboveground 

Leaves 3.9 1 6 . 6  24.4 30.4 1 2 . 0  1 7 . 5  
Stems 18.9 67.8 111.8  129.9 57.9 77.3 
Flowers and f r u i t s  0 0 0 . 1  0 0 0 .l 

Belowground 

Rhizomes 
Roots 

Tot a 1  103.1  165.1  238.0 276.5 162 .5  189 .1  
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Monthly mean biomass of Justicia americana at Kockyhock 
Creek during September 1974 and the 1975 growing season. - 
Values above zeio are aboveground biomass and those below 
zero are belowground biomass. 



during t h e  growing season, Subs tan t i a l  i n i t i a l  biomass of 206 g dry  wt/m2 
was present  i n  December 1974 (Appendix, Table D ) ,  Average biomass f o r  
J u s t i c i a  during t h e  growing season (May through September) was 189 g dry  
w t / m 2  (Table 2) .  

Variance-to-mean r a t i o s  of t o t a l  p l a n t  bioinass ind ica ted  t h a t  both 
Nuphar and J u s t i c i a  have aggregated d i s t r i b u t i o n s  (Appendix, Table E), A 
r a t i o  of one, which i s  i n d i c a t i v e  of a random d i s t r i b u t i o n  (Pie lou  1960), 
was exceeded i n  a l l  cases ,  Values g r e a t e r  than one, which were found f o r  
a l l  sampling d a t e s  and both species ,  suggest  t h a t  t h e  d i s t r i b u t i o n  is 
clumped. 

Buphar maximum l e a f  a r e a  index (0,82) was obtained during t h e  month 
of August 1975 a t  Wiccacon Creek (Table 3) .  The maximum l e a f  a r e a  index 
f o r  J u s t i c i a  was observed during June 1975 wi th  a va lue  of 0.63 (Table 4 ) .  

P r i o r  t o  harves t ing  macrophyte biomass, a l l  f l o a t i n g  l eaves  (Nuphar) 
and stems ( J u s t i c i a )  per  square meter were counted f o r  d e n s i t y  a n a l y s i s ,  
The dens i ty  of f l o a t i n g  l eaves  was considerably h igher  a t  Wiccacon Creek 
reaching a peak of 3 1  l eaves  per  square meter i n  August 1975 (Table 3 ) ,  
Both Keel Creek and Rockyhock Creek had s i m i l a r  d e n s i t i e s  throughout t h e  
growing season, J u s t i c i a  had a maximum s t e m  d e n s i t y  of 25 stems per  
square meter i n  J u l y  1975 a t  iiockyhock Creek (Table 4 ) ,  

Biomass l o s s e s  

Annual n e t  production of f l o a t i n g  l eaves  was est imated by c a l c u l a t i n g  
t h e  number of l e a f  turnovers  during t h e  1975 growing season Qiay 10--Nov- 
ember 2) .  The average l i f e  span of 579 f l o a t i n g  l eaves  tagged from 35 
sepa ra te  rhizome ap ices  was approximately 31  days (Appendix, Table F ) ,  The 
176 days between i n i t i a l  growth (ca. May 10) and t h e  f i r s t  f r o s t  (ca. Nov- 
ember 2) was divided by t h e  31  day average l i f e  span of f l o a t i n g  l eaves  
(which inc ludes  p e t i o l e s )  r e s u l t i n g  i n  an  average turnover r a t e  of 5.7 
t i m e s  per  growing season, This  va lue  t i m e s  t h e  mean biomass f o r  t h e  
f l o a t i n g  l eaves  (23.4 g d ry  wt/m2) during t h e  growing season gave an  
annual f l o a t i n g  l e a f  production of 133 g dry  wt /m2  (Table 5). 

Weekly f l o a t i n g  l e a f  and p e t i o l e  turnovers  f o r  Nuphar a t  Rockyhock 
Creek w e r e  h ighes t  during t h e  month of klay, bu t  dec l ined  throughout t h e  
remainder of t h e  growing season (Fig. 7 ) ,  The lowest  turnover r a t e  f o r  
f l o a t i n g  l eaves  was observed during t h e  l a s t  week of J u l y  1975. By 
assuming t h a t  t h e  same turnover r a t e  occurred a t  Keel Creek and Wiccacon 
Creek a s  was measured a t  Koclcyhock Creek, p roduc t iv i ty  of f l o a t i n g  l eaves  
was ca lcu la t ed  by mul t ip ly ing  t h e  turnover r a t e  by the  dens i ty ,  

Rockyhock Creek (Fig, 7a) had a t o t a l  seasonal  production of 41,9 g 
dry  wt /m2  f o r  f l o a t i n g  l eaves ,  The almost cons tant  b iouass  of f l o a t i n g  
l eaves  (ca. 6 g dry  wt/m2) t i m e s  t h e  weekly turnover r a t e  generated a 
production curve s i m i l a r  t o  t h e  one f o r  weekly turnovers .  



Table 3.  Leaf a r e a  index and d e n s i t y  of f l o a t i n g  l eaves  and 
p e t i o l e s  f o r  Nuphar luteum i n  1975. 

Lo c a t i o n  Month No. of Samples Density LA1 
(0.35 m2 quadra t s )  Per  m 2 

Ro ckyho ck May 6 
Creek June 6 

July -- 
August 6 

Wiccacon May 6 2 1 0.59 
Creek June 6 1 5  0.39 

J u l y  6 19 0.46 
August 6 3 1 0.82 

Keel Creek May 6 
June 6 
J u l y  6 
August 6 

Table 4 .  Leaf a r e a  index and d e n s i t y  o f  sterns f o r  J u s t i c i a  
americana i n  1975. 

Lo c a t i o n  Month No. of Samples Densiiy LA1 
(0.35 m2 quadra ts )  Per  m 

Ro ckyho ck May 4 
Creek June 6 

J u l y  6 
August 6 
September 6 



Table 5. Annual product ion of  Nuphar luteum i n  1975. 

P lan t  p a r t  

Average biomass f o r  T o t a l  product ion a s  Product ion of 
Turnovers t h e  growing season turnover  x biomass Percent  Ash Organic Weight 
pe r  year  (g dry  wt/m2) (g d r y  wt/m2*yr) (+ - 95% c.L.) k / m 2 - y r )  

Aboveground 

F loa t ing  l eaves  5 .7  

F l o a t i n g  p e t i o l e s  5.7 
I 

h, 
Submersed l e a v e s  5 ,9  

P 

I Submersed p e t i o l e s  5.9 

Flowers, peduncles 5.0 
and f r u i t s  

Belowground 

Rhizomes 

Roots 

T o t a l  - 154.9 221.6 193.8 





The maximum f l o a t i n g  l e a f  biomass occurred i n  June 1975 a t  t h e  Keel 
Creek sampling s i t e  (Fig,  7b),  P roduc t iv i ty  was c a l c u l a t e d  t o  b e  62.1 g 
dry  wt/m2 f o r  t h e  growing season (May through September). Wiccacon Creek 
(Fig. 7c) had a much h igher  f l o a t i n g  l e a f  d e n s i t y  and a h ighe r  f l o a t i n g  

2 l e a f  biomass. Maximum biomass i n  August was approximately 50 g d ry  wt/m . 
Seasonal p r o d u c t i v i t y  f o r  f l o a t i n g  l e a v e s  was es t imated  t o  be 246 g d r y  
wt/ra2.  Ove ra l l  average seasona l  p r o d u c t i v i t y  f o r  IJuphar f l o a t i n g  l eaves  

2 us ing  t h e  va lues  c a l c u l a t e d  from Figure  7a,b,c  was 117 g dry  w t / m  . This  
w a s  no t  t h e  v a l u e  used f o r  t h e  e s t i m a t e  of n e t  primary p r o d u c t i v i t y  a s  i n  
Table 5 ,  A l l  f l o a t i n g  l e a f  tu rnovers  f o r  each sample s i t e  were based on 
d a t a  c o l l e c t e d  a t  Rockyhock Creek, 

The es t imated  n e t  product ion  of submersed l e a v e s  was c a l c u l a t e d  by 
tagging randomly s e l e c t e d  rhizomes a t  Rockyhock Creek. The average l i f e  
of 20 submersed l e a v e s  tagged on 11 rhizomes was approximately 30 days 
w i t h  an  average turnover  of 5 , 9  (Appendix, Table G ) ,  The average  seasona l  
biomass (11,l g dry  wt/m2) times t h e  number of t u rnove r s  5 ,9)  g i v e s  a n  
e s t i m a t e  f o r  submersed l e a f  product ion  of 65.5 g d ry  wt/m4 (Table 5). Sub- 
mersed l e a v e s  were observed t o  su rv ive  throughout t h e  w i n t e r ,  

Annual product ion  of f lowers ,  peduncles,  and f r u i t s  was c a l c u l a t e d  
i n  a manner s i m i l a r  t o  t h a t  of f l o a t i n g  l e a f  product ion.  Flowering was 
f i r s t  observed on 4 June  and proceeded u n t i l  27 August (85 days ) ,  Approxi- 
mately 24 peduncles were produced w i t h  an  average l i f e  span of 17  days. 
This  va lue  was obta ined  by d iv id ing  t h e  t o t a l  number of days surv ived  by 
t h e  t o t a l  number of peduncles  produced (Appendix, Table H), The 85 days 
i n  t h e  f lower ing  season d iv ided  by t h e  17-day average s u r v i v a l  f o r  t h e  
peduncles suggested 5 tu rnove r s  pe r  growing season,  Thus, t h e  annual  
f lower,  peduncle, and f r u i t  product ion was obta ined  by mul t ip ly ing  t h e  
average s t and ing  crop of 1 , 2  g d r y  wt/m2 by 5 turnovers .  The es t imated  
annual  product ion  by t h i s  method was 6 g d ry  wt/m2 (Table 5).  It was 
observed t h a t  waterfowl and i n s e c t s  grazed f lower p a r t s  and f r u i t s  i n  some 
a r e a s ,  p a r t i c u l a r l y  K e e l  Creek, 

Average rhizome biomass gave l i t t l e  informat ion  a s  t o  t h e  annual  
rhizome product ion  s i n c e  some of t h e  p l a n t  m a t e r i a l  s u r e l y  r ep re sen ted  a 
number of y e a r s  growth, The average  age of 25 rhizomes was approximately 
7 yea r s  (Table 6 ) ,  By a s s w a g  97.3 g d ry  wt/m2 accumulat ion i n  7 y e a r s  
growth, t h e  annual  rhizome product ion  was 13.6 g d r y  w t / m 2  (Table 5 ) .  The 
a l t e r n a t e  method of c a l c u l a t i n g  t h e  rhizome product ion  based on monthly 
rhizome tagging  was 1.1 g d ry  w t / m 2  *month (Appendix, Table I ) ,  

By comparing t h e  number of newly tagged f l o a t i n g  p e t i o l e s  and peduncles 
w i th  t h e  t o t a l  number of p e t i o l e  and peduncle s c a r s  on t h e  new rhizome 
growth, a check was a v a i l a b l e  i n  t h e  de te rmina t ion  of rhizome age ,  I n  most 
ca ses ,  newly produced f l o a t i n g  p e t i o l e  s c a r s  were less than  t h e  t o t a l  
p e t i o l e  and peduncle s c a r s  on t h e  new rhizome growth, Thus, t h e  remainder 
of t h e  s c a r s  r ep re sen ted  an  e s t i m a t e  of t h e  number of submersed l e a v e s  
produced dur ing  the 1975 growing season,  Approximately 520 s c a r s  were 
recorded on the new rhizome growth of 25 rhizomes w i t h  392 f l o a t i n g  



Table 6. Rhizome age est imates of Nuphar luteum based on new p e t i o l e  s c a r s  and inc reases  i n  rhizome 
lengths  during 1975. 

Estimate from P e t i o l e  Scars Est imate from Rhizome Length 
Rhizome Scars per  New Scars Age Rhizome Growth i n  Age 
Number Rhizome i n  1975 (Years) Length (cm) 1975 (cm) (Years) 

Mean - + s .d .  



p e t i o l e s  and peduncles accounting f o r  75% of t h e  t o t a l  s c a r s ,  

Root p r o d u c t i v i t y  w a s  c a l c u l a t e d  based on root-to-rhizome r a t i o s  from 
t h e  June 1975 ex tens ive  sampling survey and by assuming t h e  same turnover  
r a t e  as f o r  t h e  rhizomes (0.14 pe r  yea r ) .  There was a p o s i t i v e  c o r r e l a t i o n  
between r o o t  and rhizome biomass f o r  t h e  ex t ens ive  sampling survey  w i t h  a 
c o r r e l a t i o n  c o e f f i c i e n t  of 0.85 (Pig,  8 ) ,  Root biomass was p r e d i c t e d  by 
t h e  equat ion  Y = 0,790 C 0.154::, where Y = biomass of r o o t s  (g d r y  wt/0,35 

2 m2) and X = biomass of rhizomes (g d ry  wt/0.35 m ) . The average  r o o t  bio- 
2 mass of 21,9 g d ry  wt/m dur ing  t h e  1975 growing season  t imes t h e  turnover  

r a t e  gave an e s t ima te  of 3 .1 g dry  w t / m 2  annual  r o o t  product ion  (Table 5 ) .  
Root p r o d u c t i v i t y  c a l c u l a t e d  from monthly rhizome tagging  would have been 
0.2 g dry  wt/m2prnonth (Appendix, Table I) ,  

The t o t a l  annual  product ion  of Nu ha r  was 222 g d ry  wt/m2 w i t h  a n e t  9-r organic  (ash  f r e e )  product ion  of 194 g/m (Table 5 ) .  Genera l ly  77% of t h e  
iGupl1ar biomass was below t h e  s u b s t r a t e  whi le  92% of t h e  n e t  primary produc- 
t i v i t y  was con t r ibu ted  by aboveground s t r u c t u r e s ,  

Unlike Nuphar, J u s t i c i a  b iouass  accumulated r a p i d l y  dur ing  t h e  growing 
season  reaching a peak biomass i n  August 1975 of 277 g d r y  wt/m2 (Fig, 6 ) .  
By s u b t r a c t i n g  t h e  m i n i n u  biomass of 103 g d r y  wt/m2 f o r  Nay from t h e  peak 
biomass, a n e t  primary p r o d u c t i v i t y  of 173  g d r y  wt /m2  was ob ta ined ,  Some 
m o r t a l i t y  was observed dur ing  t h e  growing season;  t h e r e f o r e ,  t h i s  v a l u e  is 
considered a n  underest imation.  The a c t u a l  y e a r l y  n e t  primary p r o d u c t i v i t y  
probably l i e s  somewhere between t h e s e  two va lues .  Net annual  o rgan ic  (ash  
f r e e )  product ion  based on peak biomass w a s  246 g/m2 (Appendix, Table J) , 
Grazing by he rb ivo res  w a s  n o t  measured f o r  J u s t i c i a ;  however, l o s s e s  
appeared t o  b e  q u i t e  low dur ing  t h e  sampling pe r iod ,  

Biomass D i s t r i b u t i o n  

Aerial e t o g r a p h y  

Macrophyte coverage f o r  t h e  s tudy  a r e a  i n  1974 (August through Septem- 
b e r )  was es t imated  t o  be  262,335 n2  o r  approximately 26.2 ha  (Table 7). 
The va lues  (m2 coverage) f o r  each of t h e  n o r t h e r n  segments (C,D,  and E) 
were s e v e r a l  t i m e s  h ighe r  than  those  of t h e  lower r i v e r  (A and B), Coverage 
f o r  Nuphar r ep re sen ted  99% of t h e  t o t a l  macrophyte communities i n  t h e  s tudy  
a r e a ,  J u s t i c i a  d i s t r i b u t i o n  w a s  r e s t r i c t e d  t o  t h e  extreme lower p o r t i o n s  
of t h e  r i v e r  (A and B) as sma l l  monospecific s t a n d s  (Fig. l ) ,  

F l i g h t s  taken i n  June 1975 revea led  t o t a l  macrophyte coverage t o  be  
277,306 m2 (ca. 27.7 ha ) .  Severa l  macrophyte beds of bo th  Nuphar and 
J u s t i c i a  observed i n  segment.B were overlooked dur ing  t h e  1974 f l i g h t s ,  
b u t  were included i n  t h e  1975 e s t ima t ion  (Table 7) .  Segment B had t h e  
l e a s t  macrophyte coverage f o r  t h e  s tudy  a r e a  and t h e  most obvious s i g n s  of 
shore  e ros ion .  
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Figure 8, Corre la t ion  of r o o t  and rhizome biomass based on samples 
c o l l e c t e d  during June 1975. Root biomass was p red ic t ed  
by t h e  equation Y = 0.790 + 0.154X, where Y = biomass of 
r o o t s  (g d ry  wt10.35 rn2) and X = biomass of rhizomes 
(g dry  wt10.35 m2), 



2 Table 7. Coverage (m ) of  Nuphar and J u s t i c i a  communities on t h e  lower 
Chowan River  f o r  August - September 1974, and f o r  1 6  June 1975. 

Western Shore Eas t e rn  Shore 
S t r a t a  Nuphar J u s t  i c i a  Nuphar J u s t i c i a  To ta l  

AUGUST - SEPTEMBER 1974 

To ta l  Coverage 1974 262,335 



Extensive biomass survey 

To e s t i u a t e  the  t o t a l  biomass i n  the  lower Chowan Kiver a rea ,  and t o  
determine the  amount of v a r i a b i l i t y  between macrophyte beds, an  extens ive  
sampling survey was completed i n  June 1975. Seventeen Nuphar beds were 
randomly se lec ted  f o r  sampling based on 42 beds t h a t  could be del ineated  
from the  1974 a e r i a l  photographs (Fig, 1 ) .  The r i v e r  was divided i n t o  a 
lower por t ion  ( S  of Holiday Is land)  where nine beds were sampled and an  
upper por t ion  with e igh t  beds, Two 0.35 m2 quadrats  were harvested from 
each bed wi th  only one quadrat excavated f o r  roots .  Root biomass was pre- 
d ic ted  by t h e  l i n e a r  regress ion formula (Fig, 8). The biomass i n  each 
macrophyte bed was ca lcula ted  from the  average of t h e  two 0.35 m2 quadrats .  

The average biomass f o r  the  e igh t  beds i n  up e r  r i v e r  was 248 2 85 g E dry wt /m2 (jZ: + 95% C ,L. ) and 201 k 100 g dry w t / m  f o r  t h e  n ine  beds i n  t h e  
lower r i v e r  (Table ), Average biomass f o r  t h e  e n t i r e  s tudy a r e a  was I 223 4 65 g dry w t / m  (Z k 95X C. L. ) . Analysis of var iance  showed no s ign i -  
f i c a n t  d i f fe rence  a t  t h e  5% l e v e l  between t h e  upper r i v e r  and t h e  lower 
r i v e r  (Table 91, 

Multiplying t h e  average biomass da ta  from the  extens ive  sampling survey 
f o r  the  t o t a l  r i v e r  (Table 8)  by the  a r e a l  coverage (Table 7) i n  June 1975 
gives  an es t imate  of 60.7 f o r  Nuphar. The t o t a l  peak biomass f o r  J u s t i c i a  
was approximately 1.4 1 3  o r  2;: of t h e  t o t a l  macrophyte biomass, 

Primary Product iv i ty  

Nuphar product iv i ty  

Evaluation of annual n e t  primary product iv i ty  based upon changes i n  
biomass a t  monthly i n t e r v a l s  during the  growing season could not  be appl ied  
t o  t h e  Nupbr  community. This was due t o  a high f l o a t i n g  l ea f  mor ta l i ty  
during t h e  growing season, pas t  years  of underground biomass accumulation, 
and, a s  mentioned before,  sampling problems r e s u l t i n g  from non-random dis-  
t r i b u t i o n  of biomass. The ca lcu la t ion  of n e t  primary product iv i ty  f o r  Nuphar 
thus necess i t a t ed  t h e  determination of l ea f  turnovers,  and t h e  annual incre-  
ment of underground organs. 

The approach of est imating n e t  primary product iv i ty  by equating i t  to  
t h e  observed aboveground peak biomass has been c r i t i c i z e d  by some authors 
(Westlake 1969, Waring 1970, Wetzel 1975, pp. 376-377). This reasoning 
ignores l o s s e s  of p l a n t  ma te r i a l  due t o  death and damage which could account 
f o r  a l a r g e  percentage of t h e  maximum biorilass and a l s o  grazing l o s s e s  i n  
t h e  0.5 t o  8% range of t h e  t o t a l  biomass a s  reported by Wetzel (1975, pp. 
379-380). I n  addi t ion ,  i t  assumes t h a t  few biomass l o s s e s  have occurred 
between samplings and t h a t  t h e  product iv i ty  of belowground organs could be 
consi ,:ed neg l ig ib le ,  The l a t t e r  assumption i n  t h e  case of some emergent 



Table 8. Extensive biomass survey of Nuphar luteum of t h e  lower Chowan River  
f o r  June 1975. 

Biomass 
2 

Biomass 
Area Bed No. g dry w t / m  Area Bed No. g dry w t / m  2 

Upper River 
(N = 8) 

Lower River 
(N = 9) 

Tota l  1,982.2 1,811.3 

Overal l  Mean (+ 95% C.L.) = 223.1 + 65.3 g dry w t / m  2 
- - 

Table 9. Analysis of var iance  comparing Nuphar luteum biomass between t h e  
upper and lower Chowan River.  F-value i s  no t  s i g n i f i c a n t  a t  t h e  
0.05 l e v e l .  

Be tween 
Within 

To ta l  16 36,932.2 



and f loa t ing- leaved  a q u a t i c  vege ta t ion  i s  ques t ionable  where underground 
organs o f t e n  compromise a l a r g e  p o r t i o n  of t h e  t o t a l  b iouass  (Westlake 1968, 
Waring 1970, F i a l a  1973).  

Nuphar peak biomass had a wide range (115-300 g d r y  wt/rn2) depending 
upon t h e  l o c a t i o n  of t h e  macrophyte bed w i t h i n  t h e  s tudy  a rea .  The maximum 
biomass occurred i n  t h e  no r the rn  p o r t i o n  of t h e  r i v e r  a t  Wiccacon Creek, 
wh i l e  t h e  minimum biomass was observed a t  Keel Creek (Fig. 5 ) .  R e s u l t s  of 
o t h e r  macrophyte s t u d i e s  u t i l i z i n g  peak biomass a s  a c r i t e r i o n  f o r  n e t  
p r i u a r y  p r o d u c t i v i t y  were compared w i t h  t h e  peak biomass of Nuphar (Table 10 ) .  
The peak biomass measurements r epo r t ed  by Bernatowics and Pieczynska (1965) 
of 53-358 g d r y  w t / m 2  f o r  d. luteurn approximated t h e  range found i n  t h i s  
s tudy .  Waring (1970) observed a peak biomass i n  J u l y  1968 f o r  8, advena 
of 1,329 g dry  w t / m 2  w i th  81% of t h e  biomass i n  t h e  sediment.  Such d i f f e r -  
e n t  va lues  a r e  probably due t o  t h e  v a r i a t i o n  of s p e c i e s  i n  response  t o  a 
v a r i e t y  of p h y s i c a l  and chemical c h a r a c t e r i s t i c s  of bo th  t h e  water  and t h e  
sediment (Boyd 1967).  

The number of f l o a t i n g  l e a f  and p e t i o l e  turnovers  was c a l c u l a t e d  t o  be 
5.7 times f o r  t h e  1975 growing season,  This  r a t e  was determined by d iv id-  
i n g  31, t h e  average l i f e  span of a l l  f l o a t i n g  l e a v e s  and p e t i o l e s  tagged, 
i n t o  176, t h e  number of days between i n i t i a l  growth (ca.  May 10) and t h e  
f i r s t  f r o s t  (ca.  liovember 2 ) .  Waring (1970) determined t h e  number of 
tu rnovers  f o r  l e a v e s  and p e t i o l e s  t o  be approximately 4.4 t imes  pe r  growing 
season i n  Pennsylvania.  The average l i f e  span of l e a v e s  and p e t i o l e s  were 
similar f o r  bo th  Nuphar luteum (31  days) and Nuphar advena (34 days) .  

D i f f e rences  i n  t h e  c a l c u l a t e d  product ion  of f l o a t i n g  l e a v e s  and 
p e t i o l e s  based on weekly turnover  r a t e s  appeared t o  b e  a d i r e c t  f u n c t i o n  
of t h e i r  d e n s i t y .  Kockyhock Creek and Keel Creek had much lower f l o a t i n g  
l e a f  d e n s i t y  t han  Wiccacon Creek (Table 3) , Therefore,  t h i s  d i f f e r e n c e  
w a s  r e s p o n s i b l e  f o r  t h e  h igher  f l o a t i n g  l e a f  product ion  of 246 g dry  wt/m2 
a t  Wiccacon Creek, This  assumed t h a t  t h e  same turnover  r a t e s  f o r  Rockyhock 
Greek was cons t an t  throughout t h e  r i v e r .  

Submersed l e a v e s  and p e t i o l e s  were p r e s e n t  throughout t h e  yea r .  
Hutchinson (1975, p. 159) and Arber (1920, p. 29) have r epor t ed  t h s t  so- 
c a l l e d  water  leaves can p e r s i s t  throughout t h e  win te r  i n  l o c a l i t i e s  which 
do n o t  f r e e z e ,  During t h e  win te r  and s p r i n g  of 1975, s t r o n g  n o r t h e a s t  
winds r e s u l t e d  i n  wind t i d e s  t h a t  exposed submersed l e a v e s  i n  sha l low a r e a s  
of macrophyte bed, Apparently d e s i c c a t i o n  and d i r e c t  s u n l i g h t  caused t h e  
seve re  damage t h a t  was observed when l e a v e s  were exposed, The 1975 

2 annual  product ion  f o r  submersed l e a v e s  of 65.5 g dry  w t / m  was cons idered  
a n  underes t imate  s i n c e  they  were p re sen t  a l l  year  and d a t a  were n o t  co l l ec -  
t e d  dur ing  t h e  win te r  nor  were e s t ima te s  made, 

The annual  product ion  of f lowers ,  peduncles,  and f r u i t s  was 12.5 g 
d ry  wt/ru2. Waring (1970) c a l c u l a t e d  t h e  t o t a l  p roduct ion  f o r  f l owers ,  
peduncles,  and seed pods t o  be  16  g d ry  wt/rn2 by summing t h e i r  monthly 
biomass e s t i m a t e s ,  lie r epo r t ed  t h a t  t h e  f i r s t  f lowers  appeared i n  May and 



Table  1 0 .  E s t i m a t i o n s  o f  peak biomass f o r  some a q u a t i c  macrophytes.  

Biomass 
Spec ies  (g  d r y  wt/m 2 ) s o u r c e  Lo c a t  i o n  

Submergent : 

Lawrence L . , Mich. 
Borax L . ,  C a l i f .  
K i t t y  Hawk Bay, N.C. 

River  Yare,  England 
River  T e s t ,  England 
Pamlico River ,  N .  C.  

Pennsy lvan ia  
Poland 

Wisconsin 
Chowan River ,  N .  C .  

New York 
England 
England 
Minnesota 
Chowan R i v e r ,  N.  C .  
L .  O g l e t r e e ,  Ala.  
L . Seminole,  F l o r i d a  
Cahaba River ,  Ala.  
Halawakee Creek, Ala. 
Chewalcs Creek, Ala .  

S c i r p u s  
Ruppia mar i t ima  
R U D D ~ ~  mari t ima 
Myriophyllum sp ica tum 274 
Po tamogeton 380 
Ranunculus 100 - 400 
V a l l i s n e r i a  americana 1 1 3  

Rich e t  a l .  1971  
Wetzel  1964 
H a l l  e t  a l .  1976 

Owens and Edwards 1962 
Owens and Edwards 1961  
V i c a r s  1976 

Nuphar advena 1 ,329 Waring 1970 
Nuphar lu teum 5 3  - 358 Bernatowica and 
Nymphaea a l b a ,  60 - 610 Pieczynska 1965 
Nuphar advena 205 R i c k e t t  1924 
Nuphar lu teum 115  - 299 T h i s  s t u d y  

Typha a n g u s t i f o l i a  1 ,730 Harper 1918 
Phragmi tes communis 1 , 3 0 0  P e a r s a l l  and Gorham 1956 
G l y c e r i a  maxima 656 Westlake 1966 
Z i z a n i a  a q u a t i c a  500 Bray e t  a l .  1959 
J u s t i c i a  americana 276 T h i s  s t u d y  
J u s  t i c i a  americana 2,195 Boyd 19696: 
J u s  t i c i a  americana 1 ,634 Boyd 1969* 
J u s t i c i a  americana 802 Boyd 1969* 
J u s  t i c i a  americana 409 Boyd 1969* 
J u s t i c i a  americana 322 Boyd 1969* 

2kSanples t a k e n  i n  J u n e ,  Values  are s l i g h t l y  below peak  biomass,  



t h a t  seed pods p e r s i s t e d  i n t o  t h e  month of September, I n  t h i s  s tudy ,  flow- 
e r i n g  was f i r s t  observed i n  e a r l y  June and proceeded u n t i l  t h e  l a t t e r  p a r t  
of August, Aquatic i n s e c t s  and waterfowl grazed heav i ly  upon t h e  f r u i t s  
and f lower p a r t s  dur ing  t h e  growing season, e s p e c i a l l y  a t  Keel Creek, 
i4artj.n and UIiler (1939) have ind ica t ed  t h a t  t h e  p a r t s  most consumed of 
Xpphaeaceae ( spa t te rdocks ,  yellow p o n d l i l i e s )  a r e  t h e  seed pods and seeds .  
This  g raz ing  reduced t h e  seasonal  average b i o m s s  and thus  r e s u l t e d  i n  a n  
u n d e r e s t i u a t i o n  of new p r i u a r y  p r o d u c t i v i t y  f o r  t h e s e  s t r u c t u r e s ,  

2 The annual  rhizo~lle p r o d u c t i v i t y  of duphar was 13.6 g d r y  w t / m  . This  
estimate w a s  ob ta ined  by d iv id ing  t h e  average seasona l  b i o i a s s  pe r  squa re  
meter by t h e  average rhizome age,  This  method assumed t h a t  rhizomes of 
d i f f e r e n t  ages  had s i m i l a r  growth c h a r a c t e r i s t i c s  and t h a t  each year  t h e  
rhizome mer i s t eu  grew t h e  same l e n g t h  and produced t h e  same number of 
p e t i o l e s  a s  i n  1975 (Table 6 ) .  However, w i t h  t h e s e  ques t ionab le  a s sa lp -  
t i o n s ,  t h e s e  two techniques  allowed a method of determining rhizome age  i n  
a s i n g l e  growing season. Westlake" (1965, 1968) tagging methods used t o  
determine t h e  annual  product ion  of a q u a t i c  macrophytes w i t h  ex t ens ive  
rh izoues  would have r equ i r ed  many growing seasons ,  This  procedure w a s  t hus  
app l i ed  t o  Xupllar dur ing  t h e  1975 growing season ,  

Grainger  (19471, i n  s tuyding  3, l u t e a ,  observed y e a r l y  s c a r s  l e f t  by 
peduncles and deduced t h a t  t h e  weight of t h e  rhizome between succes s ive  
groups of peduncle s c a r s  represented  a y e a r ' s  product ion.  This  method 
could no t  b e  app l i ed  i n  t h i s  s tudy  s i n c e  many of t h e  rhizomes f lowered 
s e v e r a l  t i m e s  dur ing  the  growing season.  

The average monthly rhizome growth was 1.1 g dry w t / m 2  which was 
considered a n  underes t imat ion  s i n c e  i n c r e a s e s  i n  rhizorne biomass occurred  
i n  circumference a s  w e l l  a s  l eng th .  The tagging of s e l e c t e d  rh i zo~nes  
allowed f o r  bo th  of t h e s e  growth parameters  t o  b e  neasured on a s easona l  
b a s i s  i n  t h e  1 u x 12 iu quadra t  a t  Eockyhock Creek, 

Records on i n d i v i d u a l  p l a n t s  of Kuphar have suggested a l i f e  span of 
more than  a cen tu ry  (Heslop-Harrison 1955).  The age of Nuphar advena i n  
Waring's s tudy  was approximately 4 yea r s  which was somewhat lower t han  
observed f o r  t h i s  s tudy  (7 y e a r s ) .  Other s t u d i e s  on t h e  age of underground 
rliizomes have been r epor t ed  by Westlake (1965) a s  fo l lows:  G lyce r i a  
maxima - 2 yea r s ;  Phragmites communis - 2 t o  3 years ;  Sparganium erectum - 
2 yea r s ;  and Sc i rpus  l a c u s t r i s  - 3 yea r s ,  The e c o l o g i c a l  r o l e  of t h e  
rh i zoues  i n  supplying energy r e s e r v e s  and a sexua l  v e g e t a t i v e  propagat ion  
has  been reviewed by Scul thorpe (1967) and IIutchinson (1975). Rhizomes 
appa ren t ly  f u r n i s h  t h e  energy u t i l i z e d  i n  t h e  r a p i d  growth of emergent 
organs i n  t h e  sp r ing .  

2 The c a l c u l a t e d  r o o t  product ion  of ljuphar was 3 . 1  g dry  wt/m , Thi s  
v a l u e  m y  have been a n  underes t imat ion  s i n c e  i t  was no t  p o s s i b l e  t o  
excavate  t h e  r o o t s  which pene t r a t ed  deeper than  30 cm i n t o  t h e  s u b s t r a t e .  
Another problem encountered dur ing  sampling of r o o t s  was t h e  f ragmenta t ion  
of r o o t  branches dur ing  ha rves t ing .  Small fragnlents of r o o t s  were l o s t  



durin:, t h e  wasIling of t h e  sarilple ~ ~ i a t e r i a l ,  

T o t a l  r o o t  and rhizome product ion  f o r  Nuphar was 26.7 g dry  wt /m2  o r  
22% of t h e  average belowground biomass f o r  t h e  growing season  (Table 5),  
Waring (1970) found t h a t  t h e  conibined r o o t  and rhizome product ion  f o r  
N. advena was approx i~na te ly  27% of t h e  belowground biomass, Both of t h e s e  - 
va lues  were lower than  were r epo r t ed  by Westlake (1965) f o r  Typha wliich 
had 50% of t h e  belowground biomass rep laced  yea r ly .  

I+uplrar had a n  annual  n e t  primary p r o d u c t i v i t y  of 222 g d r y  wt/rnL f o r  
t he  1975 growing season ,  By mul t ip ly ing  t h e  Muphar coverage  a able 7) i n  
June 1975 ti1'1es t h e  p r o d u c t i v i t y ,  a n  es t imated  product ion  of 60.4 IfT of 
p l a n t  bioulass was determined f o r  duphar i n  t h e  s tudy  a r e a ,  I f  ex t r apo la t ed  
t o  t h e  e n t i r e  river s u r f a c e  a r e a  w i t h i n  t h e  s t u d y  (100 h2) annual  pro- 
d u c t i v i t y  would be  approximately 0.6 g d ry  w t  fm2 o r  0 .3 g c / m 2  (assumes 
C = 0.45 x ODW and a s h  content  of 12,5% of t h e  g d ry  w t ) ,  Ph top lankton  
annual  primary p r o d u c t i v i t y  i n  t h e  Chowan River  w a s  100  g C/m3 (Donald 
S tan ley ,  pe r sona l  communication), Therefore,  s i n c e  Nuphar coverage was 
less than  1% of t h e  s tudy  area i n  c o n t r a s t  t o  approximately 100% coverage 
by phytoplankton, kguphar p r o d u c t i v i t y  appears  t o  b e  i n s i g n i f i c a n t  t o  t h e  
r i v e r  carbon budget,  Th i s  same cond i t i on  w a s  abserved i n  t h e  Pamlico River 
e s t u a r y  by Vica r s  (1976) w i th  submersed macrophytes,  Annual p r o d u c t i v i t y  
of phytoplankton was approximately 40 - 80 g c / m 2  (Crawford et a f .  1974) 
w i t h  macrophyte product ion  es t imated  a t  83 g c/hi2,  However, aacrophyte  
coverage w a s  on ly  1 t o  2% of t h e  t o t a l  e s t u a r y  wh i l e  phytoplankton cover- 
age  w a s  e s s e n t i a l l y  complete. 

The importance of a q u a t i c  macrophgtes i n  t h e  l o t i c  ecosystem h a s  been 
emphasized from the s t andpo in t  of t h e i r  c o n t r i b u t i o n  t o  t h e  d e t r i t a l  
s t r u c t u r e  of t h e  system (Wetzel and Kich 1973, Wetzel 1975, p. 546, Whittor 
1975, pp, 235-236). 14icrobial  degrada t ion  of d e t r i t a l  macrophyte m a t e r i a l  
h a s  appeared t o  c o n t r i b u t e  s i g n i f i c a n t l y  t o  t h e  l o t i c  food web where 
d e t r i t a l  h e t e r o t r o p h i c  metabolism dominates i n  most cases .  

Approximately 77% of t h e  Uuphar biornass was i n  t h e  s u b s t r a t e ,  wh i l e  
922 of t h e  n e t  primary p r o d u c t i v i t y  w a s  i n  aboveground s t r u c t u r e s ,  The 
probable f u n c t i o n  between biomass d f s t r i b u t i o n  and p r o d u c t i v i t y  of Xuphar 
w a s  viewed i n  i ts  h a b i t  of growth, Since Nuphar i s  pe renn ia l ,  a l a r g e  
supply of s t o r e d  food i s  u t i l i z e d  i n  t h e  product ion  of new f l o a t i n g  l e a v e s  
and p e t i o l e s ,  Continued growth of t h e  rhizomes and subsequent  decay of 
t h e i r  o l d e r  p o r t i o n s  i s  a n  e f f e c t i v e  a sexua l  mechanism i n  c o l o n i z a t i o n  of 
t h e  Chowan l i t t o r a l  by Nuphar, The ex tens ive  rh i zoue  system reduces  t h e  
p r o b a b i l i t y  of uproot ing  i n  s o f t  sediments.  

Laing (1940) found t h a t  t h e  rhizome of Nuphar advena was capable  of 
anaerobic  rnetabolisrn and could l i v e  anae rob ica l ly  f o r  long pe r iods  when 
t h e  p l a n t  was i n  darkness .  Also, t h e  product ion  of shoo t s  i n  IJ, advena 
and Pe l t and ra  v i r g i n i c a  was g r e a t e s t  when t h e  rhizome was almost  e n t i r e l y  
deprived of oxygen (Laing 1941). This  a d a p t a t i o n  would b e  advantageous t o  
duphar i n  t h e  Chowan Xiver e s p e c i a l l y  i n  such a r e a s  a s  Keel Creek. 



J u s t i c i a  p r o d u c t i v i t y  

The es t imated  n e t  primary p r o d u c t i v i t y  based upon peak biomass measure- 
ments f o r  J u s t i c i a  was 277 g dry  w t / m 2  (Appendix, Table J) . However, 
J u s t i c i a  peak biomass was much lower than  t h e  va lue  r epo r t ed  by Boyd (1969) 
of 2,458 g d ry  w t / m 2  i n  Lake Ogle t ree ,  Alabama, Rootstock s t and ing  crop 
was n o t  measured p r i o r  t o  t h e  beginning of t h e  growing season i n  Boyd's 
s tudy  and was assumed n e g l i g i b l e ,  I n  t h i s  s tudy ,  a l a r g e  i n i t i a l  biomass 
of 103 g d ry  w t / m 2  was p re sen t  i n  May 1975 (Table 2) .  Bormally, determina- 
t i o n  of n e t  primary p r o d u c t i v i t y  i s  es t imated  by s u b t r a c t i n g  i n i t i a l  bio-  
mass from t h e  seasonal  maximum. A o r t a l i t y  of p l a n t s  and p l a n t  p a r t s  
appeared low and was n o t  measured f o r  J u s t i c i a ,  The t r u e  annual  n e t  p r i -  
mary p r o d u c t i v i t y  probably l i e s  somewhere between peak biomass and t h e  
d i f f e r e n c e  between peak biomass and i n i t i a l  biomass, 

Community s t r u c t u r e  

The d e n s i t y  f o r  f l o a t i n g  l e a v e s  and p e t i o l e s  of Nuphar was h i g h e s t  a t  
Wiccacon Creek wi th  a maximum of 3 1  f l o a t i n g  l e a v e s  pe r  squa re  meter  
(Table 3 ) ,  Densi ty  f o r  Rockyhock Creek and Keel Creek was probably lower 
due t o  t h e  inc reased  width of t h e  l i t t o r a l  and increased  stress from wind 
wave a c t i o n ,  

Both Nuphar and J u s t i c i a  formed a clumped d i s t r i b u t i o n  a s  i n d i c a t e d  
by t h e  variance-to-mean r a t i o s  of g r e a t e r  than  one (Appendix, Table E), 
Westlake (1969) poin ted  o u t  t h a t  s p a t i a l  v a r i a t i o n  i n  t h e  macrophyte 
community was o f t e n  non-random, being bo th  aggregated and r e l a t e d  t o  
g r a d i e n t s  such a s  i n c r e a s i n g  depth.  Hoore (1965) suggested t h a t  t h e  non- 
random d i s t r i b u t i o n  of vascu la r  a q u a t i c  communities was t h e  r e s u l t  of 
v e g e t a t i v e  f o r m  of reproduct ion .  

ltuphar had a maximum l e a f  a r e a  index (LAI) of 0.82 a t  Wiccacon Creek 
(Table 3 ) .  Odum (1971, p. 4 8 ) ,  i n  r e f e r r i n g  t o  t e r r e s t r i a l  communities, 
s t a t e d  t h a t  a LA1 of 4 i s  opt imal  f o r  n e t  product ion.  The LA1 v a l u e  f o r  
t h i s  s tudy  appears  t o  be  somewhat low a s  compared w i t h  t h e  v a l u e  g iven  by 
Nicholson and Best (1974) of 4.7 f o r  Nuphar var iegatum and Nymphaea 
odora ta .  However, Nicholson and Best  (1974) found LA1 and community 
product ion  were n o t  w e l l  c o r r e l a t e d  i n  many cases .  One probable  r ea son  
f o r  such a- low LA1 f o r  Nuphar was t h e  h igh  number of tu rnovers  f o r  f l o a t i n g  
l e a v e s  dur ing  t h e  growing season t h a t  m y  have been induced by wave a c t i o n  
damage. 

Biomass D i s t r i b u t i o n  

A e r i a l  photography has  been suggested a s  a means f o r  determining t h e  
d i s t r i b u t i o n  and abundance of a q u a t i c  uacrophytes  (Lukens 1968, Ke l ly  1969, 
Davis and Brinson 1976).  T e r r e s t r i a l  e c o l o g i s t s  have used remote photo- 
graphy f o r  mapping p l a n t  d i s t r i b u t i o n s ,  i d e n t i f y i n g  geo log ica l  f e a t u r e s ,  



and s tudying  t h e  i n t e r r e l a t i o n s h i p  between b i o l o g i c a l  communities and t h e  
environment  (Kel ly and Conrod 1969).  

The de termina t ion  of biomass d i s t r i b u t i o n  f o r  a q u a t i c  macrophytes 
w i t h i n  t h e  s tudy  a r e a  would have been v i r t u a l l y  imposs ib le  i f  a t tempted by 
boa t .  Low a l t i t u d e  f l i g h t s  combined w i t h  l i m i t e d  h a r v e s t  sampling has 
proven a s u i t a b l e  a l t e r n a t i v e  t o  convent iona l  methods. Therefore ,  t h e  main 
advantage of t h e  use  of a e r i a l  photographic methods h a s  been t h e i r  e f f i -  
c iency i n  e c o l o g i c a l  i n t e r p r e t a t i o n s  (Gustafson and hdanis 1973),  

Y e r t i c a l  photographs are necessary  f o r  ~ilapping t o  a s s u r e  c o n s t a n t  
s c a l e  over t h e  e n t i r e  photograph, Lukens (1968) and F r i t z  (1370) have 
emphasized t h e  problems encountered i n  ob l ique  photography such a s  decreas-  
i n g  s c a l e  a c r o s s  t h e  photograph, s k y l i g h t  r e f l e c t i o n s  from t h e  water  sur -  
f a c e ,  and haze,  I n  this s tudy ,  a l l  a e r i a l  photographs were taken v e r t i c a l 3  
a t  a n  a l t i t u d e  of 1,200 f e e t  (3G6 ru) , 

Species  d i f f e r e n t i a t i o n  was found t o  be  s u p e r i o r  w i t h  c o l o r  photsgrapl 
and c o l o r  i n f r a r e d  photography as compared t o  b l a c k  and wh i t e  photography. 
Since l i t t l e  in format ion  appeared t o  b e  gained from t h e  c o l o r  i n f r a r e d  
imagery about  bed s i z e  and macrophyte d i s t r i b u t i o n ,  c o l o r  photography was 
used f o r  mapping i n  t h i s  s tudy ,  I n t e r f e r e n c e  r e s u l t i n g  from shading by 
surrounding trees was minimized i n  t h e  c o l o r  photographs, 

The macrophyte coverage f o r  1974 (August through September) was 
262,335 1112 wi th  t h e  1975 (June) coverage of 277,306 m2, Th i s  d i f f e r e n c e  
(5%) i s  probably n o t  s t a t i s t i c a l l y  s i g n i f i c a n t ,  
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I n t r o d u c t i o n  

The dominant pathway of phosphorus (P) movement i n  t h e  b iosphe re  is  
from t e r r e s t r i a l  ecosystems t o  t h e  sediments  of a q u a t i c  ecosystems. Because 
of i t s  importance a s  one of t h e  major l i m i t i n g  n u t r i e n t s  of pri-iary pro- 
d u c t i v i t y  (Hutchinson 1957),  P has rece ived  much a t t e n t i o n  i n  a q u a t i c  
ecology, The purpose of t h i s  r e s e a r c h  w a s  t o  e v a l u a t e  t h e  r o l e  of a q u a t i c  
lilacropllytes i n  cyc l ing  of P i n  t h e  Chowan i i iver .  Aquat ic  macrophytes may 
a f f e c t  P cyc l ing  by t h e  fol lowing processes:  absorp t ion ,  accumulation, 
t r a n s l o c a t i o n ,  s e c r e t i o n ,  and decomposition. The r e l a t i o n s h i p  of t h e s e  
processes  i s  i l l u s t r a t e d  by a tlodel ciepicting t h e  p o s s i b l e  pathways of P 
through macrophyte c o w u n i t i e s  (Fig. 9 ) .  The cont roversy  over  which of 
t h e s e  pathways of P through rooted  a q u a t i c  macrophytes is  dominant, and 
t h e r e f o r e  t h e  source  of P i n  p l a n t  n u t r i t i o n  (Scul thorpe 1967, Hutchinson 
1975, Wetzel 1975),  c e n t e r s  around t h r e e  p o s s i b l e  dominant pathways: 
(1) f o l i a r  abso rp t ion  and subsequent t r a n s l o c a t i o n  throughout t h e  p l a n t  
( S u t c l i f f e  1958, 1962; Den Hartog and Segal  1964); (2) a b s o r p t i o n  by r o o t s  
and t r a n s l o c a t i o n  t o  aboveground v e g e t a t i o n  (B ie l e sk i  1973; P e a r s a l l  1920, 
1921; ilenny 1972; Bristow and Whitcornbe 1971); (3 )  a b i d i r e c t i o n a l  pathway 
w i t h  l e a v e s  and r o o t s  absorbing n u t r i e n t s  which a r e  then  d i s t r i b u t e d  
throughout t h e  p l a n t  (14cRoy and Barsdate  1970).  Depending on t h e  dominant 
pathway, roo ted  a q u a t i c  macrophytes may a c t  a s  e i t h e r  a s i n k  o r  a sou rce  
of P f o r  t h e  water .  

The pathway of P from sediment t o  water  v i a  r o o t  abso rp t ion  and sub- 
sequent  t r a n s l o c a t i o n  may be iinportant t o  t h e  P concen t r a t ion  i n  t h e  wa te r ,  
Sediments accumulate l a r g e  q u a n t i t i e s  of P and, under reduced cond i t i ons ,  
d i s so lved  P pools  develop which have concen t r a t ions  s e v e r a l  o r d e r s  of 
nagni tude  g r e a t e r  than  t h e  P concen t r a t ion  of over ly ing  water  (Iaortimer 
1941, Wetzel 1975). Laing (1940) found that Uuphar advena rhizomes were 
a b l e  t o  r e s p i r e  under anaerobic  cond i t i ons  and Scul thorpe (1967) desc r ibed  
a t r a n s p o r t  pathway of gases  from l e a v e s  t o  r o o t s  and rhizomes. These 
mechanisms enable  belowground s t r u c t u r e s  t o  s u r v i v e  reduced c o n d i t i o n s  i n  
t h e  sediment where t h e s e  h igh  concen t r a t ions  of d i s so lved  P e x i s t ,  By r o o t  
abso rp t ion  and subsequent t r a n s l o c a t i o n  t o  l eaves  and decomposition, roo ted  
a q u a t i c  macrophytes may b e  a s i g n i f i c a n t  f a c t o r  i n  t h e  r egene ra t ion  of P 
from t h e  sediment t o  t h e  ove r ly ing  water .  

The major s i t e  of P a b s o r p t i o n  and dominant t r a n s l o c a t i o n  pathways 
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Figure 9. A model of the phosphorus cycle through a community of rooted 
aquatic macrophytes. Xn represents the quantity of P in the 
compartments and kab is the flux of P from compartment 5 to 
compartment b. The processes that cycle P through the 
community are: absorption - k26 and k35; translocation - k65 
and k56; secretion - k53 and k62; death - k61, k54; decom- 
position - k12 and k43. Each flux (kab) is proportional to the 
quantity in the donor compartment (xa), times a transfer 
coefficient, A, which represents the turnover rate of compart- 
ment, Xa, such that A = kab/Qa. Thus, 

in a two compartment system consisting of Xa and Xb. 



vary among species. Studies on Elodea, Lemna, Potomogeton, and Vallisneria 
demonstrated that aquatic angiosperms absorb salts mainly through the leaves 
(Sutcliffe 1962). However, Potamogeton thunbergii had a four-fold increase 
in growth when rooted in mud as compared to growth when rooted in a sandy 
substrate, indicating the importance of roots to the nutrition of this plant 
(Denny 1972). Tracer studies with 3 2 ~  have shown that even though P is 
absorbed by both leaves and roots, the roots are the major source of P in 
Myriophyllum brasiliense, M. spicatum, Elodea densa (Bristow and Whitcombe 
1971), M. exalbescens (DeMgrte and Hartman 1974), and Zostera marina (McRoy 
and ~arzdate 1970). It has also been demonstrated that some of the P trans- 
ported to the leaves from the substrate via root absorption is secreted to 
the water in Myriophyllum exalbescens (DeMarte and Hartman 1974), Zostera 
marina (McRoy and Barsdate 1970), and Spartina alterniflora (Reimold 1972). 
This "pumping activity" of P from substrate by the marine species has pro- 
nounced effects on the P concentration in the water. Therefore, there are a 
variety of ways the aquatic macrophytes could have an effect on the P cycle 
in the Chowan River. 

In the Chowan River, Nuphar luteum has floating leaves during a growing 
season that extends from April through October while the submersed leaves 
survive the entire year. The laminae of floating leaves of Nuphar are ex- 
tremely tough and leathery but the cuticle and epidermis of the submersed 
leaves is reduced (Sculthorpe 1967). This implies that submersed leaves 
would be more important than floating leaves in the absorption of P from the 
water. The roots are very extensive, reaching depths of 30 cm. Roots of 
floating-leaved macrophytes are not reduced in structure to the point where 
they are inadequate for mineral absorption (Sculthorpe 1967). Owing to these 
structures, Nuphar could absorb P from sediments, transport it to both float- 
ing and submersed leaves, and via decomposition and possibly secretion (par- 
ticularly submersed leaves), release P to the water. Such mechanisms could 
have important implications for P cycling where Nuphar is an important part 
of the community. 

Research Approach 

The objectives of this study were (a) to measure the concentration of P 
in each compartment of the model (Fig. 9), and (b) to measure the rate of flux 
of P between the compartments. The first objective involved seasonal and spa- 
tial P analysis in the plant and measurement of P available to the plant in 
the sediment. The second objective of measuring flux rates required determina- 
tion of the absorption, translocation, secretion, and release by decomposition. 

Concentration as an index of phosphorus availability - 
Many studies on nutrient composition in aquatic plants have been in- 

spired by the notion that they accumulate nutrients in proportion to their 
availability in aquatic systems (Anderson et al. 1966, Gerloff and 
Krombholz 1966, Sculthorpe 1967, Allenby 1968, Gerloff 1969, Fitzgerald 1969, 



Adams e t  a l ,  1971, Gosse t t  and Morris 1971, Seddon 1972,  Adams e t  a l .  1973, 
anu Gerloff  and Fishbeck 1973),  The work by Adams e t  a l ,  (1973) i n  Penn- 
sy lvan ia  i s  an  example of an  e x t e n s i v e  t i s s u e  a n a l y s i s  survey of a q u a t i c  
vascu la r  p l a n t s ,  But Wetzel (1975, p ,  374) f e e l s  t h a t  t h e  d iscovery  of 
b i d i r e c t i o n a l  pathways of n u t r i e n t s  through a q u a t i c  macrophytes "negates" 
any use  of p l a n t  s t r u c t u r e s  i n  determining n u t r i e n t  a v a i l a b i l i t y  i n  a 
medium (water) s i n c e  t h e  source  of t h e  n u t r i e n t  i n  t h e  p l a n t  may have been 
elsewhere (sediment). Gene ra l i za t ion  of t h e s e  concepts  t o  a l l  a q u a t i c  p l a n t s  
probably i s  n o t  warranted owing t o  t h e  l a r g e  degree of anatomical  v a r i a t i o n  
among s p e c i e s ,  While t h e  r o o t  system of sorne submersed s p e c i e s  i s  l a r g e l y  
lacking ,  t h e  r o o t  system of some f loa t ing- leaved  and euergent  s p e c i e s  i s  
q u i t e  ex t ens ive ,  

Aquatic macrophytes accumulate n u t r i e n t s  i n  excess  of t h e i r  demand, 
a phenoraenon descr ibed  a s  luxury  uptake (Gerloff and Kroubholz l 966) ,  The 
amount of P found i n  t h e  biomass of a q u a t i c  macrophyte conmiunities can 
r e p r e s e n t  a l a r g e  pool  of P unava i l ab l e  t o  o t h e r  organisms and pathways, 
The s tanding  s t o c k  of Zos tera  marina i n  t h e  I za lbek  Lagoon, Alaska, 
accumulated 3.56 g P/rn7in t h e  l eaves  (KcRoy e t  a l ,  1972) ,  I f  t h i s  q u a n t i t y  
of P were r e l ea sed  t o  an  ove r ly ing  water  column of 2 m depth,  t h e  r e s u l t i n g  
concen t r a t ion  would be 55 rag-at P / l i t e r ,  a ve ry  h i g h  v a l u e  indeed,  These 
concepts  concerning n u t r i e n t  uptake by a q u a t i c  p l a n t s  l e d  t o  t h e  proposa l  
t h a t  they  be used t o  c o n t r o l  n u t r i e n t  enrichment i n  waters (Boyd 1970b). 

Flux a s  i n  index of phosphorus a v a i l a b i l i t y  

The turnover  r a t e  of e s s e n t i a l  elements t h a t  are i n  low concen t r a t ion  
compared t o  o t h e r  e lements ,  i , e .  phosphorus, i s  i n d i c a t i v e  of t h e  metabol ic  
a c t i v i t y  of a n  a q u a t i c  system (Pomeroy 1970),  I n  t h i s  r e s p e c t ,  a community 
of a q u a t i c  rnacrophytes c o n t r i b u t e s  t o  t h e  p r o d u c t i v i t y  of a system by 
r egene ra t ing  from t h e  sediment P t h a t  had been l o s t  from t h e  wa te r ,  Boyd 
(1970a) contends t h a t  t h e  decomposition of aboveground v e g e t a t i o n  r e l e a s e s  
mine ra l s  t h a t  o r i g i n a t e d  from t h e  s u b s t r a t e .  The o b j e c t i v e  of measuring 
decomposition i s  n o t  on ly  t o  measure t h e  f l u x  of P i n t o  and ou t  of t h e  
d e t r i t u s  compartment, b u t  a l s o  t o  determine t h e  degree t h a t  t h i s  process  
i s  involved i n  t h e  exchange of P between water  and s u b s t r a t e ,  To e s t a b l i s h  
t h i s ,  t h e  amount and d i r e c t i o n  of P f l u x  through Nupllar had t o  be  determined. 
This  involved s t u d i e s  on abso rp t ion  and t r a n s l o c a t i o n ,  

Bas i ca l ly ,  two techniques  a r e  a v a i l a b l e  f o r  t h e  s tudy  of l e a v e s  and 
r o o t s  i n  i no rgan ic  n u t r i t i o n  of a q u a t i c  macrophytes. These i n c l u d e  t h e  
comparison of growth r a t e s  of a q u a t i c  macrophytes rooted i n  v a r i o u s  
s u b s t r a t e s  w i t h  those  t h a t  are n o t  rooted  a t  a l l  (Pond 1905, Denny 1972).  
Another technique invo lves  t h e  i s o l a t i o n  of shoo t s  and r o o t s  s o  t h a t  
i s o t o p e s  can  be  s e l e c t i v e l y  in t roduced  t o  a s i n g l e  compartment (Aldrich 
and Otto 1959, Funderburk and Lawrence 1964, Frank and IIodgson 1964, 
L i t t l e f i e l d  and Forsberg 1965, picRoy and Zarsda te  1970, Bris tow and 
-Whitcornbe 1971, ~IeMarte and ::artl.zan 1974).  A d i f f e r e n c e  i n  t h e s e  t r a c e r  
techniques w a s  whether t h e  medium surrounding t h e  r o o t s  is s o i l  



(Reirnold 1972, OaiiIarte and Hartman 1974) o r  water  w i th  n u t r i e n t  concen- 
t r a t i o n s  s i m i l a r  t o  t h e  concen t r a t ion  i n  t h e  s u b s t r a t e  ( i k l~oy  and Earsda te  
1970, Bristow and Whitcombe 1971),  Actua l ly  lfciioy and coworkers used both  
s o i l  and water  surrounding r o o t s  i n  s t u d i e s  w i t h  Zos tera  marina, b u t  
based t h e i r  conclus ions  on t h e  experiments w i t h  t h e  water medium. They 
found between a  100 and 1000 fo ld -dec rease  i n  3 2 ~  r a d i o a c t i v i t y  i n  5 ck 
s e c t i o n s  above and t o  t h e  s i d e  of t h e  i n j e c t i o n  po in t .  A major premise 
f o r  i n t e r p r e t a t i o n  of r ad io i so tope  t r a c e r  s t u d i e s  i s  t h a t  t h e  i s o t o p e  is  
uniformally d i s t r i b u t e d  i n  t h e  compartment t o  which i t  i s  i n j e c t e d ,  This  
is  u n l i k e l y  when i s o t o p e s  a r e  i n j e c t e d  i n t o  sediments t o  s tudy  uptake r a t e s  
of r o o t s .  Also, s e c r e t i o n  of P by r o o t s  would be d i f f i c u l t  t o  measure i n  
t h e  sediment,  

A number of f a c t o r s  i n t e r a c t  and a f f e c t  t h e  abso rp t ion  of P by p l a n t s .  
The metabol ic  s t a t e  of t h e  p l a n t ,  inc luding  photosynthes is ,  growth, and 
age, r a y  r e l a t e  t o  t h e  absorp t ion  of P and any t rea tment  which reduces  
growth may cause  a  corresponding decrease  i n  t h e  abso rp t ion  of s a l t s  
( S u t c l i f f e  1962).  One of t h e  most important  f a c t o r s  i n f luenc ing  P absorp- 
t i o n  seemed t o  be t h e  concen t r a t ion  of P i n  t h e  medium (Knauss and P o r t e r  
1954 and Jeschke and Simonis 1965).  But Olsen (1950) concluded t h a t  t h e  
r a t e  a t  which i n d i v i d u a l  i o n s  a r e  absorbed was determined by t h e  r a t i o  of 
t h e i r  concen t r a t ion  t o  t hose  of o t h e r  i o n s  i n  t h e  medium, r a t h e r  than  by 
concen t r a t ion  i t s e l f ,  However, by vary ing  t h e  t i m e  of i ncuba t ion  of p l a n t  
s t r u c t u r e s  w i t h  i s o t o p e  and n u t r i e n t  concen t r a t ion  of t h e  medium, Ger lof f  
(1975) was a b l e  t o  determine V,,,, and Y, f o r  r o o t s  and slioots of f o u r  
a q u a t i c  vascu la r  p l a n t s ,  

The approach t o  s tudy  abso rp t ion ,  t r a n s l o c a t i o n ,  and s e c r e t i o n  of P 
w a s  pa t t e rned  a f t e r  t h e  work of Gerloff  (1975) and ikRoy and coworkers 
(1970, 1972) i n  an  a t tempt  t o  determine: (1) t h e  r a t e s  of P up take  by 
f l o a t i n g  l eaves ,  submersed l eaves ,  and r o o t s ;  (2)  t h e  importance of r o o t s  
i n  t h e  n u t r i t i o n  of Nuphar; and (3) which of t h e  b i d i r e c t i o n a l  f l u x e s  of 
P i n  Nuphar dominates. 

K a t e r i a l s  and Kethods 

Seasonal and S p a t i a l  Phosphorus D i s t r i b u t i o n  

F i e l d  sampling 

IJuphar luteum was c o l l e c t e d  a t  Keel Creek and Indian  Creek from J u l y  - 
November 1974, and a t  Keel Creek, Wiccacon Creek, and Kockyhock Creek from 
January - September 1975 (Fig,  l ) ,  Each p l a n t  community was sampled a t  
monthly i n t e r v a l s  dur ing  t h e  growing season  and bimonthly dur ing  t h e  win te r .  
During t h e  1974 sampling per iod  four  0,35 m2 quadra t  samples a long  a  
randomly placed t r a n s e c t  perpendicular  t o  t h e  sho re  were taken a t  each 
l o c a t i o n ,  Three quadra t s  a long two t r a n s e c t s  a t  each s i t e  were sampled 
dur ing  t h e  1975 pe r iod ,  Aboveground biomass ( l eaves  and p e t i o l e s )  was 
harves ted  by hand and belowground v e g e t a t i o n  ( r o o t s  and rhizomes) w i t h  



pos thole  d igge r s  t o  a d e p t h  of 30 cm, The samples were placed i n  p l a s t i c  
bags on i c e  u n t i l  processed i n  t h e  l abo ra to ry ,  

Phosphorus a n a l y s i s  

Nup'har luteum p l a n t s  were separa ted  i n t o  compartments ( f l o a t i n g  l eaves ,  
submersed l eaves ,  p e t i o l e s ,  r o o t s ,  rhizomes, f lowers ,  and peduncles)  and 
cleaned by removing t h e  ep iphy te s  w i t h  a nylon b rush  and r i n s i n g  t h e  p l a n t s  
w i th  d i s t i l l e d  water ,  Samples were oven-dried i n  paper bags a t  85OC f o r  
72 h and dry  weights  were recorded ,  Bulky d r i e d  samples (rhizomes) were 
chopped i n  a b lender  and a l i q u o t s  of each s t r u c t u r e  were ground i n  a Wiley 
N i l 1  (40-mesh s c r e e n ) ,  Ground m a t e r i a l  was s e a l e d  i n  m a l l  p l a s t i c  bags 
and r e f r i g e r a t e d  (4OC), 

Dup l i ca t e  P de te rmina t ions  were made on each sample, One gram 
a l i q u o t s  of each ground sample were d ry  ashed i n  a muff le  fu rnace  a t  4 8 0 ' ~  
f o r  3 h. The temperature of t h e  r u f f l e  furnace  d id  not  exceed 25Q°C when 
t h e  samples were placed i n s i d e  t o  prevent  p l a n t  l o s s  from t h e  aluminum 
pans due t o  v i o l e n t  conbust ion which occurs  a t  h i g h  temperatures .  Af t e r  
a s h  weight was recorded,  t h e  a s h  w a s  t hen  placed i n  100 m l  vo lumetr ic  
f l a s k s  t o  which 10  ml of concent ra ted  hydrochlor ic  a c i d  (HCP) was added, 
The f l a s k s  were hea ted  u n t i l  t h e  a s h  d isso lved .  Th i s  concent ra ted  a c i d  
s o l u t i o n  was d i l u t e d  t o  approximately 100 ml w i t h  d i s t i l l e d  water ,  f i l t e r e d  
through Whatman No, 41  f i l t e r  paper,  brought  t o  a f i n a l  volume of 250 ml 
and r e f r i g e r a t e d  (4'C). The weight of t h e  i n s o l u b l e  f r a c t i o n ,  presumably 
s i l i c o n ,  was determined by weighing t h e  f i l t e r  paper  b e f o r e  and a f t e r  
f i l t e r i n g  t h e  d i s so lved  samples ( a i r  d ry  a t  room temperature f o r  48 h ) .  
This  f r a c t i o n  w a s  s u b t r a c t e d  from t h e  t o t a l  a s h  r e s i d u e  be fo re  pe rcen t  
a sh  va lues  were c a l c u l a t e d ,  S i l i c o n  i n  t h e  aboveground samples was 
n e g l i g i b l e ,  bu t  28,9% of t h e  a s h  weight f o r  r o o t s  was a t t r i b u t e d  t o  s i l i c o n ,  
High s i l i c o n  concen t r a t ions  were a t t r i b u t a b l e  t o  t h e  i n a b i l i t y  t o  remove 
t h e s e  p a r t i c l e s  dur ing  c leaning .  Likens and Bormann (1970) found no 
s i g n i f i c a n t  changes i n  P concen t r a t ion  i n  p l a n t  m a t e r i a l  a f t e r  t h e  i n s o l u b l e  
a s h  was d i s so lved  and added t o  t h e i r  samples, No c o r r e c t i o n  was at tempted 
f o r  my samples,  Phosphorus was determined by a molybdate b l u e  procedure 
as descr ibed  i n  Environmental P r o t e c t i o n  Agency (1971) f o r  ortho-phosphate,  
S i g n i f i c a n t  d i f f e r e n c e s  i n  P concen t r a t ion  and a s h  con ten t  between s t r u c t u r e s  
and s tudy  s i t e s  were determined by t h e  Newmann-Reuls m u l t i p l e  range  t e s t  
a t  t h e  0,05 level  of s i g n i f i c a n c e  (Zar 1974). 

A l l  P d a t a  of p l a n t  samples was expressed as atomic weight  pe r  gram 
of organic  weight.  The o rgan ic  weight is  assumed t o  be  the ash  f r e e  dry  
weight of t h e  p l a n t  and i s  symbolized by OW, 

A l l  g lassware used dur ing  t h i s  procedure w a s  o r i g i n a l l y  soaked over- 
n i g h t  w i t h  50X H C 1  and a t  t h e  beginning of each a n a l y s i s  t h e  glassware was 
r in sed  wi th  25% HC1. A f t e r  each  a c i d  wash t h e  g lassware  was r i n s e d  twice  
w i t h  deionized water .  The f i l t e r  paper  was r i n s e d  w i t h  d i s t i l l e d  water  
be fo re  f i l t e r i n g  t h e  samples,  Ions were removed from p l a s t i c  c o n t a i n e r s  



by soalcing them overn ight  i n  a 22 n i t r i c  a c i d  s o l u t i o n ,  

To compare the d ry  and w e t  ashing procedures ,  e i g h t  random p l a n t  
samples were chosen and ashed us ing  a s u l f u r i c  acid-hydrogen peroxide  
s o l u t i o n  siuilar t o  t h a t  descr ibed  by Al l en  e t  a l ,  (1974). Phosphorus 
concen t r a t ions  us ing  t h i s  wet ashing technique were no t  s i g n i f i c a n t l y  
d i f f e r e n t  (P < 0,051 from those  ashed i n  t h e  muff le  furnace.  

Phosphorus Pools  i n  t h e  Sediment 

F i e l d  c o l l e c t i o n  

Sediuent  c o r e s  were c o l l e c t e d  from Kockyhock Creek, K e e l  Creek, and 
Indian  Creek on 16  August 1975, w i t h  a p l a s t i c  tube  (4.7 cm x 50 cm) t o  
a d e p t k o f  30 cu and were brought back t o  t h e  l a b o r a t o r y  on d r y  i c e  and 
kep t  f rozen  (-10°C) u n t i l  processed.  

I n t e r s t i t i a l  water  

As suggested by Bray e t  a l .  (19731, i n t e r s t i t i a l  water  was e x t r a c t e d  
under anoxic cond i t i ons  by performing t h e  fo l lowing  procedure i n  a g love  
bag purged w i t h  n i t r o g e n  gas.  Cores were sepa ra t ed  i n t o  5 crn s e c t i o n s  t o  
a dep th  of 25 cm and each was pressed  w i t h  40 l b  of p re s su re  i n  a nylon 
p r e s s  f o r  45 min a t  room temperature,  The p r e s s  was equipped w i t h  a 
0.45 p-pore membrane f i l t e r  t h a t  was dearea ted  by soaking i t  i n  de ionized  
water purged w i t h  N2 gas  t o  exclude atmospheric  oxygen, The i n t e r s t i t i a l  
water  samples were c o l l e c t e d  i n  15  u1 g l a s s  graduated c e n t r i f u g e  v i a l s  
from which 2 m l  a l i q u o t s  were taken  i n  d u p l i c a t e  f o r  phosphate a n a l y s i s .  
These samples were s t o r e d  i n  a vacuum d e s i c c a t o r  purged w i t h  N2 and f r o z e n  
(-10°C), Ortho-phosphate was measured as descr ibed  i n  Environmental Pro- 
t e c t i o n  Agency (1971) except  0.31 m l  of combined reagent  was used s i n c e  
t h e r e  was only  2 m l  of sample. Analys is  was w i t h  a Bausch and Lomb 
Spectrophotometer set a t  880 nm. 

B io log ica l ly  a v a i l a b l e  phosphorus 

Each 5 cm c o r e  s e c t i o n  was analyzed f o r  b i o l o g i c a l l y  a v a i l a b l e  P as 
descr ibed  by Wentz and Lee (1969a). The s e c t i o n s  were d r i e d  f o r  48 h i n  
a n  oven (85O@), l i g h t l y  ground w i t h  a mortar  and p e s t l e ,  and s t o r e d  i n  
acid-washed g l a s s  b o t t l e s  under r e f r i g e r a t i o n  (4OC). Phosphorus was 
e x t r a c t e d  from 200 mg of s o i l  w i t h  25 m l  of a d i l u t e  HCI-H2S04 s o l u t i o n  
w i t h  a pH of 1.1 (Olsen and Dean 1965).  These samples were shaken f o r  
30 min on  a mechanical shaker  and then  f i l t e r e d  through a 0,45 p-pore 
membrane f i l t e r ,  Twenty m l  was used t o  measure ortho-phosphate by a 
vanadomolybdate yel low method (Jackson 1958) on a Bausch and Lomb 
Spectrophotometer set a t  420 nm, 



Phosphorus Flux Tracer  Experiments 

General procedures  

Experiments i n  bo th  t h e  l a b o r a t o r y  and f i e l d  were run  t o  determine t h e  
uptake, t r a n s l o c a t i o n  and s e c r e t i o n  of P by IJuphar. The v a r i o u s  p l a n t  
s t r u c t u r e s  ( f l o a t i n g  l eaves ,  submersed l eaves ,  and r o o t s  and rhizomes) were 
i s o l a t e d  w i t h  p l e x i g l a s s  chambers (Fig, 10)  similar t o  the techniques  used 
by Mc&oy and Barsda te  (1970). The r ec t angu la r  chambers (22.9 cm x 20.3 cm 
x 10.2 cm) were made of one-fourth inch  p l e x i g l a s s  and each  had a n  approxi- 
mate volume of 4 l i t e r s ,  The chambers used f o r  r o o t s  and rhizomes were 
covered w i t h  opaque t a p e  t o  exclude l i g h t ,  The p l a n t  was f i r s t  p laced  
i n s i d e  t h e  r o o t  and rhizome chamber; t hen  submersed and f l o a t i n g  l e a v e s  
were r o l l e d  up and passed through 2.5 cm diameter  h o l e s  on  t h e  top  and s i d e  
of this chamber, r e s p e c t i v e l y .  Chewing gum was wrapped around t h e  p e t i o l e s  
where they  extended from t h e  chamber, A bored-out rubber  s toppe r  t h a t  
had been s p l i t  on t h e  s i d e  was placed around t h e  gum and p e t i o l e s  of 
f l o a t i n g  l e a v e s  and pressed  i n s i d e  t h e  corresponding hole .  A 5 cm l e n g t h  
of s u c t i o n  tub ing  t h a t  a l s o  had been c u t  l o n g i t u d i n a l l y  was p laced  around 
t h e  gum and p e t i o l e s  of t h e  submersed l eaves .  When this tubing  was f i t t e d  
i n t o  the h o l e  of t h e  lower opaque chamber, a s e a l  was formed, The 
submersed l e a v e s  were fo lded  a g a i n  and p u t  through a matching h o l e  i n  t h e  
upper e l e a r  chamber, The s u c t i o n  tube  and i t s  enclosed p e t i o l e s  were 
f i t t e d  i n t o  t h i s  h o l e  t o  form a n  impermeable seal, 

Before each f i e l d  experiment,  p l e x i g l a s s  chambers were scrubbed, r i n s e d  
and soaked i n  d i s t i l l e d  water  overn ight ,  These samples were assayed on a 
Packard Model 3320 l i q u i d  s c i n t i l l a t i o n  spec t rometer  and no r a d i o a c t i v i t y  
w a s  de t ec t ed  above background from any of t h e  chambers. 

Tile s u r f a c e  a r e a  of l e a v e s  and r o o t s  were measured t o  a l l ow express ion  
of uptake r a t e s  based on area i n  a d d i t i o n  t o  d r y  weight.  The areas of 
f l o a t i n g  and submersed l e a v e s  were determined by t r a c i n g  t h e  per imeter  of 
t h e  l e a v e s  on paper and measuring t h i s  area w i t h  a p lan imeter .  Th i s  v a l u e  
was doubled t o  account  f o r  t h e  t o t a l  a r e a  of t h e  submersed l eaves .  

A f t e r  the exper iuent  s u r f a c e  a r e a  of r o o t s  was determined by a 
s ta in ing-des ta in inf ;  method (Beasley and Ting 1973) modified by d r .  Prem 
Sehgal of Eas t  Caro l ina  Un ive r s i t y ,  The r o o t s  were soaked f o r  5 n ~ i n  i n  
150 u 1  of t o l u i d i n e  b lue  (0.02% i n  10% sodium b o r a t e )  which i s  a s p e c i f i c  
s t a i n  f o r  c e l l u l o s e ,  The r o o t s  were r i n s e d  w i t h  d i s t i l l e d  water  t o  remove 
t h e  dye and then  washed f o r  1 5  min w i t h  100 m l  d e s t a i n i n g  s o l u t i o n  (made 
of 90.0 m l  of 70% e t h y l  a l coho l ,  5.0 m l  of g l a c i a l  a c e t i c  a c i d ) ,  Three 
a l i q u o t s  of t h e  Ses t a in ing  s o l u t i o n  w e r e  p laced  i n  test tubes  and d i l u t e d  
10 f o l d ,  O p t i c a l  d e n s i t y  w a s  read  w i t h  a Pe rk in  Elmer Spectrophotometer 
s e t  a t  640 mu, An a t tempt  t o  conver t  o p t i c a l  d e n s i t y  r ead ings  t o  a b s o l u t e  
va lues  f a i l e d  so  r e l a t i v e  va lues  were determined by i ~ u l t i p l y i n g  t h e  o p t i c a l  
d e n s i t y  r ead ings  by 100, 

Radioac t ive  p l a n t  and water  samples from bo th  l a b o r a t o r y  and f i e l d  



Figure 10. Diagram of plexiglass chambers used to isolate  structures of Nuphar 
luteum and radioactive isotopes. 



experiments were assayed w i t h  t h e  l i q u i d  s c i n t i l l a t i o n  s ~ e c t r o l ~ e t e r  (LSS), 
'The LSS has a h i g h  counting e f f i c i e n c y  f o r  u o s t  r a d i o a c t i y e  i s o t o p e s  and 
d i sc r imina te s  between i s o t o p e s  w i t h  d i f f e r e n t  b e t a  e n e r g i e s ,  A major 
disadvantage of r a d i o a c t i v e  p l a n t  a s say  w i t h  t h e  LSS i s  t h e  saup le  prepara- 
t i o n ,  w i t h  a c i d s  and b leaching  agen t s  causing a b e r r a t i o n s  such as chemical 
and co lo r  quenching, These s o l u t i o n s  a l s o  may be i m a i s c i b l e  w i t h  t h e  
organic  s o l v e n t s  i n  t h e  counting s o l u t i o n ,  

Two metilods us ing  Ii2S04 and H202 were used t o  d i g e s t  t h e  p l a n t  
m a t e r i a l  i n  t h e  t r a c e r  experiments ,  I n  t h e  f i r s t  method (used most ly f o r  
l abo ra to ry  experiments) ,  2 m l  of concent ra ted  B2S04 was added t o  50 mg of 
p l a n t  I l la ter ia l  (2 ran diced  p i e c e s )  and hea ted  on a h o t  p l a t e  f o r  30 min, 
Tile sample was removed from t h e  h e a t  and allowed t o  coo l  s l i g h t l y  and then  
12-20 drops of 11202 (30%) were added u n t i l  t h e  sample c l e a r e d ,  To t h e  
d isso lved  sample, one drop of 10N NaOH and t h e  c o c k t a i l  were added, The 
o t h e r  technique involved a d i s s o l v i n g  s o l u t i o n  con ta in ing  H2S04, H2Q2, 
selenium powder, and l i t h i u m  c h l o r i d e  (Allen e t  a l ,  1974).  Two m l  of t h i s  
s o l u t i o n  were used t o  d i s s o l v e  30 mg of p l a n t  t i s s u e  i n  a capped g l a s s  
s c i n t i l l a t i o n  v i a l ,  20 c o l o r  remained i n  any samples except  r o o t s ,  which 
were c l ea red  by adding a few drops of H2Q2. Care was taken i n  both  
procedures  t o  coo l  t h e  u isso lved  samples t o  room temperature be fo re  t h e  
c o c k t a i l  was added t o  prevent  s eve re  che~fiilum: ~ n e s c e n c e .  

Two coun t in s  techniques  were used f o r  the f i e l d  and l a b o r a t o r y  experi-  
ments. Cerenkov counting (Kobayashi and Haudsley 1974) was used exc lus ive ly  
f o r  count ing t h e  h igh  energy 3 2 ~  r a d i o i s o t o p e  i n  t h e  l a b o r a t o r y  experiments ,  
There was no problem of phase s e p a r a t i o n  with t h e  ssmple o r  chemical 
quenching w i t h  t h i s  c o c k t a i l  and t h e  counting e f f i c i e n c y  was 46%, The 
1 5  n1 of c o c k t a i l  added t o  each  savlple contained 100 ug of 4-methylumbelli- 
f e rone  d isso lved  i n  a l i t e r  of d i s t i l l e d  water .  

The f i e l d  samples were assayed f o r  b o t h  3 2 ~  and 3 3 ~  us ing  a double 
i s o t o p e  counting t?chnique (Kobayashi and i.Iaudsley 1974).  Because t h e  
b e t a  energy from 3 3 ~  was too low f o r  Cerenkov counting,  a n  o rgan ic  so lven t  
and f l u o r  c o c k t a i l  was used (RediSolv VI, Beckuan). Counting e f f i c i e n c i e s  
were d e t e n ~ i n e d  by t h e  i n t e r n a l  s tandard  method. Standards w i t h  j u s t  t h e  
c o c k t a i l  had 100% counting e f f i c i e n c i e s  f o r  each  i s o t o p e  and were used t o  
determine s p e c i f i c  a c t i v i t y  of t h e  i s o t o p e s ,  Standards f o r  p l a n t  and 
water  d i g e s t i o n  procedures  were made f o r  each  i s o t o p e  t o  determine t h e  
ba l ance  p o i n t  s e t t i n g s  and counting e f f i c i e n c i e s  f o r  each i s o t o p e  i n  each 
channel,  The LSS was s e t  f o r  a maximum of 100,000 
counting f o r  t h i s  procedure and Cerenkov count lcg ,  

The fo l lowing  formulae were used t o  determine 
i n  each sample of t h e  double i s o t o p e  technique: 

counts  o r  50-min of 

t h e  amount of each i s o t o p e  



P32 = 3 2 ~  i n  t h e  sample Cdpm) 

P33 = 3 3 ~  i n  the  sample (dm) 

Chl = 3 2 ~  counting e f f i c iency  i n  channel 1 

Ch2 = 3 2 ~  counting e f f i c iency  i n  channel 2 

c h l  = 3 3 ~  counting e f f i c iency  i n  channel 1 

ch2 = 3 3 ~  counting e f f i c i e n c y  i n  channel 2 

141 = n e t  t o t a l  observed counts i n  channel 1 

142 = ne t  t o t a l  observed counts i n  channel 2 

Phosphorus uptake was ca lcula ted  from t h e  observed a c t i v i t y  i n  t h e  p l a n t  
ma te r i a l  and the i n i t i a l  s p e c i f i c  a c t i v i t y  measured i n  the  water used i n  
t h e  experiments, More s p e c i f i c a l l y ,  the  observed a c t i v i t y  i n  t h e  p l a n t  
ma te r i a l  (dpm 3 2 ~ / ~  dry wt) divided by the s p e c i f i c  a c t i v i t y  measured i n  
t h e  water (dpm 3 2 ~ / ~ g - a t  3 1 ~ )  yielded t h e  reported values  of vg-at 3 1 ~ / g  
dry  w t r  

Laboratory experiments 

The absorpt ion and subsequent t r ans loca t ion  of P by 1Jupha~ was s tud ied  
in the  labora tory  using 3 2 ~ .  Experiments were run on f l o a t i n g  leaves ,  
submersed l eaves  and r o o t s  i n  which the  absorption period and e x t e r n a l  P 
concentrat ions were va r ied ,  Plexiglass  chambers were used a s  previously 
described t o  i s o l a t e  t h e  p lan t  s t r u c t u r e s  and isotopes ,  The chambers were 
placed i n  an  environmental control  chamber under constant  temperature (29°C) 
and l i g h t  (3 x 104ergs/cm2) from incandescent and f luorescen t  lamps. 
The mean water temperature f o r  a l l  the  experiments was 26.5 + 3°C. A l l  
e x p e r h e n t s  were run i n  t r i p l i c a t e  on p l a n t s  co l l ec ted  from K e e l  Creek on 
the  Chowan River, 

P l a n t s  co l l ec ted  f o r  the  labora tory  experiments were kept  e i t h e r  i n  
holding tanks i n  a greenhouse o r  i n  a l a r g e  i c e  chest  f i l l e d  wi th  water, 
A black p l a s t i c  bag was wrapped around the  r o o t s  and rhizomes of the  p l a n t s  
co l l ec ted  from t h e  f i e l d  t o  p ro tec t  them from l i g h t .  A l l  experiments w e r e  
run wi th in  48 h a f t e r  c o l l e c t i o n  of the  p l a n t s ,  Epiphytes and o the r  
microorganisms were cleaned off t h e  p lan t  s t r u c t u r e s  before they were 
enclosed i n  t h e  chambers, Also, before each experiment, l ea f  t r a c e s  were 
made of those  leaves  t h a t  would be subjected t o  t h e  i sotope,  The chambers 
t o  which t h e  i so tope  would be added w e r e  f i l l e d  with a modified Hoaglandls 
so lu t ion  (Gerloff and Krombholz 196G) with a P concentrat ion of 2.0 pg-at/ 
l i te r  i n  t h e  l ea f  chambers and 4,O p g - a t / l i t e r  i n  the  root  chambers 
(Appendix, TaGle K).  The remaining chambers were f i l l e d  wi th  t ap  water. 
Incubation periods f o r  t h e  submersed leaves  were 5, 10, 20, 40, and 90 min 



and f o r  r o o t s  were 10, 20, 60, and 240 min. Besides g iv ing  informat ion  
about  t h e  absorbing c a p a b i l i t i e s  of the t h r e e  organs? t h e  iupor t ance  of 
t h e  t h e  s t u d i e s  was t o  s e l e c t  t h e  op t iwa l  t i m e  per iod  f o r  experiments  i n  
which P concen t r a t ion  i n  I ioaglandts  s o l u t i o n  was v a r i e d ,  The opt imal  
abso rp t ion  per iod  when e x t e r n a l  P concen t r a t ion  was v a r i e d  was a time dur ing  
which l i n e a r  abso rp t ion  of P occurred f o r  submersed l e a v e s  and r o o t s ;  t h i s  
was 10  and 60 min, r e s p e c t i v e l y ,  About 14  pCi of c a r r i e r - f r e e  3 2 ~  a s  
phosphate w a s  added t o  t h e  e x p e r i a e n t a l  chamber f o r  each  experiment,  

Af t e r  t h e  abso rp t ion  per iod  tne p l a n t s  were sec t ioned  i n t o  l e a v e s ,  
p e t i o l e s ,  r o o t s ,  and rhizomes and r i n s e d  i n  t a p  water ,  The s t r u c t u r e s  
were d r i e d  f o r  48 h a t  85°C and d ry  weights  recorded,  Each s t r u c t u r e  
except  rhizomes was c u t  i n t o  approximately 2 - m  p i e c e s  and t h e  s c i s s o r s  
were r i n s e d  wi th  d i s t i l l e d  water  a f t e r  c u t t i n g  each s t r u c t u r e ,  Rhizomes 
were ground w i t h  a mortar  and p e s t l e ,  Two 30  ng a l i q u o t s  of each  s t r u c t u r e  
were d isso lved  and counted a s  descr i6ed  under General  procedures ,  

F i e l d  experiments 

F i e l d  experiments were run  a t  Rockyhock Creek on 15  and 25 August 1975 
f o r  summer rates? on 9 January 1976 f o r  w in te r  r a t e s  and 7 IIay 1976 f o r  
s p r i n g  rates. P l e x i g l a s s  chambers were used t o  i s o l a t e  the v a r i o u s  p l a n t  
organs and the i s o t o p e s  F ig ,  10 ) .  For each  experiment 1 4  pCi of c a r r i e r -  
f r e e  r a d i o a c t i v e  3 2 ~  andG3P a s  phosphate were i n j e c t e d  i n t o  s p e c i f i c  
chambers. 411 experilnents were done i n  t r i p l i c a t e  f o r  24 h. 

The r o o t s  and rllizomes o f . t h r e e  p l a n t s  were c a r e f u l l y  excavated from 
t h e  s u b s t r a t e  and r i n s e d  i n  the river t o  remove s o i l  from t h e  r o o t s  and 
rhizomes, These s t r u c t u r e s  and t h e  submersed l e a v e s  w e r e  placed i n  t h e  
chambers a s  p rev ious ly  descr ibed ,  The r o o t  and rhizome chamber was f i l l e d  
wi th  a modified Hoagland's s o l u t i o n  that had a P concen t r a t ion  of 4.0 pg-at/ 
l i te r  and was purged w i t h  20Q l b  of n i t r o g e n  gas  (02 concen t r a t ion  < 1 ppm), 
The submersed l e a f  chambers were f i l l e d  w i t h  ambient Chowan wa te r ,  The 
f l o a t i n g  l e a v e s  were not  enclosed,  The r o o t  and rhizome chamber was i n j e c t e d  
w i t h  3 2 ~  and t h e  submersed l e a f  chamber w i t h  3 3 ~ e  F l o a t i n g  l e a v e s  on 
d i f f e r e n t  l a n t s  were enclosed i n  p l e x i g l a s s  chambers and i n j e c t e d  w i t h  
10  u C i  of 33P dur ing  t h e  sp r ing  experiments.  The technique  of a p re l imina ry  
experiment on 1 5  August 1975 was d i f f e r e n t ,  Both submersed and f l o a t i n g  
l eaves  were placed i n  p l e x i g l a s s  chambers and f i l l e d  w i t h  ambient Chowan 
water t h a t  had a P concen t r a t ion  of 0.32 p g - a t / l i t e r ,  P i p e t t e s  were used 
t o  i n j e c t  14  p C i  of 3 2 ~  i n t o  t h e  sediment around the unexcavated r o o t s  of 
t h e  a p i c a l  p o r t i o n  of t h e  rhizome a t  t h r e e  d i f f e r e n t  l o c a t i o n s  a t  depths  of 
5 ,  10, and 20 cm, The submersed l e a f  chamber was i n j e c t e d  w i t h  3 2 ~  and no 
i s o t o p e  was  added t o  t h e  chaxubers w i t h  f l o a t i n g  leaves which were kep t  
buoyant w i th  inne r  t ubes ,  

The two f i e l d  techniques r e s u l t e d  i n  d i f f e r e n t  amounts of P uptake  
by t h e  r o o t s ,  The r ad io i so tope  a c t i y i t y  i n  t h e  unexcavated r o o t s  from 
t h e  1 5  August experiment was 8,700 dpm/g d ry  w t  compared t o  2.5 x 106 dpm/g 



d r y  wt f o r  t h e  25 August experiment i n  which excavated r o o t s  were placed 
i n  water .  A l l  o t h e r  s t r u c t u r e s  had l e s s  3 2 ~  a c t i v i t y  i n  t h e  f i r s t  f i e l d  
experiment t han  i n  t h e  second. Because d i s t r i b u t i o n  around t h e  unexcavated 
r o o t s  was s o  poor on 1 5  August, t h e s e  r e s u l t s  a r e  n o t  r epo r t ed .  By 
excavat ing t h e  r o o t s  and rhizomes from t h e  s u b s t r a t e  and p l ac ing  them i n  
water  of a chamber i n t o  which t h e  i s o t o p e  was i n j e c t e d ,  much h ighe r  
a c t i v i t i e s  i n  t h e  p l a n t  r e s u l t e d .  This  could be  due t o  s e v e r a l  f a c t o r s ,  
i nc lud ing  a more equa l  d i s t r i b u t i o n  of t h e  i s o t o p e  around t h e  absorbing 
organ, less d i l u t i o n  by 3 1 ~  i n  t h e  sediments,  and lower r a t e s  of d i f f u s i o n  
i n  t h e  sediments.  

Af t e r  24 h,  water  samples were taken from each chamber. The p l a n t s  
were removed, r i n s e d  i n  t h e  r i v e r ,  s ec t ioned  i n t o  l eaves ,  p e t i o l e s ,  r o o t s  
and rhizomes, and placed i n  p l a s t i c  bags. I n  t h e  l a b o r a t o r y  each p l a n t  
s t r u c t u r e  w a s  scrubbed wi th  a brush t o  remove ep iphytes  and r i n s e d  wi th  
t a p  water .  The samples were d r i e d  f o r  48 h a t  8 5 " ~  and dry  weights  
recorded.  The p l a n t  m a t e r i a l  a s say  was s i m i l a r  t o  t h e  l a b o r a t o r y  techni -  
ques previous ly  descr ibed  except  t h e  second s u l f u r i c  a c i d  method (General 
procedures)  and o rgan ic  so lven t  were used. Water samples c o l l e c t e d  from 
t h e  chambers were t r e a t e d  by adding 0.4 m l  p e r c h l o r i c  a c i d  and 0.2 m l  H202 
t o  one m l  of sample i n  a g l a s s  s c i n t i l l a t i o n  v i a l  t o  d i s s o l v e  p a r t i c u l a t e s .  
The samples were hea ted  f o r  30 min on a h o t  p l a n t ,  allowed t o  cool ,  and 
1 5  m l  of RediSolv V I  w a s  added. 

Decomposition Rates  

Phosphorus r e l e a s e  r a t e s  from Nuphar luteum were determined f o r  
senesc ing  p l a n t  s t r u c t u r e s  by t h e  n e t  bag technique (Kormandy 1968, Boyd 
1970a).  F i b e r g l a s s  n e t  bags of 10-mesh/cm were arranged along t r a n s e c t s  
a t  t h e  mouth of Rockyhock Creek on 4 Ju ly  1974 and 30 September 1974 t o  
determine summer and f a l l  r a t e s ,  r e s p e c t i v e l y .  Each bag contained 35 g 
f r e s h  weight of e i t h e r  aboveground ( l e a f  b l a d e s  and p e t i o l e s )  o r  below- 
ground ( r o o t s  and rhizomes) p a r t s .  Mature b u t  n o t  senescent  p l a n t  m a t e r i a l  
s f  uniform appearance w a s  c o l l e c t e d ,  b l o t t e d  dry ,  weighed, and placed i n  
t h e  n e t  bags. The percentage of t h e  t o t a l  weight i n  t h e  bags (35 g)  t h a t  
each s t r u c t u r e  con t r ibu ted  was p ropor t iona l  t o  t h e  biomass of t h e  s t r u c t u r e s  
i n  t h e  f i e l d .  

The aboveground bags were allowed t o  f l o a t  and belowground bags were 
bu r i ed  ca .  10  cm deep i n  t h e  sandy sediment. Dup l i ca t e  bags were randomly 
c o l l e c t e d  f o r  a n a l y s i s  on a weekly b a s i s  f o r  t h e  f i r s t  month and then  
monthly f o r  f i v e  months. Col lec ted  bags were s t o r e d  on i c e  u n t i l  processed.  
I n  t h e  l a b o r a t o r y  t h e  p l a n t  m a t e r i a l  was picked from t h e  bag, c leaned ,  
r i n s e d  w i t h  d i s t i l l e d  water ,  d r i e d  f o r  48 h a t  85°C and d ry  weights  were 
recorded.  Dried p l a n t  m a t e r i a l  was ground i n  a FJileg N i l 1  u s ing  a 40-mesh 
s c r e e n  and then  dry  ashed (480°C) f o r  3 h i n  a muff le  furnace .  Ashed 
material was d i s so lved  and phosphorus determined by procedures  a l r e a d y  
descr ibed .  

So t h a t  t h e  d a t a  could be  based on d ry  weights ,  t h e  i n i t i a l  d ry  



weights and P concentration were determined by analyzing the contents of 
five bags on the day they were placed in the field. The percentage loss 
of P was determined by comparing the initial concentrations with those of 
the material undergoing decay. 

Results and Discussion 

Spatial and Seasonal Phosphorus Concentrations 

Spatial phosphorus concentration 

The ability of a plant to accumulate mineral nutrients is reflected 
in the percent of the dry weight that is ash. In Nuphar luteum, roots 
had the highest ash content (17.0%) and floating leaves the lowest (9.1%) 
(Table 11). 

The average concentration of P in Nuphar was 154 ug-at/g OW with no 
significant difference between structures based on averages of the five 
sampling locations (Table 12). There were P concentration differences 
between aboveground and belowground structures at two of the sites. At 
Keel Creek in 1974 the roots and rhizomes had greater P concentrations 
than the aboveground vegetation but the reverse was true at Indian Creek. 
There were no differences in P concentration in any of the aboveground 
structures between any of the sampling locations. 

There were differences between locations for averages of the P con- 
centration in the whole plant. The 1974 samples from Keel Creek were the 
highest (201 ug-at P/g OW) and greater than those from Wiccacon and Indian 
Creeks, but not significantly different from those at the other three 
sites (Table 12). Even though the 1974 and 1975 sampling locations at 
Keel Creek were similar, the results differed. The roots and rhizomes had 
a greater P concentration in the 1974 samples than 1975, but the leaves 
and petioles did not differ between the two years. Also, there were 
differences between the aboveground and belowground structures at the Keel 
Creek site during 1974, but no differences during 1975. In general, there 
were fewer differences in P concentration between aboveground structures 
among locations than for belowground structures which varied considerably 
between locations. 

Phosphorus concentration per square meter of Nuphar community was 
influenced mainly by the seasonal biomass quantities. Rhizomes accumulated 
the greatest amount of P (66.2%), roots were intermediate (10.6%), and 
the remainder of the P was distributed among the three aboveground struc- 
tures (7.1-8.1%) (Table 13). Highest accumulation of P was at Wiccacon 
and Indian Creek (0.817 and 0.702 g/m2 respectively) compared to the lowest 
value from the 1975 samples in Keel Creek (0.367 g/m2). 

To determine the annual average P biomass for a square meter of 
Nuphar community, the ash-free biomass average for the growing season 



Table 11. Ash content  of t h r e e  types  of a q u a t i c  macrophytes i nc lud ing  t h e  
mean values f o r  t h e  s t r u c t u r e s  of Nuphar l u t  eum and N. advena. 

Type of  P l an t  Percent  Ash Source 

Emergent Species  

Submersed Species  

Floating-leaved Species  

Nymphaea odora t a  

Nuphar advena 

Leaves 
P e t i o l e s  
Rhizomes 
Roots 
Flowers 
Peduncles 
Me  an 

Nuphar l u t  eum 

F loa t ing  Leaves 
Submersed Leaves 
P e t i o l e s  
Roots 
Rhizomes 
Flowers and Peduncles 
Mean 

- 

St ra sk raba  1968 

S t r a sk raba  1968 

S t r a sk raba  1968 

Scul thorpe  1967 

Scul thorpe  1967 

Waring 1970 
Waring 1970 
Waring 1970 
Waring 1970 
Waring 1970 
Waring 1970 
Waring 1970 

This  s tudy  
This  s tudy  
This  s tudy  
This  s tudy  
This  s tudy  
This  s tudy  
This  s tudy  



Table 12. Mean concentrations of phosphorus (pg-at/g OW) i n  
anatomical s t r uc tu r e s  of Nuphar luteum. 

Sampling S i t e s  

Structure  Keel Creek Keel Creek Wiccacon Indian Rsckyhock Mean S.E. 
1974 1975 Creek Creek Creek 

Floating Leaves 16 1 169 17 3 12 6 160 15 8 9.3 
a# B* a A a A a AB a A A 

Submersed Leaves 172 176 163 145 190 170 8.3 
I a B a A a A a A a A A 
Ln 
I-' 

I Pe t io l e s  15 8 164 12 7 102 170 144 14.4 
a B a A a A a B a A A 

Rhizomes 

Roots 

Mean 

# Values f o r  locat ions  followed by the  same small l e t t e r  a r e  not  s i gn i f i c an t l y  d i f f e r en t  from each other 
a t  the  5% level .  

* Values f o r  s t ruc tures  followed by the  same c a p i t a l  l e t t e r  a r e  not  s i gn i f i c an t l y  d i f f e r en t  from each 
other  a t  the 5% level .  



2 Table 13. Mean content  of phosphorus (g/m ) i n  t h e  s t r u c t u r e s  of 
Nuphar luteum during t h e  sampling season. Included 
i s  the  percentage of t o t a l  phosphorus accumulated p e r  
m2 by each s t r u c t u r e .  

Sampling S i t e s  

S t r u c t u r e  Keel Creek Keel Creek Wiccacon Indian  Rockyhock Mean Percent  of 
1974 19 75 Creek Creek Creek T o t a l  

F loa t ing  Leaves 0 .017 0.030 0.089 0 .054 0.043 0.047 7.9 

Submersed Leaves 0.042 0.024 0.060 0.071 0.011 0.042 7.1 

P e t i o l e s  
1 

wl 
h3 

Roots 

I 
Rhizomes 0.400 0.243 0.479 0.446 0.392 0.392 66.2 

Aboveground 0.091 0 .097 0.233 0 .I86 0.074 0 .I37 23.1 

Belowground 0.454 0.270 0.584 0.516 0.452 0.455 76.9 

T o t a l  0.545 0.367 0.817 0.702 0.526 0.592 100 .O 



(calculated from Table 5) was multiplied by the mean P concentration for 
each structure (Table 12). These results, as mg-at P/m2 (Table 14), when 
multiplied by the areal coverage on 16 June 1975 (Table 7), give the 
amount of P, both total and for each structure, for Nu har conanunities in + the lower Chowan River (Table 14). Of the 20.1 mg-at ~ / m  present in 
Buphar biomass, 76% was in belowground parts. However, 93% of the annual 
accumulation occurred in aboveground structures. The total P in Nuphar 
tissue throughout the lower Chowan River was 0.170 MT. 

The average P concentration as a percentage of the dry weight 
(including ash) for a11 the structures of N. luteum was 0.403%. This 
value is within the range of P concentration found in the Nymphaeaceae 
(Table 15). However, the P concentrations in the individual structures 
of N. luteum were higher than those found in the literature. The P con- 
centration in 14. luteum during the sampling period was well above 6.13% 
which is consizered the critical content of P for macrophyte production 
(Gerloff and Krombholz 1966). Using this as the criterion for nutrient 
limitation, it is unlikely that P was limiting to primary productivity. 

The ash values for N. luteum were greater than those recorded for 
Nuphar advena (Waring 19%) and Nymphaea odorata (Sculthorpe 1967). Ash 
content for J. luteum was lower than average values reported for floating 
leaved species by other investigators (Table 11). The mean ash content - 
of emergent species is similar to N. luteum while the 21% ash for sub- 
mersed species is much higher. 

Seasonal phosphorus concentration 

To simplify the presentation of P concentrations for the four sites 
on a seasonal basis, the data were pooled into the six ecological seasons 
devised by Allee et al. (1949) as used by Reimold (1972) in his work on 
P movement through Spartina. The dates for the six seasons were: 
hibernal--20 November to 4 April; prevernal--5 April to 27 ?fay; vernal-- 
28 Nay to 24 June; aestival--25 June to 29 July; serotinal--30 July to 
17 September; autumnal--18 September to 19 November. For example, samples 
collected on different days during the 25 June to 29 July interval were 
all plotted on the aestival midpoint of ca. 10 July (Fig. 11). The trends 
discussed are based on concentration (~g-at P/g OW) (Table 16) and area 
(ug-at p/m2) (Table 17; See also Appendix, Tables L, M, N and 0). 

The mean P concentration in the aboveground biomass peaked during the 
prevernal season (252 ~g-at/g OW), sharply declined to its lower values 
during the vernal, aestival, and serotinal seasons, and then gradually 
increased throughout the autumnal and hibernal seasons (Fig. 11). The 
mean P concentration in the belowground biomass also increased in the 
autumnal and hibernal seasons, but in the prevernal season, when the 
aboveground P concentration peaked, the belowground P concentration 
declined until the aestival season when it had a minor but significant 
increase. All three aboveground structures (floating leaves, submersed 
leaves, and petioles) had similar trends in P concentration, but in the 



Table 14, Phosphorus incorpora ted  dur ing  t h e  product ion  of i n d i v i d u a l  
s t r u c t u r e s  (ne t  accumulation) of Nuphar luteum and the  amount 
of phosphorus i n  biomass f o r  t h e  lower Chowan River,  Values 
were ca l cu la t ed  from product ion va lues  i n  Table 5, t h e  mean 
biomass dur ing  t h e  growing season (Table l ) ,  and an a r e a l  
coverage of 27.2 ha  (Table 7). 

S t r u c t u r e  

N e t  ~ c c u m u l a t i o n ~  Biomass 

(mg-at/m2* yr) mg-at/m2 T o t a l  (MT) 

F loa t ing  Leaves 

Submersed Leaves 

P e t i o l e s  

Flcwers & Pedunclesb 

Roots 

Rhizomes 

Ab oveground 

Belowground 

T o t a l  

aPhosphorus involved i n  product ion of Nuphar luteum. 

bPhosphorus of reproduct ive  p a r t s  averaged 130 pg-at/g OW. 



Table 15, Phosphorus content,  a s  percent  P of dry  weight, of species  i n  the  Nymphaeaceae 
family. Values f o r  Nuphar luteum are from t h i s  study. 

Species Leaves P e t i o l e s  Roots Rhizomes Reproductive Mean 

Nuphar advena 

Nymphaea tuberosa 0.29 b 

Nuphar variegatum 

Nymphaea odorata 0.31 b 
0.18 e 
0.24 f 
0.24 g 

Nuphar luteum d 0.449 

0.382 (flower) f 0.326 a 
0.243(peduncle) f 
0.395 (flower) g 
0.302 (peduncle) g 

0.328Cf lower) f 0.25 b 
0.18 (peduncle) f 
0.239 (flower) g 
0.213 (peduncle) g 

a Adams (1973) Pennsylvania e Boyd (1970a) Par Pond, South Carolina 

b R e i m e r  & Toth (1970) New Jersey f Cowgill (1973a) Lins ley  Pond, Conn.; 
means from Table 6 & 7, 1971 and 72 

c Reimer & Toth (1968) New Je r sey  
g Cowgill (1973a) Cedar Lake, Conn. 

d This Study i n  North Carolina 



ABOVEGROUND 
BELOWGROUND , - - - -. 

FLOATING LEAVES - - - 
SUBMERSED LEAVES 

PETIOLES - - - - - - 

ABOVEGROUND 

BELOWGROUND 

HIBERNAL PREVERNAL VERNAL AESTIVAL SEROTINAL AUTUMNAL 
ECOLOGICAL SEASONS 

Figure 11, S e a s o n a l  phosphorus concentration (pg-at/g OW) f o r  separate 
structures o f  Nuphar luteum as w e l l  as averages f o r  the 
aboveground and b e l o w g r o u n d  structures, Data points  are m e a n  
values f o r  each ecological  season. 



Table 16. Mean seasonal phosphorus concentrations (pg-at/g OW) and standard error of Nuphar luteum 
structures. 

Structures Hibernal Prevernal Vernal Aestival Sero tinal Autumnal 

Floating Leaves --- 283 15 7 136 15 0 15 4 
S.E. --- 39.5 2.90 7.47 8.30 16.6 

Submersed Leaves 193 233 143 138 15 4 167 
S.E. 6.12 13.1 11.4 8.22 6.11 11.4 

Petioles 
I S.E. 
Cn 
u 

I Rhizome 
S.E. 

Roots 
S.E. 

Aboveground 202 242 139 12 7 140 148 
S.E. 8.40 12.0 7.77 5.44 4.02 9.37 

Belowground 216 142 127 141 124 16 4 
S.E. 42.5 28.5 18.0 16.5 23.1 41.5 

Mean 209 205 134 133 136 155 



Table 17. Mean seasonal phosphorus biomass (mg-at/m2) and standard error of Nuphar luteum 
structures. 

Structures Hibernal Pervernal Vernal Aestival Sero t ina l  Autumnal 

Floating Leaves 
S . E .  

Submersed Leaves 

I S.E.  

Ln 
03 Petioles 
I S .E .  

Roots 
S .E .  

Rhizome 
S . E .  

Aboveground 

Belowground 

Total 



belowground biomass the roots were relatively stable throughout the year, 
while the rhizomes had a high peak in the hibernal season and another peak 
in the aestival season (Fig. 11). The greatest decrease in the rhizomes 
was during the peak in P concentration of the aboveground structures. 

The amount of P per unit area of Nuphar community (pg-at ~/m2) was 
determined for each sample by multiplying the concentration of P per g OW 
by the biomass of the structure per m2 (Appendix, Tables L, If, N, and 0). 
By summing these quantities of P per m2 for each of the six ecological 
seasons, seasonal trends in accumulation of P in plant compartments were 
determined (Fig. 12). Belowground structures showed extremes in fluctua- 
tion throughout the year and no seasonal patterns could be discerned. This 
was associated with a large standard error in biomass measurements for 
rhizomes. The accumulation of P by roots was extremely constant at ca. 
2 mg-at/m2 throughout the year, The storage of P by aboveground structures 
did show a pattern. Accumulation of P was low during hibernal and pre- 
vernal and then increased sharply during vernal and aestival to a peak in 
serotinal at 6.35 mg-at/m2 (Table 17). Afterwards, there was a gradual 
decline in P stored in the biomass until the low value in hibernal was 
reached. This trend was expected since it resembles the generalized 
seasonal biomass patterns for aquatic macrophytes (Wetzel 1975, p. 377). 
An interesting observation of the seasonal patterns of P accumulation by 
the individual aboveground structures is that the P storage by submersed 
leaves increased throughout the summer, finally peaking in autumn while 
the floating leaves and petioles peaked in mid-summer (Fig. 13). 

Similar trends have been found by other investigators. Boyd (1969) 
measured the highest P concentrations in Justicia americana during early 
spring and the lower concentrations in the summer. He showed that P 
biomass accumulation (per m2) of Justicia increased during the spring and 
peaked in July as it did for Nuphar. Adams and IlcCraken (1974) measured 
P concentration and photosynthetic rates in Plyriophyllum spicatum during 
the growing season. They found that highest P concentrations in late 
April corresponded with peak photosynthesis and the low P concentrations 
during the summer were measured when low rates of photosynthesis occurred. 
Photosynthetic rates and P concentrations also peaked again in late August. 
Another indication of the relationship between plant metabolism and 
phosphorus uptake is the enhancement of uptake in lighted vs. darkened 
environments (Jeschke and Simonis 1965, HIcRoy and Barsdate 1970). 

Sediment Analysis 

Interstitial water 

The average phosphorus concentration in the interstitial water (ortho- 
phosphate measured as filtered reactive phosphorus--Pi) for Keel Creek, 
Rockyhock Creek, and Indian Creek was 34.0 pg-at/liter with a range from 
2.0 to 73.0 pg-atlliter. There were no significant differences with depth. 
The average concentration at Keel Creek (60.0 pg-at/liter) was significantly 



Figure 12, Seasonal trends i n  phosphorus concentrat ion (rag-at/m2) 
i n  the  aboveground and belowground biomass of Nuphar 
luteum based on mean values f o r  each ecological  season. - 
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Figure 13, Seasonal trends i n  phosphorus concentrat ion (ag-at/m ) 

i n  t he  biomass of each s t r uc tu r e  of Nuphar luteum based 
on mean values f o r  each ecological  season, 



greater than the Pi concentrations at Rockyhock and Indian Creeks (Table 18). 
The positive relationship between the seasonal average of the P concentration 
in the roots at these three locations and the interstitial water Pi concen- 
tration (Fig. 14a) was significant (r = 0.74). The interstitial water vol- 
ume was calculated by drying a known volume of soil. In the Keel Creek sedi- 
ments, 11.0 mg-at pi/m2 was measured as determined by multiplying the amount 
of interstitial water calculated per square meter (25 em depth) by its con- 
centration (Table 18). This was about five times the values for Rockyhock 
and Indian Creeks which had only 109 and 120 liters/m2 in sediments, respec- 
tively. The average Pi concentration for the three locations was 5.23 mg-at/ 
m2. The overlying water in Keel, Rockyhock, and Indian Creeks averaged 1.0 
ug-at Pi/liter which was lower than the average for interstitial water by a 
factor of 34. Considering an average depth of one meter in the Nuphar beds, 
a m2 of water contains ca. 1000 ug-at ~i/m2. This value is one-fifth the 
amount of Pi in the interstitial water. 

The range of Pi concentrations in interstitial water from the Chowan 
River was similar to the range measured by McRoy et al. (1972) from Izembek 
Lagoon in Alaska (Table 19). However, the average Pi concentration from this 
study was well below the mean values for the Chesapeake Bay (Bray et aB. 1973) 
and Lake Kinneret (Serruya et al. 1974). Weiler (1973) reported no changes in 
the concentration of the ions he measured in interstitial water in Lake On- 
tario from May to August. No seasonal measurements were made in this study. 

Biologically available phosphorus 

The biologically available phosphorus (BAP) concentrations at Rockyhock 
and Indian Creeks were not significantly different from each other, but both 
were significantly lower than the average for Keel Creek (Table 18). These 
BAP concentrations had a higher positive correlation to the concentration 
of P in the roots at these sites (r = 0.90) than did interstitial water 
(r = 0.74) (Fig. 14). The average BAP concentration for the three sites was 
12.2 ug-at/g dry wt and no concentration gradient with depth was found in 
these sediments. Since the water content of the sediment at Keel Creek was 
so high, the lower B A P / ~ ~  reported there compared to Indian and Rockyhock 
creeks may have been a dilution effect (Table 18). To a depth of 25 cn, the 
average BAP for the three locations was 1980 mg-at P/m2, 

As previously mentioned, a square meter of water in a bed of Nuphar con- 
tains ca. 1000 ug-at Pi. Therefore the ~AP/rn2 is about 2000 times greater 
than the Pi in the water. The interstitial water adds only insignificant 
amounts to this value. Even the movement of a small percentage of P from the 
sediment to the water via'the plant would be significant since the P gradient 
is so great. 

The BAP/~ dry wt measurements from this study on the Chowan River were 
below the BAP measurements of Lake Piendota (Wentz and Lee 1969b) and the 
Pamlico River (Upchurch et al. 1974) using the same technique (Table 19). 
As in this study, Wentz and Lee (1969b) found no concentration gradient 
with depth in the sediments of Lake Nendota. 
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Figure 14. Regression of (A) interstitial yhosphorus concentration 
and the phosphorus concentration in roots, and (B).bio- 
logically available phosphorus concentration and the 
phosphorus concentration in roots. Comparisons were 
made at Keel Creek ( 0 ), Rockyhock Creek ( A ), and 
Indian Creek ( 0 ). 
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Table 19. Comparison of phosphorus concentrations of i n t e r s t i t i a l  water and biological ly  
ava i lab le  phosphorus from t h i s  study t o  work of o ther  invest igators .  

Measurement Location 
Phosphorus 

Concentration Source 

I n t e r s t i t i a l  Water Lake Kinneret, I s r a e l  16.0 t o  322 Serruya e t  a l .  1974 

(pg-at P l l i t e r )  Chesapeake Bay, USA iZ = 100 Bray e t  a l .  1973 

Izembek Lagoon, USA 5.0 t o  75.0 McRoy e t  a l .  1972 

Chowan River, USA 2.0 t o  54.0 This Study 

if = 34.0 

23.2 t o  31.0 Wentz & Lee 1969b 

Z = 27.4 

Biologically Available Lake Mendota, USA 
Phosphorus 

(pg-at Plg dry wt) 

Pamlico River, USA 

Chowan River, USA 

Upchurch e t  a l .  1974 

This Study 



In only a few cases has the nutrient level in nlant structures been 
compared to the nutrient's concentration in the substrate, ffisra (1938) 
showed that the nitrogen content of the rooted aquatic macrophyte, 
Potamogeton perfoliatus,correlated with the nitrogen content of the mud 
in which it was growing. Chiaudani (1969) indicated that over a wide 
range of concentrations, the copper content in rhizomes (roots included) 
depended on the copper content of the sediments in which the plants were 
rooted. In this study, the BAP concentrations and the P concentrations 
in roots correlated better between sampling sites than did Pi of the 
interstitial water, The roots of Nuphar could be used to indicate high 
or low concentrations of P in the sediment. A high rate of exchange of 
P between sediment and interstitial water proposed by Li et al. (1973) 
could explain the significant correlation (r = 0.78) in Fig. 15. 

Phosphorus Uptake, Translocation, and Secretion 

Laboratory results 

Absorption--Laboratory experiments were run to observe the response of 
submersed leaves, floating leaves and roots when the time of incubation 
with the radioactive isotope and Pi concentration were varied. Roots 
exhibited a declining uptake rate after 60 min while after only 20 min 
there appeared to be no net accumulation in submersed leaves (Fig. 16). 
By 60 min, floating leaves had absorbed 0.036 pg-at P/g dry wt (not 
shown) compared to ca. 0.136 pg-at P/g dry wt for submersed leaves and 
0.321 yg-at P/g dry wt for roots (Fig. 16). Roots had a greater rate of 
P uptake than the other two absorbing organs. When the uptake rate of 
submersed leaves and roots were expressed per unit area of organ, similar 
trends were observed although submersed leaves had continued net uptake 
after 20 min of incubation. The coefficient of variation was used to 
compare the variability between weight and area as units of expressing 
the rates of P uptake by roots and submersed leaves. This statistical 
test was an attempt to determine which unit would be best to describe 
P uptake rates. For submersed leaves, weight had a lower coefficient 
of variation (0.28) than area (0.36), but for roots, area had a similar 
coefficient of variation (0.31) with weight (0.34). 

An increase in the concentration of P resulted in increased absorption 
rates of submersed leaves during 10-min incubation periods (Fig. 17). The 
increase in P absorption in the submersed leaves began to level off at 
about 7 vg-at Plliter. Results were similar when absorption was based on 
area (Fig. 17). The Pi concentration in the lower Chowan River averaged 
ca. 1.0 yg-at/liter (Donald Stanley, personal communication) so the 
absorption rate of submersed leaves nay be limited by Pow P concentrations 
in this system. At a P concentration of 3 pg-atlliter the absorption 
rate of P by roots was 0.310 pg-at P/g dry wt960 rnin and a rate of 
1.91 yg-at P/g dry wt.60 min at 35 pg-atlliter--an increase by a factor 
of 6.4. The response of roots to various P concentrations were not 
plotted in Fig. 17 because only two concentrations were used. These P 
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Figure 15. Regression of phosphorus concentrations in biologically 
available phosphorus and interstitial water with points 
from Keel Creek ( t] ), Rockyhock Creek ( A 1, and 
Indian Creek ( 0 1. 
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Response of r o o t s  and submersed l eaves  of Nuphar luteum 
t o  increased  t ime of incubat ion  w i t h  t h e  r a d i o i s a s h ' .  
Phosphorus concen t r a t ions  i n  t h e  r o o t  and l e a f  chambers 
were 4.0 and 2.0 p g - a t / l i t e r ,  r e s p e c t i v e l y .  

F igure  17 ,  Response of t h e  phosphorus abso rp t ion  a c t i v i t y  of 
submersed l eaves  of Nuphar luteum t o  t h e  i n c r e a s e  i n  
phosphorus concen t r a t ion  i n  t h e  absorb ing  medium. 
Uptake rates a r e  based on weight  and area dur ing  a 
10-min incuba t ion  period.  



concentrations used for the root experiments equaled the high and low Pi 
concentrations measured in the interstitial water samples (Table 18). 

The absorption of ions by plants has been related to models that 
express the kinetics of enzymes and can be expressed by the equations: 

where R is a metabolically produced carrier, M is the ion being absorbed, 
RM is the carrier-ion complex, and k is the rate constant for each reaction 
(Epstein and Hagen 1952, Gerloff 1975) and 

where Vma, is the maximum rate of absorption at infinite substrate concen- 
tration, v is the observed rate of absorption at ion concentration M, and 

is the 14ichaelis constant or the ion concentration at one-half Vmax 
(Gerloff 1975). By graphing double reciprocal plots of absorption vs. 
external concentration, Equation 2 results in a Lineweaver-Burk linear 
form (Lineweaver and Burk 1934). The y-intercept of this linear line and 
its slope can be used to determine more accurately the values for Vmax and 
Q by the relationship: y-intercept = l/Vm, and slope = Q/Vmax. The 
two lines for submersed leaves were plotted because the best fit line 
gave a V,, of 1.0 which is not compatable with the plot of uptake vs. P 
concentration in Fig. 17 which appears to be approaching an asymptote of 
ca. 0.30 ug-at P absorbed /g dry wt0lO min. The line through the two 
points that represents high P concentrations is considered more accurate 
and gives a V of 0.40 which is similar to the results of Fig. 17. K, ma=? from this line 1s 7.43 ug-at/liter. For roots the Vma is about 2.5 ug-at 
P absorbed /g dry wte10 min which gives a of 2.40 wcen multiplied by 
its slope of 0.958 (Fig. 18). Since a lower indicates higher affinity 
of the ion carrier for the ion (Gerloff 1975), the uptake mechanism of 
roots has a higher affinity for P than that of submersed leaves. The Y, 
values for the low and high affinity systems, respectively, of other aquatic 
macrophytes are: Elodea occidentalis roots - 0.387 and 36.1 ug-at  liter, 
Elodea occidentalis shoots - 0.355 and 41.6 vg-at ~Iliter, Ceratophyllum 
demersum shoots - 0.074 and 11.9 vg-at ~Iliter, 14yriophyllum spicatum 
shoots - 0.015 and 37.1 ug-at  liter (Gerloff 1975). 

The reason no net uptake occurred in submersed leaves after 20 min 
may be that rates k and k2 in Equation 1 were in equilibrium with the 
radioisotope 32~. hso, based on principles of plant physiology, 
ions (Ti) released by the carrier-ion complex (mi) may be passed to 
symplastic sinks in these leaves and into the xylem where they are trans- 
located to other plant parts. These losses may be great enough to negate 
net uptake. 

Translocation--Phosphorus absorbed by the submersed leaves was transported 
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Figure 18. Lineweaver-Burk form of the Michaelis-Menton equation 
for roots and submersed leaves of Nuphar luteum. 



immediately t o  t h e i r  p e t i o l e s  and w a s  d e t e c t e d  a t  very  low l e v e l s  i n  t h e  
rhizomes 20 rnin a f t e r  abso rp t ion  (Fig. 1 9 ) .  Af t e r  90 rnin of incubat ion ,  
r a d i o a c t i v e  P was no t  de t ec t ed  i n  any of t h e  o t h e r  s t r u c t u r e s .  That 
a c t i v i t y  w a s  recorded i n  t h e  rhizomes bu t  n o t  i n  t h e  r o o t s  when 3 2 ~  was 
added t o  t h e  upper chamber conta in ing  submersed l eaves  i s  proof t h a t  t h e  
chamber system was not  leak ing .  Radioac t ive  P was de t ec t ed  i n  t h e  r o o t s ,  
rhizomes, and submersed l e a f  p e t i o l e s  10 rnin a f t e r  incubat ion  of r o o t s  
i n  3 2 ~  (Fig. 19) .  Af t e r  60 rnin incubat ion ,  P w a s  a l s o  t r anspor t ed  t o  
f l o a t i n g  l e a f  p e t i o l e s ,  and by 240 rnin a l l  t h e  anatomical  s t r u c t u r e s  
rece ived  P v i a  a c r o p e t a l  t r ane loca t ion .  The amount of r a d i o a c t i v i t y  i n  
t h e  r o o t s  and rhizomes v a r i e d  l i t t l e  between t h e  60 and 240 rnin exper i -  
ments which ind ica t ed  t h a t  s a t u r a t i o n  concen t r a t ions  were reached w i t h i n  
an hour. F loa t ing  l eaves  t r ans loca t ed  t o  t h e i r  p e t i o l e s  only  5% of t h e  
P t h a t  t hey  absorbed dur ing  60 rnin of incubat ion .  T rans loca t ion  of P 
absorbed by r o o t s  occurred more r a p i d l y  and ex tens ive ly  than  wi th  sub- 
mersed and f l o a t i n g  leaves .  

F i e l d  r e s u l t s  

Absorption--Phosphorus uptake was c a l c u l a t e d  from t h e  observed a c t i v i t y  
i n  t h e  p l a n t  material and t h e  i n i t i a l  s p e c i f i c  a c t i v i t y  measured i n  t h e  
water used i n  t h e  experiments.  The amount of P t r a n s f e r r e d  (k) from one 
compartment t o  another  i s  p ropor t iona l  t o  t h e  q u a n t i t y  (X) of P i n  t h e  
compartment from which it came (Fig. 9 ) .  To c a l c u l a t e  t h e  r a t e  c o e f f i c i e n t  
( A )  of P movement between compartment a  and b i n  t h e  f i e l d  experiments ,  - - 
I used t h e  formula 

where t h e  va lues  f o r  k  and X were those  a t  t h e  end of t h e  24-h experiment 
( u n i t s  f o r  h a r e  X P x lom3/day).  For example dur ing  one of t h e  summer 
runs,  t h e  amount of P measured i n  a l l  p l a n t  t i s s u e  (b) t h a t  o r i g i n a t e d  
from t h e  water  i n  t h e  sediment chamber ( a )  was 3.16 ug-at P. The amount 
of P i n  t h e  sediment chamber ( a )  was 12.4 ug-at P. Therefore t h e  r a t e  
c o e f f i c i e n t ,  h , f o r  P f l u x  from t h e  water i n  he  sediment chamber t o  -5 t h e  p l a n t  v i a  r o o t  abso rp t ion  was 254% P x 10  /day. Averaging t h i s  
va lue  wi th  t h a t  of t h e  o the r  two r e p l i c a t e s  f o r  t h a t  day gave 287% 
P x 10"3/day as shown i n  Table 20. The c o e f f i c i e n t  f o r  movement of P 
from water t o  p l a n t  r e p r e s e n t s  abso rp t ion  by t h e  submersed l e a v e s  only.  
There were no s i g n i f i c a n t  d i f f e r e n c e s  (P 6 0.05) i n  t h e  c o e f f i c i e n t s  
f o r  abso rp t ion  by r o o t s  ( s e d i m e n t 4 p l a n t )  f o r  t h e  t h r e e  seasons,  b u t  a 
rank of t h e s e  r a t e s  from h i g h e s t  t o  lowest  was summer > s p r i n g  > win te r .  
For submersed l e a f  abso rp t ion  (water-plant),  t h e  summer rate c o e f f i c i e n t  
was s i g n i f i c a n t l y  g r e a t e r  than  s p r i n g  o r  w in te r .  Spring had a h ighe r  
r a t e  c o e f f i c i e n t  t han  w i n t e r  bu t  t h e  d i f f e r e n c e  was n o t  s i g n i f i c a n t .  
Uptake rates f o r  submersed l e a v e s  were a f f e c t e d  more by t h e  seasona l  
change than  were r o o t s .  During a l l  t h r e e  seasons,  t h e  c o e f f i c i e n t s  f o r  
r o o t  abso rp t ion  were h ighe r  than  submersed l e a f  absorp t ion .  
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Figure 19. Amount of 3 2 ~  detected i n  the  s t r u c t u r e s  of Nuphar luteum a f t e r  
submersed leaves  (A) and r o o t s  (B) had been incubated with 3 2 ~  
a t  d i f f e r e n t  time i n t e r v a l s .  





Absorption r a t e s  by t h e  absorbing organs r ep re sen t  t h e  t o t a l  uptake 
by t h e  p l a n t  d iv ided  by t h e  dry  weight of t h e  absorbing organ (Table 20). 
These va lues  a r e  shown as f l u x e s  between compartments i n  Fig.  20. (Like- 
w i s e ,  s e c r e t i o n  rates a r e  expressed as t h e  amount s e c r e t e d  t o  t h e  r ece iv ing  
compartment d iv ided  by t h e  d ry  weight of t h e  organ r e s p o n s i b l e  f o r  secre-  
t i on . )  The r o o t s  absorbed 1.29 Ug-at P/g d r y  wt'day i n  t h e  w i n t e r ,  1.42 
pg-at P/g dry  wt'day i n  t h e  sp r ing  and 1.72 ug-at P/g d r y  wt 'day i n  t h e  
summer (Table 20). These va lues  were g r e a t e r  than  abso rp t ion  r a t e s  f o r  
submersed l eaves  i n  t h e  win te r ,  s p r i n g ,  o r  summer (0.29, 0.55, and 0.46 
pg-at P/g d ry  wt'day, r e s p e c t i v e l y ) .  The s p r i n g  r a t e  f o r  submersed l eaves  
was h ighe r  than  t h e  o t h e r  two seasons.  Absorpt ion rate f o r  f l o a t i n g  
l eaves  dur ing  t h e  s p r i n g  was lower than  t h e  r a t e  f o r  submersed l eaves  
(0.19 ug-at P/g d ry  w t  *day) .  

By mul t ip ly ing  t h e  va lues  i n  Fig.  20 ( ~ g  P/g d r y  wt) by t h e  seasonal  
and s p a t i a l  biomass d a t a  f o r  Nuphar (g d r y  wt/m2), t h e  d a i l y  f l u x  of P 
through t h e  community can b e  expressed on an  a r e a l  b a s i s  (Fig. 21). The 
biomass d a t a  set used f o r  t h e s e  c a l c u l a t i o n s  were means of t h e  fol lowing:  
w i n t e r  = Rockyhock (November) and Keel ( January) ,  s p r i n g  = preve rna l  
va lues  a t  t h r e e  sites (Keel, Rockyhock, and Ind ian ) ,  and summer = sero-  
t i n a l  va lues  a t  t h e  t h r e e  sites. I n  t h e  summer, a squa re  meter of r o o t s  
would absorb 46.3 pg-at P/day compared t o  5.26 ug-at Pfday absorbed by 
submersed l e a v e s  i n  t h e  same a r e a .  Roots absorbed 33.0 ug-at p/rn2*day 
and submersed l eaves  3.32 pg-at p/m2-day dur ing  t h e  sp r ing .  Winter r a t e s  
were lower f o r  bo th  r o o t s  and submersed l e a v e s  (20.6 and 0.92 ~ g - a t  p/m2* 
day, r e s p e c t i v e l y ) .  The rank of abso rp t ion  r a t e s  from t h e  f i e l d  and 
l abo ra to ry  experiments a r e  t h e  same: r o o t s  > submersed l e a v e s  > f l o a t i n g  
l eaves .  

Excavating t h e  r o o t s  from t h e  s u b s t r a t e  may have caused a l o s s  i n  
t h e  more a c t i v e  absorbing r eg ions  of t h e  r o o t s .  Lauch l i  (1972) s t a t e s  
t h a t  t h e  t e rmina l  10 cm of t h e  r o o t  is  where t h e  main t r a n s f e r  of i o n s  
i n t o  t h e  xylem occurs .  For t h e  ma jo r i t y  of r o o t s ,  it was n o t  always 
p o s s i b l e  t o  remove t h i s  t e rmina l  s e c t i o n  from t h e  s u b s t r a t e  and t h e r e f o r e  
t h e  abso rp t ion  rates may b e  underest imated.  

Translocation--In t h e  summer, a l l  t h e  anatomical  s t r u c t u r e s  except  sub- 
mersed l eaves  rece ived  more P from a c r o p e t a l  t r a n s l o c a t i o n  than  by 
submersed l e a f  abso rp t ion  and subsequent t r a n s l o c a t i o n  (Fig. 20). Th i s  
was t r u e  a l s o  i n  t h e  s p r i n g ,  except  submersed l e a f  p e t i o l e s  rece ived  
more P from submersed l e a v e s  than  from rhizomes and r o o t s  (Fig,  20). 
Flowers and peduncles rece ived  P v i a  r o o t  and submersed l e a f  abso rp t ion  
dur ing  t h e  summer b u t  v i a  r o o t  abso rp t ion  only  dur ing  t h e  sp r ing .  The 
c o n t r i b u t i o n  of P t o  t h e  aboveground v e g e t a t i o n  from r o o t  abso rp t ion  
was much h ighe r  i n  t h e  summer than  t h e  s p r i n g  per  gram d ry  weight of 
t h e  s t r u c t u r e ,  Phosphorus absorbed by f l o a t i n g  l e a v e s  was d e t e c t e d  i n  
only  t h e  p e t i o l e s  of t h e  f l o a t i n g  l e a f  and t h i s  amount was small. During 
t h e  win te r ,  t h e  belowground s t r u c t u r e s  ( r o o t s  and rhizomes) rece ived  
most of t h e i r  P v i a  r o o t  abso rp t ion  wh i l e  t h e  source  of P f o r  t h e  above- 
ground s t r u c t u r e s  (submersed l eaves  and p e t i o l e s )  was abso rp t ion  by 
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Figure 20. The quantity of phosphorus (pg-at/g dry wt) translocated to each structure during a 
24-h period in winter, spring and summer. Solid lines (-1 represent translocation 
via root absorption, and broken lines (----- ) via submersed leaf absorption. 





submersed leaves.  A b i d i r e c t i o n a l  f l u x  occurred i n  Nuphar f o r  a l l  t h r e e  
seasons measured (Fig. 20). 

About four  times more P moved ac rope ta l ly  than b a s i p e t a l l y  i n  Nuphar 
during t h e  summer. I n  t h e  spr ing and winter  the  d i f fe rences  were g r e a t e r  
i n  magnitude (= 25 times g rea te r  f o r  both seasons) but t h e  absolute  
values  were less (Table 20). Of the  P absorbed by submersed leaves  
during t h e  s m e r ,  82X was t rans located  while only 40.1% of t h e  P absorbed 
by t h e  roo t s  was translocated.  Therefore the  d i f fe rence  i n  b i d i r e c t i o n a l  
movement was r e l a t e d  t o  the  much lower absorption r a t e  of the  submersed 
leaves  (5.26 ilg-at/m2*day) compared t o  t h e  roo t s  (46.6 ug-at p/m2*day) . 

The r a t e  of t r ans loca t ion  var ied  between the  th ree  seasons measured. 
This change was indicated  by t h e  d i f fe rence  between seasons i n  t h e  concen- 
t r a t i o n  of P i n  t h e  s t r u c t u r e s  of Nuphar contributed by t r ans loca t ion  from 
e i t h e r  roo t s  o r  submersed leaves (Fig. 20). Floating leaves,  f l o a t i n g  
l ea f  p e t i o l e s ,  flowers, and peduncles received much more P v i a  submersed 
l e a f  and root  absorption during the  summer than spring.  Rhizomes received 
more P from both ac rope ta l  and b a s i p e t a l  t r ans loca t ion  during t h e  summer 
than during spr ing wi th  the  l e a s t  amount received i n  winter.  P e t i o l e s  of 
submersed leaves  received more P/g dry weight from ac rope ta l  t r ans loca t ion  
during t h e  summer, while i n  winter  most of i t s  P was from submersed 
leaves.  This a l s o  implies unequal seasonal  e f f e c t s  on the  b i d i r e c t i o n a l  
pathways. 

The t r ans loca t ion  r a t e s  were a f fec ted  more by the  seasons than t h e  
absorption r a t e s .  The winter  absorption r a t e  f o r  roo t s  was one-half t h e  
summer r a t e  but  t h e  amount of t r ans loca t ion  of P from the  r o o t s  during 
t h e  winter  was one-tenth the  summer value (Table 21). There was only a 
30% decrease i n  absorption values f o r  roo t s  between summer and spr ing 
but  a 85% decrease i n  t h e  mount of P t rans located  acropeta l ly .  The same 
was t r u e  when absorption by submersed leaves  and b a s i p e t a l  t r ans loca t ion  
a r e  compared (Table 21). Also, the  concentrat ion of absorbed P i n  t h e  
absorbing organs ( roots  and submersed leaves)  was h ighes t  during spr ing 
followed by winter  which was g r e a t e r  than summer (Fig. 20). 

Cutt ing the  rhizomes t o  place the  belowground s t r u c t u r e s  i n s i d e  t h e  
chambers might have caused a decrease i n  t h e  r a t e  of ac rope ta l  t r ans loca t ion  
of P. Observations have been made t h a t  the  osmotic pressure  i n  t h e  roo t  
of some submersed p l a n t s  may be primari ly responsible f o r  upward movement 
of water and the re fo re  ions through the  p lan t  (Sculthorpe 1967). Frank 
and Hodgson (1964) showed t h a t  t h e  removal of tubers  r e s u l t e d  i n  decreased 
t r ans loca t ion  of l abe l l ed  fenac, a herbic ide ,  i n  Fotamogeton pect inatus .  
The removal of t h e  tubers  decreased the  roo t  pressure which caused l e s s  
upward movement of ions.  To place Nuphar i n  the  p lexiglass  chambers i n  
t h i s  study, the  rhizomes had t o  be  cut  which probably caused a decrease 
i n  t h e  exudation pressure.  I n  a preliminary labora tory  experiment, gas 
bubbles were observed escaping through a f i lm of stopcock grease t h a t  
had been applied t o  the  cu t  surface  of a rhizome. This was poss ib ly  the  
r e l e a s e  of pressure  i n  the belowground organs. 
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Secretion--No secretion of P originating from submersed leaves or roots was 
detected in the floating leaves for the summer field experiment. Secretion 
by the submersed leaves was greater (12.4 ug-at p/m2*day) than secretion 
by roots (2.71 ug-at p/m2*day) (Fig. 21) . This trend was also observed by 
comparing the rate coefficients for secretion (Table 20). The submersed 
leaves secreted 86% of the P translocated to them from the belowground 
structures compared to 33% secreted by the leaves of Zostera marina 
(McRoy and Barsdate 1970). This represents a source of P to the water 
column whose origin was the substrate. Secret'on during the winter and 
spring was below the limits of detection (<lo-' ug-at ~ / g  dry wteday). 
During these seasons the percentage of P absorbed by the roots that was 
translocated to aboveground structures was 0.05 and 0.50%, respectively, 
compared to 31% translocated during the summer (Table 21). It may be that 
a threshold value of P must be translocated to the submersed leaves and 
roots before secretion will occur and that this value was exceeded only 
in the summer. Therefore, secretion as a process of regenerating P from 
the substrate assumed importance only during the summer which was the 
season that submersed leaves appeared to be vigorously growing. During 
other seasons, submersed leaves were torn and badly damaged. 

A major assumption used in determining the flux of P by translocation 
and secretion is that the ratio in the absorbing medium between radio- 
active atoms of phosphorus (32~ and 33~) and the stable phosphorus atom 
(31~) remains constant as both atoms move through the plant. Other 
investigators have used the initial specific activity of absorbing media 
to compute P translocated and secreted (McRoy et al. 1972, Reimold 1972). 
This could be a problem since it is almost certain the specific activity 
of the isotope decreases once inside the plant owing to dilution which 
would make the measurements of translocation and secretion underestimates. 
This expected change is based on source-sink phenomena as ions move to the 
xylem. Phosphorus concentration of the xylem sap was not measured in 
this study. However, other studies give some idea of the relationship 
between the concentration of ions in exudates (water moving through 
vascular tissue) and absorbing media. Epstein (1972) found that it is 
common for exudate concentration of salts in roots to be in excess of that 
of the absorbing medium. Based on this observation, the secretion and 
translocation rates from this stud would be underestimates. But work by 3 Anderson and Collins (1969) on SO4 ' in maize roots and Baker and Weatherly 
(1969) on salts in roots of Ricinus communis (castor bean) have shown that 
the relationship between the exudate concentration and the absorbing medium 
concentration is hyperbolic. For sulfate, the exudate concentration was 
higher than the absorbing medium until the sulphate concentration of the 
absorbing medium reached between 4 and 4.5 dl. Above this concentration 
the exudate concentration was lower than the concentration of ~ 0 ~ ~ -  in 
the medium. For more accurate measurements of translocation and secretion, 
the specific activity of the radioisotope in the translocation pathway 
should be determined. 



Decomposition 

Dry weight loss 

The equation used to determine the decomposition and phosphorus (P) 
release rates was X/X, = emXt where X = weight of plant or P at time 5, 
I(, = original weight, 2 is the base of natural logarithms, and X is the 
decomposition or P release constant (Olson 1963, Gosz et al. 1973). To 
solve for A based on a day, the equation A = Ido - lnXt(day) was used. 
A useful index for comparing decomposition and P release rates between 
species and structures is the half-time which was calculated by dividing 
0.693 by the rate, A. 

The aboveground structures of Nuphar luteum lost ca. 95% of their 
dry weight in one month and there were no seasonal differences (Fig. 22). 
The half-time of the decomposing plant material was about a week with 
a X value of 0.080 in the summer and 0.089 in the winter (Table 22). The 
aboveground structures of Justicia americana, an emergent macrophyte in 
the Chowan River, decomposed much slower and had seasonal differences in 
the rates of decomposition. The half-time during the summer was 27 days 
compared to 63 days in the winter, 

The belowground structures of Nuphar decomposed more slowly than 
the aboveground parts for both seasons. During the summer the loss of 
plant material was faster (A = 0.032) than during the winter (A = 0.008) 
(Fig. 22). Half the weight of the decomposing plant material was 
released in 22 days during the summer compared to 83 days for winter. 
For Justicia, the-half-tiie for the dry weight loss of the belowground 
structures was similar in the summer (23 days) but greater in the winter 
(34 days) compared to Nuphar belowground biomass (Table 22). 

A number of factors interact in decomposition including fragmentation, 
mechanical breakdown, autolysis, leaching, and microbial decay. Rapid 
decay of the aboveground structures of Nuphar indicates that the processes 
of autolysis and leaching were of major importance. Leaching was established 
as the major process in the decomposition of Zostera leaves (Harrison and 
Ffann 1975). Regardless of the process, aboveground detritus was quickly 
regenerated back into the system. The time for half the loss of litter in 
terrestrial studies is between one and two years (Gozs et al. 1973) compared 
to one week for leaves of Nuphar. 

The dry weight loss of the aboveground biomass via decomposition was 
greater in Nuphar luteum than in Nymphaea odorata, a similar species. 
Kormondy (1968) measured 50% and 25% dry weight loss in N. odorata at the 
end of one month from leaves lying on the sediment and suspended, respec- 
tively. A major factor for the difference may have been that Kormandy used 
bags with a smaller mesh (25 meshlcm). Decomposition of aboveground 
biomass in Nuphar luteum was similar to other studies on submersed aquatic 
macrophytes. IJatermilfoil lost 65% of its original dry weight in a month 
(Nichols and Keeney 1973), Potamogeton decayed from 6 to 95% of its 
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Figure 22. Percentage of the original dry weight remaining 
during a period of decomposition of the above- 
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luteum and Justicia americana during the summer 
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original dry weight in 7 to 14 days (Pieszynska 1972), and Vallisneria lost 
38 to 80% in four weeks (Davis and Brinson 1976). The range of percent 
decay for belowground structures of Nuphar after one month was from 35 to 
85% compared to Golley1s (1960) range of 2 to 70% decay of cellulose placed 
in different types of terrestrial soil during April. He hypothesized that 
the large range in soils of old fields was due to the variable density of 
fungal populations and the absence of other cellulose in the soil "buffer 
system". The belowground decomposition rate of Nuphar during winter 
(0.008) is at the more rapid end of the range of decomposition rates 
(0.01 to 0.001) for organic matter in mineral soils as established by 
Olson (1963). 

Phosphorus Release 

The rate constants for P release from Nuphar luteum were greater than 
rate constants for dry weight loss except in the aboveground structures 
during summer which were very similar (Table 22). Phosphorus release 
was also greater than dry weight release in Justicia americana except in 
aboveground structures during winter. The rates of P release for above- 
ground biomass of Nuphar were greater in the winter (A = 0.11) than summer 
( A  = 0.076) and these rates were greater than those for the belowground 
structures in which summer rate (A = 0.046) was greater than in winter 
(A = 0.014) (Table 22). The time for half the P to be released from the 
aboveground detritus was 8 days. This is lower than the half-time for 
belowground structures during the summer (15 days) and wfnter (50.2 days). 
This short half-time for aboveground structures of Nuphar is lower than 
those for aboveground and belowground biomass of Justicia. This fast rate 
demonstrates that once Nuphar aboveground detritus is produced by death, 
the P is quickly regenerated back into the system. But because of the 
wave activity, this P is flushed out into the river and probably not 
available for recycling by the same plants. 

Synthesis 

This section will combine the results of the concentration and flux 
experiments previously discussed and the exchange of P between sediment 
and water from the field experiments during winter, spring, and summer. 
The discussion will deal mainly with net fluxes of P through a square 
meter of Nuphar community, water, and sediment (Fig. 9). The concentra- 
tions of P in the water and sediment compartment are considered constant. 
Based on an average water depth of 1 m  and an ortho-phosphate concentra- 
tion of 1 ug-atlliter, the P04-P content in the water is 1000 lig-at/m2. 
The P content in the substrate compartment is the sum of the interstitial 
water and biologically available phosphorus (BAP) fractions measured and 
was 1.98 x 103 ug-at/m2 assuming a depth of 25 cm. 

The daily flux of P from aboveground structures to the detritus 
compartment during the five ecological seasons (prevernal, vernal, aestival, 



serotinal, and autumnal) was based on the turnover rate of the biomass. 
Biomass was assumed at steady state. The turnover rate for biomass was 
determined during a growing season that extended from May 10 to November 2 
which is about 30 days shorter than the period represented by these five 
ecological seasons. The average turnover time for the aboveground struc- 
tures (floating leaves, submersed leaves and petioles) was 31 days 
assuming a constant rate of turnover during the growing season (Appendix, 
Table F). Based on this turnover time the daily turnover rate would be 
3.2%. To calculate the daily flux of P from the aboveground compartment 
to the detritus for the five ecological seasons, the mean P biomass 
(pg-at/m2) in the aboveground compartment (Table 17) during each ecolo- 
gical season was multiplied by the turnover rate (3.2% per day). As 
shown in Table 23, this daily flux was multiplied by the number of days 
per ecological season. The cumulative annual release of P to the above- 
ground detritus compartment was 27,300 vg-at/m2. This is a daily average 
of 155 vg-at/m2*day, a value to be compared later with the results from 
the 24-h radiotracer experiments. 

Absorption rates for roots were measured in the laboratory at two 
different P concentrations which resulted in the lower concentration 
having an absorption rate 6.4 times less than that of the high concentra- 
tion (page 65). The lower P concentration used in these laboratory 
experiments was equal to that in the medium used in the field experiments 
and the high P concentration was similar to the high range of P concen- 
tration in the interstitial water (Table 18). Since only the low concen- 
tration was used in the field experiments, rates of P movement were 
multiplied by 6.4 to correct for this underestimate. No attempt was made 
to correct for other sources of error such as damage to roots and changing 
specific activity of isotopes during translocation. 

Figure 23 summarizes the estimates of P movement between the sedi- 
ments and the water via absorption, translocation, and secretion of the 
aboveground and belowground compartments. Biomass of the compartments are 
those from Table 17 and 23 that correspond to the seasons that the field 
experiments were run (winter = hibernal; spring = prevernal; summer = 
serotinal). Because of the potential sources of errors, these results 
(Fig. 23) are better regarded as comparative rates rather than absolute 
rates. 

Seasonal Flux of Phosphorus 

Winter flux 

Because of the low rates for absorption, trans1 .ation, and decomp osi- 
tion and the undetectable rate of secretion, Nuphar does not contribute 
to an upward flux of P from sediments to water in winter (Fig. 23). 
Phosphorus accumulated in the plant from both the water and substrate. 
This coincides with the increased P concentration in the aboveground and 
belowground structures during the winter (Fig. 11). The major source of 



Table 23. Mean d a i l y  phosphorus f l u x  ug-at/m2*day) and t o t a l  phosphorus 1 r e l e a s e  per  season (pg-atlm ) t o  t h e  d e t r i t u s  compartment dur ing  
each e c o l o g i c a l  season based on turnover  r a t e  of t h e  aboveground 
biomass. 

Ecologica l  ~ b o v e ~ r o u n d l  Dai ly   lux^ Number ~ a ~ s ~  T o t a l  P 
Season P Biomass of Phosphorus per  Season Released 

(mg-at/m2) (ug-at/m2.day) (ug-at /m2 
~ - -  

Hiberna l  1.06 n e g l i g i b l e  189 

Preverna l  2.07 66.2 

Vernal 4.62 147.8 

A e s  t i v a l  4.09 130.9 

S e r o t i n a l  6.35 203.2 

Autumnal 4.97 159.0 

T o t a l  365 27,300 

'~ rom Table 17. 

2 ~ a l c u l a t e d  by mul t ip ly ing  P biomass by 0.032, t h e  average d a i l y  turnover  r a t e  
f o r  aboveground biomass, f o r  t h e  176 day growing season. 

3 ~ i b e r n a l  season was extended and autumnal and p reve rna l  shor tened  t o  conform 
wi th  t h e  observed 176 day growing season (May 10--November 2). 
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Figure 23. The daily flux of phosphorus (pg-at) through a square - 

meter of Nuphar luteum community during the winter, 
spring, and summer. Values in the compartments are P 
biomass. 



P for the belowground compartment was the sediment while the aboveground 
biomass received most of its P from the water. Although the dominant 
pathway was from belowground to aboveground biomass, the net daily flux 
was small (0.033 ~~-at/m2*da~) and insignificant when compared to the 
P in the biomass compartments (Fig. 23). Of the total inputs (absorption 
and translocation) to the aboveground biomass compartment, only 7% 
originated from the sediments which implies that roots were not important 
in the mineral nutrition of these structures during the winter. This low 
translocation rate is probably related to the low utilization of P by the 
aboveground structures since their growth is presumably arrested. Although 
the daily rate of root absorption is higher than that of submersed leaves, 
roots only absorb 7 x of the P available in the sediments compared 
with submersed leaves that absorb 9 x 10"~% of the P available in the 
water compartment . 

Submersed leaves and petioles survived during the winter in the 
absence of floating leaves. Since biomass turnover rates were not measured 
during this time, it will be assumed that the flux of P from the above- 

partments to the detritus equals the mean biomass content of P 
which was 1060 pg-at/m2 (Table 17). Based on 189 days during the hibernal 
season, this averages 5.6 pg-at/m2*day. The turnover rate of the below- 
ground biomass (8 x 10-~%/da~ based on a turnover time of 1,257 days, 
Table 6) gives a daily flux of 21.3 ug-at/m2 from this compartment to the 
detritus compartment which is only 17.5% of the daily absorption rate. 

The mean accumulation of 1060 pg-at P/m2 in the aboveground compart- 
ment is similar to the ortho-phosphate content of the water. However, the 
P concentration in the belowground biomass was only 1.5% of the available 
P in the sediment compartment. Since fluxes of P are small, the P accumu- 
lated in the aboveground biomass represents a small and slowly cycling 
pool that is largely unavailable to the aquatic system. 

Spring flux 

The influence of Nuphar on the regeneration of P from the sediments 
increased slightly owing to an increase in absorption and translocation 
(Fig. 23). No secretion of P was detected from either submersed leaves 
or roots. The aboveground and belowground biomass still received most of 
their P via absorption from their own surfaces, but the percentage of the 
inputs to the aboveground biomass from the sediments did increase to 21% 
from 7% during the winter. Net inputs into the aboveground compartment 
increased to 4.77 ug-at p/m2*day from 0.95 pg-at ~ / m ~ * d a y  in the winter. 
The net accumulation of P in the belowground biomass increased to 211 
ug-at p/m2*day from a low winter rate of 132 ug-at p/m2*day. This 
increase indicates that the translocation rate did not rise in proportion 
to increased absorption. This is puzzling since demand was presumably 
high in the aboveground vegetation during springtime growth. 

The prevernal biomass measurement was used with the spring tracer 



r e s u l t s  s i n c e  i t  r e p r e s e n t s  p l a n t  a c t i v i t y  a t  t h e  beginning of  t h e  growing 
season. The mean aboveground biomass d a t a  and t h e  d a i l y  r a t e  f o r  d e t r i t u s  
f l u x  (3.2%/day) equa l s  a f l u x  of 66.2 pg-at ~ / m 2 * d a ~  i n  p reve rna l  season. 
Since 21% of t h e  aboveground P biomass o r i g i n a t e d  from t h e  sediment 
(Spring,  Fig. 23),  t h e  n e t  l o s s  from t h e  sediment would b e  13.9 ug-at p/m2* 
day during t h e  p reve rna l  season. This  va lue  i s  much h ighe r  than  t h e  amount 
measured from t h e  t r a c e r  d a t a  (Fig. 23) and t h i s  d i screpancy  w i l l  b e  d i s -  
cussed l a t e r .  The d e t r i t u s  f l u x  r a t e  i n  t h e  p reve rna l  season is  3% per  
day of t h e  PO4-P i n  t h e  water  compartment. Nuphar luteum dur ing  t h e  
sp r ing  was a s i g n i f i c a n t  s i n k  f o r  P i n  t h e  water ,  b u t  on ly  a minor f r a c -  
t i o n  of ambient-P i n  t h e  sediments was absorbed. The increased  f l u x  of P 
from t h e  belowground t o  t h e  aboveground biomass compartments and t h e  
even tua l  decomposition of t h e  aboveground compartment enhanced t h e  exchange 
of P from t h e  s u b s t r a t e  t o  t h e  water compartment. 

Summer f l u x  

During t h e  summer s e c r e t i o n  from bo th  submersed l e a v e s  and r o o t s  was 
s i g n i f i c a n t  and a l l  t h e  o t h e r  r a t e s  of P movement increased  (Fig.  23).  
The g r e a t e s t  i n c r e a s e  i n  P cyc l ing  through Nuphar w a s  P v i a  abso rp t ion  
from t h e  s u b s t r a t e  by t h e  r o o t s  and t r a n s l o c a t i o n  t o  t h e  aboveground bio-  
mass. The belowground s t r u c t u r e s  provided most of t h e  i n p u t s  t o  t h e  
aboveground compartment w i th  n e a r l y  a 100-fold i n c r e a s e  (from 0.969 yg-at 
p/m2*day i n  sp r ing  t o  88.54 ug-at ~ / m 2 * d a ~  i n  summer). The amount of P 
absorbed by t h e  r o o t s  t h a t  remained i n  t h e  belowground biomass compartment 
was s i m i l a r  t o  t h e  va lue  f o r  sp r ing .  The r o o t s  were ve ry  important  i n  
t h e  n u t r i t i o n  of t h e  t o t a l  p l a n t  dur ing  t h e  summer. 

The n e t  movement of 88.54 ug-at p/m2*day from t h e  se iments  t o  above- 
ground p a r t s  v i a  a c r o p e t a l  t r a n s l o c a t i o n  w a s  on ly  4 x 10-'% of t h e  two 
f r a c t i o n s  of P a v a i l a b l e  t o  t h e  p l a n t  i n  t h e  s u b s t r a t e .  The e f f e c t  of 
Nuphar on P i n  t h e  sediment compartment was s m a l l  s i n c e  t h i s  compartment 
had much h ighe r  l e v e l s  of P than  t h e  water  compartment. Net d a i l y  acro- 
p e t a l  t r a n s l o c a t i o n  was 9% of t h e  P i n  t h e  m2 water  column. 

During t h e  summer, Nuphar was a source  of P t o  t h e  water  compartment 
v i a  s e c r e t i o n  a t  a n e t  d a i l y  r a t e  of 71.2 yg-at p/m2.day. Th i s  w a s  80% 
of t h e  n e t  t r a n s p o r t  of P t o  t h e  aboveground s t r u c t u r e s  from t h e  below- 
ground compartment v i a  t r a n s l o c a t i o n .  This  d a i l y  pumping a c t i v i t y  
represented  7.1% of t h e  P content  i n  t h e  water  compartment and, i f  cons t an t ,  
would r e l e a s e  t h e  equ iva l en t  of t h e  P con ten t  i n  water  i n  14 days. This  
P source  would cause a n  i n c r e a s e  i n  t h e  water  column of 0.07 yg-at P / l i t e r  
per  day i n  t h e  v i c i n i t y  of t h e  p l a n t  bed. To t h e  ep iphyte  communities 
a s soc i a t ed  wi th  Nuphar beds,  t h i s  could be  a n  important  source  of P. 
Considering a n  a r e a l  coverage of 272,267 m2 of Nuphar i n  t h e  lower Chowan 
River  (Table 7) ,  s e c r e t i o n  would r e l e a s e  only  0.601 kg  day i n  t h e  r i v e r .  
Assuming a r i v e r  volume of ca.  5 x 1012 l i t e r s  i n  t h e  s tudy  a r e a ,  n e t  
s e c r e t i o n  by t h e  t o t a l  p l a n t  community would i n c r e a s e  t h e  P concen t r a t ion  
a t  a d a i l y  r a t e  of 3 . 9  x low6 pg-at P / l i t e r .  This  pathway would have a n  



i n s i g n i f i c a n t  e f f e c t  on t h e  P cyc l ing  i n  t h e  Chowan River .  However, i n  low 
stress a q u a t i c  systems where t h e  d e n s i t y  of Nuphar i s  h igh  (ponds, cana l s )  
t h e  s e c r e t i n g  a c t i v i t y  of t h i s  p l a n t  would have a d e f i n i t e  e f f e c t  on t h e  P 
i n  t h e  water  dur ing  t h e  summer. 

The amount of P t r anspor t ed  from aboveground biomass t o  d e t r i t u s  dur ing  
t h e  v e r n a l ,  a e s t i v a l ,  s e r o t i n a l ,  and autumnal seasons t o t a l e d  26,200 ug-at/ 
m2. This  i s  96% of t h e  t o t a l  d e t r i t a l  f l u x  dur ing  t h e  growing season  
(Table 23). Based on t h e  number of days covered by t h i s  per iod  (159) , - the  
r a t e  of P from aboveground t o  d e t r i t u s  compartment was 165 ug-at p/m2*day. 
Of t h e s e  fou r  seasons,  on ly  a e s t i v a l  and s e r o t i n a l  d a t a  w i l l  be  used t o  
c h a r a c t e r i z e  P f l u x e s  i n  Nuphar communities during t h e  summer. An average 
r a t e  of 174 pg-at/m2 day was t r anspor t ed  from aboveground s t r u c t u r e s  t o  
d e t r i t u s  during t h e  summer based on t o t a l  P r e l e a s e  of 14,780 pg-at/m2 
(Table 23) and a per iod  of 85 days. Considering t h a t  75% of t h e  i n p u t s  t o  
t h e  aboveground biomass was from t h e  sediments,  t h e  t o t a l  d a i l y  r e l e a s e  of 
P from t h e  sediments during t h e  a e s t i v a l  and s e r o t i n a l  seasons was 130 ug-at 
p/m2.day. Adding t h e  d a i l y  r a t e  of s e c r e t i o n  which a l s o  r e p r e s e n t s  regen- 

2 e r a t i o n  of P from t h e  sediments (71.2 ug-at/m ), t h e  n e t  l o s s  of P from 
t h e  sediments dur ing  t h e  s m e r  v i a  decomposition and s e c r e t i o n  was 201 
pg-at p/m2.day. Based on t h e  a r e a l  coverage of Nuphar i n  t h e  lower Chowan 
River ,  t h i s  r e ~ r e s e n t s  a n  inpu t  of 1.70 kg  day t o  t h e  r i v e r .  

Nuphar luteum w a s  very  a c t i v e  during t h e  summer and was a n  e s s e n t i a l  
l i n k  i n  t h e  movement of P from t h e  sediment t o  t h e  water  column. Therefore  
it does p l ay  a major r o l e  dur ing  t h e  summer by r egene ra t ing  P from t h e  
s u b s t r a t e  t o  t h e  over ly ing  water  v i a  both  decomposition and s e c r e t i o n .  I n  
most areas of t h e  Chowan River ,  t h e  P r e l e a s e d  from t h e  aboveground s t r u c -  
t u r e s  by t h e s e  processes  was probably exported from t h e  p l a n t  beds by wave 
a c t i v i t y  and thus  was unava i l ab l e  f o r  r ecyc l ing  by t h e  p l a n t  community. 
I n  sma l l  ponds o r  i n  a r e a s  such a s  Keel Creek t h a t  are p r o t e c t e d  from t h e  
wind, more r ecyc l ing  may occur .  

Comparison wi th  o t h e r  s t u d i e s  

Roots are o f t e n  t h e  major absorbing organ i n  submersed a q u a t i c  
macrophytes. Bris tow and Whitcombe (1971) s t u d i e d  t r a n s l o c a t i o n  i n  
Elodea densa and two s p e c i e s  of Myriophyllum and found t h a t  most of t h e  
P i n  t h e  shoo t s  der ived  from a c r o p e t a l  t r a n s l o c a t i o n  (over 90% i n  
M. - b r a s i l i e n s e ,  57% i n  M. s p i c a t u k ,  and 74% i n  Elodea). The amount of 
P t r a n s l o c a t e d  t o  l e a v e s  and stems of Zos tera  marina, a submersed marine 
macrophyte, from t h e  sediments v i a  r o o t  abso rp t ion  was c a l c u l a t e d  from 
McRoy's d a t a  (1972) t o  be  70%. I n  t h i s  s tudy ,  75% of t h e  P i n p u t s  
(absorp t ion  and t r a n s l o c a t i o n )  t o  t h e  aboveground v e g e t a t i o n  o r i g i n a t e d  
from t h e  belowground s t r u c t u r e s  v i a  t r a n s l o c a t i o n  dur ing  summer which 
decreased t o  21% and 7% i n  s p r i n g  and w i n t e r ,  r e s p e c t i v e l y .  

Nuphar l u t e m  had an  a c t i v e  pumping system dur ing  t h e  summer 
similar t o  t h a t  descr ibed  i n  Zos tera  marina (McRoy e t  a l .  1972) and 



S ~ a r t i n a  a l t e r n i f l o r a  (Reimold 1972).  Zos te ra  r e l e a s e d  2.0 mg-at p/m2*day 
_L 

i n t o  t h e  Izembek Lagoon i n  Alaska, and Spa r t ina ,  an emergent marine macro- 
phyte on t h e  c o a s t  of Georgia,  r e l e a s e d  19.4 mg-at p/m2*day dur ing  t h e  
summer. These r a t e s  a r e  much h igher  than  t h e  71.2 pg-at ~ / m 2 * d a y  sec re t ed  
by Nuphar dur ing  t h e  summer. A b e t t e r  comparison of t h e  s e c r e t i n g  a c t i v i t y  
of t h e s e  a q u a t i c  p l a n t s  i s  by dry  weight s i n c e  s e c r e t i o n  per  m2 i s  inf luenced  
by biomass which can vary  g r e a t l y .  S p a r t i n a  s e c r e t i o n  i s  s t i l l  extremely 
h igh  a t  59 vg -a t  P/g d ry  1st-day (based on 79% water  c o n t e n t ) ,  bu t  Zos tera  
s e c r e t e s  2.85 vg-at P/g dry  wt 'day which i s  s i m i l a r  t o ,  bu t  lower than ,  t h e  
va lue  f o r  Nuphar of 6.72 pg-at P/g dry  Wzsday from Table 20 (using t h e  6.4 
c o r r e c t i o n  f a c t o r  because of low P concen t r a t ion  i n  t h e  f i e l d  medium). 
These d i f f e r e n c e s  i n  s e c r e t i o n  can be  a t t r i b u t e d  t o  a number of f a c t o r s  
inc luding  l i g h t  and t u r b i d i t y ,  water  chemistry,  temperature,  water  v e l o c i t y  
and t h e  phys io log ica l  c h a r a c t e r i s t i c s  of t h e  p l a n t .  These same f a c t o r s  
a l s o  in f luence  p r o d u c t i v i t y  and d i s t r i b u t i o n  of a q u a t i c  p l a n t s  (Uest lake 
1973) and i t  i s  i n t e r e s t i n g  t h a t  t h e  magnitude of d i f f e r e n c e  i n  t h e  produc- 
t i v i t y  of marine emergent and submersed macrophyte communities and f r e sh -  
water  macrophyte cormuni t ies  i s  similar t o  t h e i r  d i f f e r e n c e  i n  s e c r e t i o n  
(p/m2*day). Also, s e c r e t i o n  occurred only  i n  t h e  summer f o r  both Spa r t ina  
and Buphar. 

Seasonal t r e n d s  i n  t h e  abso rn t ion  of P h w e  been shown a l s o  f o r  
J u s t i c i a  americana (Boyd 1969) anh S p a r t i n a  a l t e r n i f l o r a  (Reinold 1972).  It 
i s  ev iden t  from t h i s  work on Nuphar t h a t  abso rp t ion ,  t r a n s l o c a t i o n ,  and secre-  
t i o n  a r e  a f f e c t e d  by t h e  seasonal  metabolism of t h e  p l a n t .  Nuphar and Spar- 
t i n ?  were most a c t i v e  i n  t h e  summer months when p r o d u c t i v i t y  and biomass were - 
a t  a maximum whi l e  t h e  l o r ~ e s t  a c t i v i t y  was r epo r t ed  dur ing  t h e  h i b e r n a l  sea- 
son. IIotrever, Boyd measured t h e  h i g h e s t  abso ro t ion  r a t e  of P and n i t r o g e n  
by J u s t i c i a  during t h e  e a r l y  p a r t  of t h e  growing season ( e a r l y  sp r ing )  be fo re  
t h e  per iod  of r a p i d  growth. H e  c i t e s  t h a t  maximum abso rp t ion  of minera l  
n u t r i e n t s  be fo re  a c t i v e  growth i s  an  advantage f o r  a q u a t i c  macrophytes i n  
t h e i r  competi t ion wi th  phytoflankton f o r  n u t r i e n t s  i n  t h e  water  which i s  most 
i n t e n s e  dur ing  t h e  summer. Boyd's d a t a  on P dynamics i n  J u s t i c i a  was calcu-  
l a t e d  by changes i n  biomass P between sampling pe r iods .  Since t h e  absorp t ion  
r a t e s  f o r  Yuphar and Spa r t ina  were measured wi th  r a d i o a c t i v e  t r a c e r s ,  t h e  
d i f f e r e n c e s  i n  conclus ions  nay stem from t h e  two approaches used f o r  measur- 
i ng  t h e  r a t e s .  

Evalua t ion  of t r a c e r  s t u d i e s  

A l a r g e  discrepancy r e s u l t s  when comparing phosphorus accumulation 
d a t a  from t r a c e r  s t u d i e s  w i th  d a t a  c a l c u l a t e d  from seasona l  p r o d u c t i v i t y  
r a t e s .  D i f f e rences  a r c  d i f f i c u l t  t o  r e s o l v e  between t h e  i n p u t s  of P t o  
t he  aboveground biomass conpartnent  based on product ion  (determined by 
mul t ip ly ing  turnover  r a t e s  of biomass and mean P concen t r a t ions  i n  t h e  
biomass f o r  an  e c o l o g i c a l  season)  and t h e  i n p u t s  of P i n t o  t h e  above- 
ground compartment based on t h e  t r a c e r  s t u d i e s .  The mean d a i l y  input  
i n t o  t h e  aboveground compartment during growing season  based on average 
P biomass accumulation was 155 vg-at/n2*day (Table 23).  This  ranged 
from a low during e a r l y  sp r ing  t o  66.2 pg-at ~ / m 2 * d a y  t o  a h igh  i n  l a t e  



summer of 203 vg-at p/m2*day (Table 23).  The h ighes t  d a i l y  n e t  i n p u t s  i n t o  
t h e  aboveground compartment from both t r a n s l o c a t i o n  and abso rq t ion  based 
on t h e  t r a c e r  s t u d i e s  was during t h e  summer a t  17.3 ug-at p/m2*day. This  
i s  only  11% of t h e  mean d a i l y  i npu t  (155 u g - a t ~ n ~ ~ d a ~ )  i n t o  t h e  above- 
ground compartment f o r  t he  growing season.  :Idtoy et  a l .  (1972) a l s o  found 
h i s  t r a c e r  a t a  t o  be unde res t ina t e s  compared t o  t h e  d a i l y  f l u x  of P 
through a m' of Zos tera  marina based on n r o d u c t i v i t y  but  by a sma l l e r  
margin ( t r a c e r  d a t a  were 43% of p r o d u c t i v i t y  d a t a ) .  

The va lues  f o r  P cyc l ing  through Nuphar based on t r a c e r  s t u d i e s  
compared t o  t h e  va lues  based on i t s  p r o d u c t i v i t y  i n d i c a t e  t h a t  t h e  t r a c e r  
va lues  a r e  a g ros s  underest imate.  P o s s i b l e  sources of e r r o r  a r e  damage t o  
t h e  a c t i v e  abso rp t ion  a r e a s  of t h e  r o o t  by excavat ion,  change i n  i n t e r n a l  
p re s su re  by c u t t i n g  t h e  rhizome, and change i n  t h e  3 3 ~  o r  3 2 ~ - t o - 3 1 ~  r a t i o  
dur ing  t r a n s l o c a t i o n  through t h e  p l a n t .  These f a c t o r s  suggest  under- 
e s t ima te s  i n  a c r o p e t a l  movement of P. However, t h e  p o s s i b l e  underes t imates  
of P s e c r e t e d  from submersed l eaves  have l i t t l e  t o  do wi th  t h i s  discrepancy.  
E r ro r s  i n  t h e  oppos i t e  d i r e c t i o n ,  i . e . ,  b a s i p e t a l  t r a n s l o c a t i o n ,  a r e  
be l ieved  t o  be  minimal s i n c e  l eaves  and p e t i o l e s  w e r e  no t  no t i ceab lv  
damaged dur ing  t h e  experiments.  Since t h e  t r a c e r  s t u d i e s  r e s u l t e d  i n  much 
lower e s t i m a t e s  of P cyc l ing  i n  Wuphar t han  a very  s i m i l a r  technique on 
Zos tera  t h e  reason  may be i n  some i n h e r e n t  d i f f e r e n c e  between s t r u c t u r e  
and/or  physiology. 

Mobi l i ty  of phosphorus 

One of t h e  c r i t i c a l  assumptions underlying t h e  des ign  of t h e  l a b o r a t o r y  
and f i e l d  t r a c e r  experiments ,  and i n  i n t e r p r e t a t i o n  of t h e  r e s u l t s ,  i s  t h a t  
t h e  phosphorus l a r g e l y  remains i n  a h i g h l y  mobile form a f t e r  absorp t ion .  
An a l t e r n a t e  hypothes is  i s  t h a t  t h e  absorbed phosphorus i s  f i r s t  converted 
t o  a s t o r a g e  product and r e d i s t r i b u t e d  ( t r a n s l o c a t e d )  throughout t h e  p l a n t  
a t  some l a t e r  t i m e .  Th i s  proposed "lag", i f  longer  than  24 h ,  could r e s u l t  
i n  a m i s i n t e r p r e t a t i o n  of t h e  experiments r epo r t ed  here .  

There i s  some evidence f o r  P s t o r a g e  and l a t e r  r e d i s t r i b u t i o n  through- 
out  t h e  p l a n t s .  The observa t ion  during t h e  p reve rna l  season t h a t  t h e  P 
concen t r a t ion  i n  t h e  rhizome decreased when t h e  demand i n  t h e  aboveground 
s t r u c t u r e s  was h igh  i n d i c a t e s  a f l u x  of s t o r e d  P t o  t h e  aboveground s t r u c -  
t u r e s  from t h e  rhizome (Fig. 11) .  Smith e t  a l .  (1976) found t h a t  36% of 
t h e  P i n p u t s  t o  t h e  aboveground s t r u c t u r e s  of Typha dur ing  t h e  inc reased  
demand i n  sp r ing  was suppl ied  from P i n  t h e  rhizome which was s t o r e d  dur ing  
t h e  win te r .  The forms of s t o r e d  P i n  t h e  p l a n t  i nc lude  l i p id -P ,  carbo- 
hydrate-P, and es te r -P .  B i e l e s k i  (1973) descr ibed  phy t i c  a c i d ,  a poly- 
phosphate e s t e r  of myo-inositol,  a s  a major form of P found i n  s t o r a g e  
pools  of p l a n t s .  It has  been i s o l a t e d  from po ta to  tube r s  (Samotus and 
Schwimer 1962) . 

The 24-h t r a c e r  s t u d i e s  may have measured only t h e  d a i l y  f l u x  of 
mobile P through t h e  Nuphar t r a n s p o r t  system t h a t  had been absorbed from 



the external environment. Therefore, the redistribution mechanism via 
hydrolysis of P accumulation products in the rhizome may be the reason 
for the discrepancy between the tracer and productivity measurements of 
P input to aboveground biomass. If intermediate storage pools in the 
rhizome are a source of error, then the smaller rhizome of Zostera 
(relative to Nuphar) may minimize the problem of interpreting results. 

For these reasons, extreme caution should be used when measuring the 
rate of nutrient flux through plant communities with isotopic tracers. 
Incubation periods should be long enough for the isotope to reach 
steady-state levels in the plant's organs; in structures such as Nuphar 
rhizomes, this may take an entire growing season, especially if the path- 
way hypothesized does occur. Incubation periods with intervals of weeks 
instead of days should be considered. Tracer studies alone cannot 
adequately measure the cycling of an element in a plant community. A 
control based on biomass productivity measurements should always be 
included. 

The lack of detailed information on the fractions of P in Nuphar is 
a serious shortcoming. Measurement of the individual fractions and how 
they change seasonally would be more useful than knowing total concentra- 
tions. In further research of P cycling, a most important consideration 
should be the quantity and location of these storage products. 



INORGANIC NUTRIENT COMPOSITION OF PLANT TISSUE 

Introduction 

Aquatic plants vary widely in their capacity to absorb and accumulate 
inorganic nutrients (Hutchinson 1975). This chapter reports the elemental 
composition of Nuphar lutem and Justicia americana from the Chowan River 
and compares the values to those reported in the literature for similar 
species. Also some of the results are presented on the nutrient release of 
elements from decomposing Nuphar and Justicia. Reported here are the 
elements nitrogen (N), potassium (K), calcium (Ca), magnesium (Mg), iron 
(Fe), and phosphorus (P) in Jus ticia. 

Materials and Methods 

Field samples of Nuphar luteurn and Justicia americana used for 
nutrient composition analyses generally were the same as those harvested 
for biomass determination, The stratified random sampling is described on 
pp. 10-12. The dried (85'C) biomass material was pooled for each date and 
aite, and subsanpled for nutrient analyses. Plant tissue was ground with 
a Wiley mill (40 mesh), except for rhizomes, which were pulverized in a 
blender. Duplicate analyses were run on all samples. Use of a Wiley mill 
introduces the possibility of Fe contamination, but levels of this element 
are often so high in aquatic plants that the problem is not as critical as 
with terrestrial plants, whose Fe content tends to run much lower (Cowgill 
1973b). Lawrence (1968) (as cited in Boyd 1969) used a Wiley mill for 
pulverizing plant material without serious contamination by trace metals. 
Total nitrogen content was determined with a Coleman llodel 29 Nitrogen 
Analyzer. Sample preparation for cation analysis was treated as for 
phosphorus analysis (pp. 41-42). Cation analyses of the filtered solutions 
were made with a Perkin Elmer Atomic Absorption Spectrometer Model 305B. 

Atomic ratios of carbon-to-specific element can be calculated by 
dividing the concentration as ug-at/g OW into 37,350. This assumes a 
C:OW (wt:wt) ratio of 0.45. To convert elemental concentrations from units 
of pg-at/g OW to units of percent dry weight (including ash) 

Percent Dry = (vg-at/g OW) (atomic wt of element) 11.0 - (% ash/100)] 
Weight 10,000 

Atomic weights are N = 14.0, P = 31.0, K = 39.1, Ca = 40.1, Mg = 24.3, and 
Fe = 55.9. Percent ash values needed for these calculations are in Tables 
24 and 25. 



The procedures used in the decomposition experiments are given on 
pp. 48-49. Decomposition rates generally follow exponential decay as 
shown in the graphs for phosphorus loss (Fig. 22). The numerical express- 
ion of this loss is the decay constant, A, calculated from the equation 

where Xo is the amount of dry weight or element initially present in the 
bag, n s  the amount remaining after time t, 5 is the base of natural 
logarTthms and t is the time in days. The decay constant A, can be 
interpreted as the proportion lost per day, while ti12 is the half-time, 
or the number of days that have elapsed when half of the dry weight of 
the element is lost. The half-time is calculated as 0,693/A = t1/2. This 
assumes exponential decay, rather than judging half-time by inspection of 
the curves. 

Results and Discussion 

The elemental composition of aquatic macrophytes was determined for 
N, P, K, Ca, Mg, and Fe. Since P in Nuphar was thoroughly discussed in 
the foregoing section, it will be treated here only for Justicia. Table 
24 is a summary of the nutrient composition and ash content of Nuphar at 
the four sampling locations. Individual analyses and seasonal trends at 
each site can be examined in the Appendix, Tables P, Q, R, S, T, and U. 
Table 25 is a summary of the nutrient composition and ash content of 
Justicia at two sampling sites. Individual analyses of each structure 
are detailed in the Appendix, Tables V, W, X, Y, 2 ,  AA, and BB. 

Elemental Composition of Nuphar 

The nitrogen content of Nuphar was highly regular showing markedly 
higher levels in leaves than in other plant parts. The only trend among 
sites that is readily evident is the relatively high root concentration 
(> 2,000 pg-at/g OW) at Keel Creek (Table 24). Interestingly, P was also 
quite high in roots and in the interstitial water and acid exchangable 
fraction of the sediments at that site (Table 18). No seasonal trends in 
N concentration were evident at any of the locations (Table Q). 

Gerloff and Krombholz (1966) concluded that the critical content (the 
minimum concentration at which maximum plant growth and yield will occur) 
for N in aquatic plants is 1.3% dry weight, or 1,030 ug-at ~ / g  OW assuming 
10% ash. (Further research by Gerloff (1975) indicates that this figure 
is, at best, a rough guide, and that individual species vary widely.) 
Ilean seasonal values for Nuphar at the four sites ranged between 5.19% 
and 4.13% for floating and submersed leaves, and between 2.49% and 1.36% 
for all other parts. Individual samples did fall below the 1.3% critical 



Table 24. Inorganic  n u t r i e n t  composition f o r  s t r u c t u r e s  of Nuphar luteum c o l l e c t e d  i n  t h e  Chowan River  
dur ing  1974-75. 

pg-at /g Organic Weight ( ~ 2 s ~ ) '  

~ t r u c  tu rea  n % A s h  ET P K Ca Mg Fe 

ROCKYHOCK CREEK 
F l o a t i n g  Leaf 
Submersed Leaf 
P e t i o l e  
Rhizome 
Root 
Reproductive 

KEEL CREEK 
F loa t ing  Leaf 
Submersed Leaf 

I P e t i o l e  
\D Rhizome 
CI Root 
I Reproductive 

INDIAN CREEK 
F l o a t i n g  Leaf 
Submersed Leaf 
P e t i o l e  
Rhizome 
Root 
Reproductive 

WICCACON CREEK 
F loa t ing  Leaf 
Submersed Leaf 
P e t i o l e  
Rhizome 
Root 
Reproductive 

a ~ e p r o d u c t i v e  p a r t s  i nc lude  f r u i t  , flower,  and peduncle. 

b~umber  of samples. Where they  d i f f e r ,  s i z e  is  g iven  i n  parentheses  fo l lowing  concent ra t ions .  

C ~ r g a n i c  weight i s  equ iva l en t  t o  ash f r e e  d r y  weight. 



Table 25. Inorganic nutrient composition for structures of Justicia americana collected in the Chowan 
River during 1974-75. 

ug-at/g Organic Weight (E'SE) b 

Structure na % Ash N P R Ca Mg Fe 

ROCKYWOCK CREEK 

Leaf 9 15.020.81 28101330 111'16 1130'149 8545120 338547 57.9115.4 

Stem 10 11.9+0. 43 1710'274 61.6211.5 1290+158 (9) 229227 350'37 41.4211.0 

I Rhizome . 9  9.020.81 14201158 63.2'6.2 912'129 16 85 10 289534 103215 
w 
rn 
I 

Root 10 10.0+0.71 1540t254 59.92 5.1 743t119 (9) 16628.2 23621 173520 (9) 

BLACK ROCK 

Leaf 5 17.122.6 33202189 96.05 5.8 1130'266 6425238 353+87 81,8159.9 

Stem 5 10.250.10 11002113 49.3' 5,9 8435162 24434 270138 63.5515.3 

Rhizome 5 7.810.25 1400'206 67.9' 9.2 568'84 124t26 177+20 260119 

Root 5 11.311.0 813162 67. 4*10. 3 427164 93.695.3 149Q7 6405237 (4) 

a Number of samples. Where they differ, size is glven in parentheses following concentrations. 

b~rganic weight is equivalent to ash free dry weight. 



M content ,  but  t h i s  was t r u e  f o r  s p e c i f i c  s t r u c t u r e s  on p a r t i c u l a r  sampling 
da tes  r a t h e r  than averages f o r  whole p lan t s  (see Appendix, Table Q ) .  
R i m e r  and Toth (1970) repor t  N values f o r  a r e l a t e d  species ,  N. advena i n  
New Jersey.  Mean values were 3.98% f o r  l ea f  blades,  1.17% f o r p e t i o l e s ,  and 
1.10% f o r  roots tock (apparently including roo t s  and rhizomes). These con- 
cen t ra t ions  genera l ly  run lower than f o r  N. luteum i n  t h e  Chowan River. - 

Potassium appears t o  have moderate a f f i n i t y  f o r  p e t i o l e s  and r o o t s  
(Table 24). A t  a l l  sites but  Indian Creek, p e t i o l e s  contained w e l l  above 
1,000 vg-at ~ / g  OW, a value not  exceeded by other  s t r u c t u r e s  except roo t s .  
A t  Indian Creek, only two of t h e  four  sampling da tes  included f l o a t i n g  
l ea f  p e t i o l e s  (Appendix, Table R ) ;  thus, t h e  low K values f o r  p e t i o l e s  em 
t h e  o the r  two da tes  may represent  submersed l ea f  p e t i o l e s  r a t h e r  than p e t i o l e s  
f o r  f l o a t i n g  leaves.  Submersed leaves a t  Indian Creek were a l s o  q u i t e  low i n  
K. The high K content and, i n  some cases,  t h e  high Mg content of p e t i o l e s  
must be p a r t i a l l y  responsible f o r  t h e  genera l ly  high ash percentages observed 
f o r  these  s t r u c t u r e s  (Table 24). It is  r a t h e r  su rpr i s ing  t h a t  t h e  tough, 
l ea the ry  f l o a t i n g  leaves  should have an ash content t h a t  was lower than t h e  
nea r ly  t rans lucent  submersed leaves. 

The range of mean K values a t  the  four loca t ions  i s  between 1.58% and 
5.29% of dry weight. Riemer and Toth (1970) a l s o  reported genera l ly  higher 
R values f o r  l ea f  p e t i o l e s  than l ea f  blades i n  Nuphar advena from New Jersey,  
though they do not approach the  h ighes t  values reported from t h e  Chowan 
River. Riemer and Toth's value f o r  rhizomes, 3.1% K, i s  higher than t h e  
p e t i o l e  values they repor t ,  but  about t h e  same a s  the  content  t h a t  w e  found 
f o r  rhizomes of 2. luteum. Cowgill's (1973a) d i s t r i b u t i o n s  were s i m i l a r  
f o r  water l i l i e s  i n  Connecticut. The mean f o r  water p l a n t s  (Hutchinson 
1975, p. 288) i s  2.59% K. Hutchinson concludes t h a t  t e r r e s t r i a l  p l a n t s  tend 
t o  conta in  less K than water p lan t s .  

Calcium tends t o  accumulate on t h e  su r faces  of leaves during C02 uptake 
during photosynthesis.  Since w e  cleaned a l l  surfaces  with a brush and 
deionized water, these  accumulations should have been minimized f o r  Nuphar, 
with predominately i n t e r n a l  Ca concentrat ions measured (Table 24; Appendix, 
Table S). Among t h e  p a r t s ,  f l o a t i n g  leaves ,  p e t i o l e s ,  and roo t s  tended t o  
rank higher i n  Ca content than submersed leaves  and rhizomes. Neither 
Cowgill (1973a) nor Riemer and Toth (1968) found systematic d i f fe rences  
between p e t i o l e s  and leaves of Nuphar advena and Nymphaea odorata. No 
seasonal  t rends  i n  Ca content were de tec tab le  from our da ta  on Nuphar 

' (Appendix, Table S) . 
The mean Ca values a t  four  sites f o r  Nuphar i n  t h e  Chowan River ranged 

between a low of 104 vg-at/g OW f o r  rhizomes a t  Wiccacon Creek ( t h i s  
excludes t h e  extremely low submersed l ea f  value a t  Indian Creek) t o  a high 
of 333 llg-at/g OW f o r  roo t s  a t  the  same locat ion.  These extremes i n  means 
(0.39% and 1.12% dry weight) f a l l  below t h e  o v e r a l l  mean f o r  aqua t i c  p l a n t s  
(Hutchinson 1975, p. 299) and a r e  s u f f i c i e n t l y  low t o  dismiss the  possi- 
b i l i t y  of su r face  accumulation i n  the  s o f t  waters  of t h e  Chowan River. 
Ophel and Fraser  (1970) repor t  2.16% Ca f o r  N. variegatum leaves  growing 
i n  what i s  probably a hard water lake  (Perch Lake, Ontario) .  






















































































