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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,
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SUMMARY AND CONCLUSIONS

The two dominant aquatic macrophytes in the lower Chowan River are
Nuphar luteum (yellow water lily) and Justicia americana (water willow).
The distribution of the latter is restricted to the littoral near the
mouth of the river, Net primary productivity of Nuphar could not be
estimated from monthly changes in biomass owing to losses of plant mater-
ial between dates of harvest and the high degree of variation between
samples taken within the same plant bed. Weekly tagging of leaves
allowed an estimate of turnover rates for aboveground productivity and
measurement of rhizome growth was used as an estimate of rhizome and root
productivity. The life span of floating leaves averaged 31 days for an
average turnover rate of 5.7 times per growing season. This value times
the mean biomass for the floating leaves and petioles (23.4 g dry wt/m2)
during the growing season gave an annual production of 133 g dry wt/m
for those parts. By adding estimates from other plant parts, the total
annual production by Nuphar was estimated at 222 g dry wt/m2, While 77%
of the Nuphar biomass was below the sediments, 92% of the net annual
primary productivity was by aboveground structures. Peak biomasses for
the two Nuphar study sites in 1975 were 115 g dry wt/m2 at Keel Creek and
300 g dry wt/m~ at Wiccacon Creek. Justicia reached a peak biomass of
277 g dry wt/m? during August 1975 with 42% of the total biomass in the
substrate.

Macrophyte coverage for the study area between U.S. 17 and Winton

was approximately 26.3 hectares in 1974 and slightly higher (27.7 hectares)

in 1975, Biomass of aquatic macrophytes for the study area in 1975 was
estimated at 60.4 metric tons (MT) for Nuphar and 1.4 MT for Justicia.

Part of the study was to evaluate the role of Nuphar in the cycling
of phosphorus (P) in the lower Chowan River. Measurements were made of
(a) seasonal and spatial P concentrations in the plant, (b) P fractions
available to the plant in the sediment, and (c) P flux between plant,
gsediment, and overlying water. The P concentration in the aboveground
biomass (leaf blades and petioles) peaked during early spring (242 ug-at
P/g OW)* while the rhizomes declined in P concentration during this
geason. Rhizomes accumulated the greatest amount (66.27) of the P bound
in the biomass of Nuphar followed by roots (10.6%) with the remainder

distributed among the three aboveground structures (floating leaves = 7.9%,

submersed leaves = 7.1%, petioles = 8,1%). Flowers, fruits and peduncles

*0W = organic weight or ash-free dry weight; 1 ug-at P = 31 ug P.
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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, 32p and 33p., 1In 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 32P and 33p during the winter, spring, and summer. Absorp-
tion rates for roots were greatest in summer (1.72 ug-at/g dry wt-day)

and lowest in winter (1.29 ug-at/g dry wt+day) while the highest absorption
rate for submersed leaves was in spring (0.55 ug-at/g dry wt'day) and
lowest in winter (0.29 ug-at/g dry wt-day). 1In 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,

Decomposition 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% P/day. During the summer
months, the rate of P movement from the aboveground to the detrital
compartment was 174 ug-at/m2eday of which 130 pg-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/mz-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 117 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
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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 higher
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
50 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, 32P and 33P, 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, especlally 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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INTRODUCTION

Objectives of Study

This study was designed to gain a better understanding of the role of
aquatic vascular plants in the cycling of eleuwents in aquatic ecosysteus.
The study area was the littoral of the lower Chowan River where two specie
dominate-~ijuphar luteum (L.,) Sibthorpe & Smith (yellow water lily or
spatterdock), and Justicia americana (L.) Vahl., (water willow). Our studi

focused on Huphar since it was more widely distributed than Justicia.

‘ the mineral cycling of plant communities is necessarily closely inte:
related with their priwary productivity, However, the rates between the
two may not be perfectly correlated owing to the phenomenon of luxury
nutrient uptake (Gerloff and Krombholz 1966) and secretion of inorganic
nutrients not accompanied by organic carbon secretion. These deviations
usually can be disregarded with little sacrifice in accuracy, if estimate:
of nutrient cycling are calculated by multiplying the net primary produc-
tion by the nutrient concentration of the plant material produced, The
accuracy of this estimate can be iuproved by calculating separately the
productivity and nutrient concentrations of each plant part on a seasonal
basis. ULry matter production by plant communities (net primary produc-
tivity) is in itself an important ecosystem attribute since higher trophi«
levels depend on this energy source for maintenance, growth, and occasion
ally habitat,

In this study we ueasured the net primary productivity of Nuphar and
determined annual phosphorus accumulation by the method just mentioned.
In addition, instantaneous rates of phosphorus uptake and translocation
were weasured in Nuphar in the laboratory and the field, Finally, the
nutrient cowposition of Huphar and Justicia plant tissue was determined
for nitrogen, calcium, potassium, magnesium, and iron, The extent to
which the nutrient composition varies among plant parts and between sites
is considered, and comparisons are made with published values,

Description of Study Area

The Chowan kRiver, located in the northeastern coastal plain of North
Carolina (Fig, 1), originates at the confluence of the Blackwater and
Nottaway Rivers near the North Carolina-Virginia boundary and flows into
the Albemarle Sound near Edenton, North Carolina 81 km to the south, Thi
length of river has a surface area of approximately 116 km2, The lieherri
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River, which joins the Chowan River just above Winton, N. C,, arises in
southeastern Virginia, The total drainage basin of the Chowan River is
12,800 ku? of which 3,269 km? lies within lLiorth Carolina (Smith 1963),
The sector of the Chowan River chosen for this study lies between the
U,S, highway 17 bridge near Edenton, North Carolina and extends 52 km
northward to the U.S, highway 13 bridge near Winton, North Carolina
(36°03'H to 36°23'{ and 76°41'W to 76°56'W) (Fig, 1), Of the 60% of the
watershed which is forested, most is in upland forest, The remainder
consists of agriculture (277%) and swamp (137%) (Department of Natural and
Economic Resources 1972). The swamps bordering much of the lower Chowan
River and its tributaries are dominated by HNyssa aquatica (water tupelo) a
Taxodium distichum (bald cypress), and are subject to frequent f£looding
by wind tides.,

The littoral varies greatly within the study area, The effect of
wind wave action on shore erosion is greatly pronounced in the lower 36 km
of the river south of Holiday Island (Bellis et al, 1975), Throughout the
spring and summer months, afternocon thunderstorms occur frequently, These
events create great wave stresses on the littoral zomne during the growing
season for aquatic macrophytes. The littoral above Holiday Island is
subjected to considerably less wave stress owing to the reduced river
width (less than 1 km) and the shelter provided by surrounding swamp
forest, Below Holiday Island the river width is at its maximum (2-4 km)
allowing for greater fetch which results in larger waves compared with
the upper portion of the river, Lecause of the slow current in this
region, the river has characteristics of a lake, The effects of lunar
tides are negligible (0,3 m) but the system is influenced by wind tides
that vary by as much as 1,2 m at irregular intervals (Daniel, III 1975),
As expected, the water temperature in shallow littoral areas varies with
the seasons with a maximum in August of 32°C and a low of 4°C in January
(Fig. 2).

¥ive sites within the study area were sampled intensively: Black
Rock, Rockyhock Creek, Keel Creek, Indian Creek, and Wiccacon Creek
(Fig, 1). All but Black Rock are located at the mouths of tributaries
which tend to be more protected from waves than the open river,

At Black Rock, where Justicia was sampled, the bed was associated wit!
a few bald cypress that afforded little protection from the open river.
The sediment was predominately sandy with a mixture of organic particles
(bark, wood chips, etc.,). Rockyhock Creek superficially had a sediment
similar to that of Black Rock and much of the littoral of the lower river;
however, a gray clay base occurred at varying depths below the sand,
usually ca. 20 cm, Both Nuphar and Justicia were sampled at Rockyhock
Creek and the phosphorus radiotracer experiments were done there, This
was the only site where Justicia and Huphar beds overlapped, Justicia bed:
are restricted to areas south of Keel Creek where breaking waves often
occur, A submersed, but yet unidentified, aquatic angiosperm was rooted
in the Justicia bed at kockyhock Creek. Although its tape-like leaves
were similar to a dwarf Vallisneria, the leaf blades seldom exceeded a few
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Maximum and minimum water temperatures recorded at the mouth
of Rockyhock Creek during 1974 and 1975.




centimeters in length, Flowers or fruits were never present to allow posi-
tive identification.

The Indian Creek site was similar to that of Rockyhock Creek except
that no Justicia was encountered, The site was chosen so our sampling are:
would not be restricted to the lower river below Holiday Island,

The sediments at Keel Creek and Wiccacon Creek are highly organic
which distinguishes them from the sites just described. Keel Creek, below
Holiday Island, is a series of dendritic tributaries penetrating swamp
forest. The sediments of the littoral lack consolidation and can be
characterized as a highly organic ooze, The bordering swamp forest is
apparently the source of the sediment and the darkly stained waters in the
creek,

The Wiccacon Creek sediments are also organic, but consist of compact
peat rather than a flocculent ooze as at Keel Creek, While Keel Creek
receives all drainage from a very small area of swamp forest, the waters
at the Wiccacon Creek site are from the Chowan River or Wiccacon Creek,

The Chowan River is a highly productive river that supports a major
commercial fishing industry as well as sports fishing. Beginning in 1970,
algal blooms of unprecedented proportions were reported and by 1972 had
become severe in the middle and lower sections of the river, Since that
year, the blooms have been less severe, although some troublesome algal
blooms occurred during the summer of 1976. Wutrient inputs to the Chowan
Rfiver include industrial sources such as the pulp will on the Blackwater
River at ¥ranklin, Virginia, and a fertilizer plant at Tunis, just below
Winton. Urban areas and agricultural runoff are possibly important
sources, Natural inputs include runoff from forested land and swamp drain
age,

Description of Plants

Nuphar luteum, the floating leaved angiosperm on which this study
focused, is the dominant macrophyte in the Chowan River. It grows in
predominately monospecific stands in water depth from 0,5 to 2 m on a
variety of sediment types. Nuphar is heterophyllous (a single plant bear-
ing two or more different leaf types), bearing submersed leaves with short
petioles and floating leaves with long, highly flexible petioles (Fig. 3),
The submersed leaves, which have a reduced cuticle and epidermis
(Sculthorpe 1967), are flaccid and translucent, and are easily torn, Whil:
submersed leaves persist throughout the year, floating leaves occur only
during the growing season that extends from April to October. They are
extremely tough and tolerate considerable wave action with little apparent
damage. The flowers are borne on peduncles that maintain them above the
water surface, owing to the buoyancy of the spongy air-filled tissue, All
these aboveground structures develop from rhizome apices,




Figure 3,

Photograph of Nuphar luteum from the Chowan River, North
Carolina, Structures referred to in text are floating
leaves (FL), submersed leaves (SL), petioles (P),
reproductive parts (RP), rhizomes (RH), and roots (RO),
The floating leaves are approximately 15-20 cm wide,




The perennial and dichotomously branched rhizomes of Nuphar are fleshy
and have large leaf (petiole) scars on their surfaces, Roots extend down~
ward along the length of the rhizome and are frequently 30-40 cm long. As
the rhizomes continue to branch and elongate, individuals are perpetuated
indefinitely which results in the formation of extensive clones (Beal 1956,
DePoe and Beal 1969), Reproduction may be sexual, but is lacking in well
established beds,

Justicia americana is also perennial, but is an emergent angiosperm
with flexible stems (Fassett 1972), Leaves are borne almost entirely on
erect aerial stems as are the flowers, Rhizomes are superficially similar
in morphology to the erect stems, and with their roots, form extensive mats
at the surface of the sediments. During senescence in autumn, the stems
first break at the water level., Continued fragmentation of stem continues
to within a few centimeters of the sediment, During the following growing
season new stems initiate from the nodes of these remnant stems or from
the superficial rhizomes. Establishment of new plants by sexual reproduc-
tion was never observed in Justicia during the course of this study,




PRIVARY PRODUCTIVITY AND BIOMASS DISTRIBUTION

Lacy K, Blanton, Jr.

Introduction

The importance of rooted aquatic macrophytes as primary producers in
the littoral zone of lotic ecosystems too often has been assumed to be
insignificant, However, as streams and rivers increase in size, and
decrease in velocity of flow, the importance of primary productivity of
lotic phytoplankton and aquatic macrophytes increases (Westlake 1973;
Wetzel 1975, pp. 545-546). Direct contributions of aquatic vegetation may
be an important energy source affecting various trophic levels, especially
as an energy source for decomposers (bacteria and fungi) as well as for
detritus feeders (Westlake 1965),

kooted aquatic macrophytes are often considered important to aquatic
animals by providing support, shelter, food, and oxygen. When decomposition
occurs, aquatic macrophytes contribute directly to the stock of organic
detritus which in turn gives the system metabolic stability (Penfound 19563
Wetzel 1975, p. 546). When not present in extreme amounts, aquatic macro-
phytes increase species diversity by creating habitats for organisms not
available in a system with flora entirely of phytoplankton., Thus, a high
species diversity will tend to increase the stability of aquatic ecosystems
as a result of a more complex food web (Boyd 1971).

et primary productivity, as defined by Westlake (1965), is the rate
of accumulation of new organic matter, or stored energy; that is, the
observed change in biomass plus all losses except respiration, divided by
the time interval. However, if losses are continuous throughout growth,
then methods using changes in biomass are difficult to interpret,
These conditions require special investigations of such losses,

Early studies of aquatic macrophytes often express peak aboveground
biomass or seasonal maximum standing crop as annual net production,
Several factors should be considered prior to such an interpretation., If
there are few losses of the current year's production, or determination of
the losses are possible, then peak biomass may be a useful parameter of
production (Westlake 1969). Westlake (1965) reports that some species have
been observed to have two maxima or peaks at different times of the year
for different locations.

Perennials present additional problems due to their morphology and




phenology of the plants and plant parts, In many studies involving
perennials, belowground biomass (roots and rhizomes) is assumed to be
negligible, This assumption is erroneous when underground organs can

be more than half the total biomass of Phragmites communis and Nuphar
lutea as well as other species (Westlake 1968, 1969; Wetzel 1975, p. 379).
In addition, very little information exists concerning the age or turn-
over rate of underground organs, Without this necessary growth para-
meter, many years of biomass accumulation will tend to overestimate
belowground production if the seasonal maximum standing crop is used as
an evaluation of annual production (Westlake 1966),

Use of terminal biomass, which is normally sampled at the end of the
growing season as a measure of average productivity, is to be discouraged
due to biomass losses as a result of death, damage, and grazing. De-
pending upon envirommental factors (storms, wave stress, erosion, etc.),
death and damage may account for significant biomass losses, Wetzel
(1975, p. 380) reports values of grazing losses ranging from 0.5 to 8
percent of the annual production.

The purpose of this study was to measure the net primary productivity
and biomass distribution of aquatic macrophytes in the lower Chowan River.
In this study, monthly changes in biomass plus any losses of plant
material were included in the estimation of net primary productivity of
Nuphar luteum, Because floating leaves and petioles continually emerged
and died throughout the growing season, determination of their turnover
rate was necessary., In addition, the age or turnover rate of below-
ground structures was determined since a large portion of the total
biomass appeared to be in the substrate, The determination of net primary
productivity was estimated for Justicia americama by peak biomass,

Materials and Methods

Primary Productivity

Harvest method

vependiug upon the type of vegetation to be sampled, several factors
should be considered prior to choosing a harvest method for measuring net
primary productivity, One important factor is sample size. Gathering,
transporting and processing biomass samples is time consuming and costly
due to large quantities of plant material encountered in rooted macrophyte
communities, Therefore, many investigators studying rooted aquatic macro-
phytes have found it necessary to reduce the size of the sample quadrat to
obtain a manageable amount of material for analysis (Pearsall and Gorham
1956, Waring 1970). However, by reducing the area of the sampling quadrat,
increases in error due to the "edge" effect have been observed (Pearsall
and Gorham 1956, Smith 1964),

For this study, a .iitable quadrat size was determined during June 1974




with a method described by Wiegert (1962). Six sets of nested quadrats
(0,10 mz, 0,25 m2, and 0,50 m2) were placed randomly along a transect
perpendicular to the shoreline across the width of the macrophyte bed.
All plant biomass in each quadrat was removed to a sediment depth of
approximately 30 cm; then all living plant material was dried and weighed,
By addition and subtraction, six possible guadrat sizes were obtained
with the following relative areas: 0,10 m?, 0,15 m2, 0,25 m2, 0.35 m2,
0.40 m2 , and 0,50 m?, A mean and variance was calculated for each quad-
rat size, By plotting the relative variance of the mean against quadrat
size, the smallest quadrat size of 0,10 m2 was excluded from considera-
tion because of its comparatively high variance (Fig. 4), A quadrat
size of 0,35 n? was chosen for routine sampling because it represented a
compromise between the minimum variance and the maximum quadrat size,
This size was used for both Nuphar and Justicia.

The location of macrophyte beds for biomass sampling was determined
from aerial photography taken in August 1974, Four macrophyte stands
(three of Nuphar and one of Justicia) were chosen for intensive sampling
each month during the growing season to represent a range of substrate
types in the upper and lower portion of the Chowan River (Fig. 1). Two
sample sites were established at the mouth of Rockyhock Creek. Both
Nuphar and Justicia were found growing in a sandy sediment which appeared
to be influenced by shore erosion as a result of wave action, Justicia
had colonized the apparently more stressful areas while Nuphar occupied
a less exposed area, Some overlapping of the macrophyte stands occurred
but this condition appeared to be restricted to Rockyhock Creek, Water
depth within the macrophyte bed ranged from 0,3 m to 1,5 m.

The third sampling site for Nuphar was situated in the lower portion
of the river at the mouth of Keel Creek, Owing to the high organic
matter content of the sediment, harvesting was much easier than in sandy
sediments., Large quantities of filamentous algae (Spirogyra and
Oscillatoria) were growing among the aboveground plant structures, Water
depth ranged from 0.3 m to 2 m from the shore to the outer margin of the
macrophyte bed.

The fourth sampling location was at the mouth of Wiccacon Creek in
the upper portion of the river. The red alga Batrachospermum was
found growing on many of the decomposing logs and stumps within the
macrophyte bed, Water depth ranged from 0,5 m to 2 m,

A stratified random sampling design was used for biomass determina-
tions. 1In each bed, a 30 m transect parallel to shore was erected to
serve as a reference point, At one meter intervals along this base line,
points were chosen randomly by the use of a random numbers table and
transects were run perpendicular to the shore across the width of the
macrophyte stand, A 0,35 m2 iron quadrat frame was placed at random points
along this line, and all plant material removed to a sediment depth of
30 cm, A straight hoe was used for cutting around the edge of the quad-
rat and posthole diggers were used to remove the plant material, The plant
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material was placed on a wire screen, washed of dirt and detritus, placed
in plastic bags, and transported to the laboratory on ice,

In the laboratory, the macrophytes were cleaned of periphyton with a
nylon brush and separated by structure, Nuphar was separated into roots,
rhizomes, emerged leaves (blades), emerged petioles, submersed leaves, and
submersed petioles; Justicia was partitioned into roots, rhizomes, stems,
and leaves, The separated plant material was placed in paper bags, dried
in the oven for 72 h at approximately 85°C, and weighed. The dried plant
material was ground in a Wiley mill in order to assure sample homogeneity,
A one gram sub-sample from each component was ignited at 480°C in a muffle
furnace for 3 h to determine ash content for calculating organic weight
(ash free dry weight),

Total plant biomass (g dry wt/m2) was statistically analyzed to deter~
mine macrophyte dispersion for each sample site, A method developed by
Pielou (1960, 1969) using the variance-to-mean ratio of plant biomass,
served as a criterion for the determination of regular, aggregated, or ran-
dom macrophyte distribution.

Leaf area index (LAI), the ratio of leaf surface to ground or
water surface, was determined for both macrophyte communities (one side
only)., All live leaves per 0,35 n2 quadrat harvested were traced on paper
and their surface areas determined by the proportionality:

Area of page - Area of leaf
Weight of page - Weight of leaf trace

Biomass growth

By harvesting biomass at monthly intervals, and accounting for any
losses due to grazing or death of plant parts, net primary productivity
can be determined (Westlake 1965, Wetzel 1975, pp., 376-378), Grazing was
not measured in this study, but appeared to be low except for older Nuphar
leaves at the Keel Creek, Even there most insect damage occurred on
senescing leaves, One might successfully argue that detritus, rather than
green plant, was being consumed. Biomass losses due to senescence or
damage of floating leaves for Nuphar were monitored with tagging experiments,
Almzx 12 m quadrat was established from the shore across the width of the
macrophyte stand at Rockyhock Creek to study seasonal rhizome growth as well
as emergent leaf turnover rates, Each rhizome meristem was located within
the quadrat and the position of its apex was marked with a metal stake
pushed into the sediment, The stakes were carefully positioned at the end
of the rhizome meristem in such a way that rhizome growth was not obstructed,
The length of rhizome that grew beyond the stake was harvested at the end
of the growing season, The stakes also aided in locating lost rhizomes in
the event that emergent leaf production was interrupted during the growing
season,

Newly emerged floating leaves of Nuphar were tagged weekly beginning
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with the first emergent leaf of the growing season. Loosely tied plastic
flagging was used to attach aluminum tags, A record was maintained of
the number of new leaves emerged and of those lost for each individual
rhizome meristem during the duration of the growing season, The number of
annual leaf turnovers was determined by dividing the number of days in the
growing season by the average number of days that the tagged leaves were
emerged, Using this estimate, annual net production for the emergent leaf
blades and petioles was calculated by multiplying the average standing
crop for leaf blades and petioles for the growing season by the number of
turnovers (Waring 1970).

Also, weekly leaf turnovers were calculated by dividing the number of
new leaves produced weekly by the average number of leaves present for that
week, This gave an estimate of leaf turnovers per week at Rockyhock Creek.
The density of floating leaves times the average grams dry weight per leaf
for each sampling site resulted in a value of grams dry weight per meter
square for leaves, Therefore, by multiplying the leaf weekly turnover rate
times g dry wt/m2 of leaf blades and petioles, productivity could be calcu-
lated in grams per meter square per week,

The submersed leaf annual production was determined in the same manner
as the emergent leaves by tagging randomly located rhizome meristems for
ten weeks during August through November 1975, The number of turnovers
for submersed leaves extrapolated to a growing season multiplied by the
average standing crop resulted in the estimate of the annual production for
submersed leaves,

Flowers were tagged in the same quadrat as floating leaves, This gave
an estimate of the annual number of turnovers used to determine annual
flower, peduncle, and fruit production per meter square for the growing
season,

Early results showed that a large portion of the Nuphar biomass was
in the substrate and could account for a considerable part of the total
productivity., The necessity of observing the annual increment of under-
ground growth to avoid an overestimation of annual productivity due to
the accumulation of past years biomass has been emphasized (Westlake 1965,
Szczepanski 1969), Therefore, both the biomass and age of the under-

ground plant material are required for calculations of primary production
(Westlake 1968),

To study belowground growth, a 15 m transect perpendicular to the
shoreline was constructed at Rockyhock Creek to determine monthly rhizome
growth for Nuphar, A 0.50 m2 metal quadrat frame was randomly placed
along the transect and each meristem was tagged using metal stakes
positioned at the apex of each rhizome. Rhizome growth beyond the stakes
was harvested and the procedure was repeated in new quadrats at monthly
intervals for five consecutive months (May through September), Results
were expressed in units of grams dry weight per meter square per month,

At the end of the growing season, the tagged rhizome meristems used
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in analysis of emergent leaf turnovers were harvested, All growth past the
metal stakes was designated as new growth, Prominent petiole and peduncle
scars were counted on the new growth as well as the old portion of each
rhizome, The total number of petiole and peduncle scars divided by the
new petiole and peduncle scars gave an estimate of rhizome age, A general
check was performed by comparing the number of newly tagged floating leaves
and petioles plus peduncles with the total number of petiole and peduncle
scars on the new rhizome growth, Also, the total rhizome length divided

by the one year growth increment resulted in an estimation of average
rhizome age,

Root production for the growing season was determined by an indirect
method since it was observed that roots were considerably longer posterior
to the growing apex. In June 1975, an extensive biomass sampling of the
study area was undertaken to determine between-bed variation in biomass,
Seventeen Nuphar beds were chosen at random from aerial photographs for the
entire study area, Two 0.35 m2 quadrats of plant biomass were excavated
from each bed with only one quadrat harvested for roots, These data were
used to estimate the average annual root production by assuming root
growth to be proportional to annual rhizome biomass growth, The root
biomass~to-rhizome biomass ratios were determined from these samples by
linear regression of root biomass on rhizome biomass,

Biomass Distribution

Aerial phptography

The distribution of Wuphar and Justicia was determined by aerial remote
sensing. Three flights were taken; two in 1974 (August and September) and
one flight in 1975 (June). The flight in June 1975 was taken to coincide
with an extensive sampling of the study area. All aerial photographs were
taken in the morning (0800 - 1100 hours) at an altitude of 1,200 ft (ca.

366 m) using handheld 35-mm single lens reflex cameras. The two types of
cameras used were a Petri FI and a Nikkormat with a polarized filter, Two
cameras allowed uninterrupted overlapping photography of the littoral by
loading one camera with new film while the other was in use.

Kodak Ektachrome-X color slide film was found to give the best results
for this study. Several types of film, black and white (Plus-X), and color
infrared, were tried with less than satisfactory results in 1974, Black
and white film with the addition of the yellow filter reduced the contrast
between the water and the macrophyte bed. Color infrared film increased
contrast but, as in the case of black and white film, overemphasized the
shading of trees upon the macrophyte beds, However, color film with its
variety of hues and chromas offered superior interpretability. All film
processing except black and white was done by Kodak,

The color slides were projected on paper and the margins of each
macrophyte bed were traced, A planiweter and a modified acreage grid
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were used to calculate macrophyte coverage for the study area. Calibra-
tion for scale was with ""ground truth" comparison to the size of buildings,
bridges, and other large stationary structures over the length of the
study area,

Extensive biomass survey

During June 1975 an extensive biomass survey of the total study area
was completed to determine variation between macrophyte stands in the
upper and lower portion of the study area, Seventeen macrophyte beds
were chosen randomly from a total of 42 beds based on flights taken in
1974, ‘Two 0.35 m2 samples were excavated from each Nuphar bed. Only one
of the two 0,35 w2 guadrats was harvested for roots. A correlation
between roots and rhizomes was determined for the study area from these
data.

Results

Primary Produgtivity

Harvest method

Net primary productivity of Nuphar could not be estimated from monthly
changes in biomass due to losses of plant material between sampling dates
and the high degree of variation between samples taken within the same
plant bed (Appendix, Tables A, B and €). At the three sites, Nuphar was
found to range in peak biomass between 115 g dry wt/m2 (Keel Creek) and
300 g dry wt/m (Wiccacon Creek) (Fig. 5). MNonthly biomass values (April
through August 1975) for the entire study area resulted in an average
biomass of 155 g dry wt/m2 (Table 1), The monthly total biomass sampling
in Table 1 was approximately within a month of the exact dates listed in
Figure 5,

Figure 5a shows that a large initial biomass of Nup ar was present in
January 1975 with a large portion (99%) of the biomass in the substrate,
Direct calculations of net primary productivity based on biomass changes
could not be made because of the large variation in measurements between
sampling dates., Nuphar peak biomass for Keel Creek (Fig, 5b) for June
1975 was approximately 115 g dry wt/m? with 71% of the total biomass in the
substrate, 1Initial biomass in November 1974 has an estimated 89% of the
total biomass in the sediment, The Wiccacon Creek study site was higher
in total blomass than the other sampling stations. A peak biomass of
300 g dry wt/n2 occurred during August 1975 of which 637 of the biomass
was belowground (Fig. 5c),

Justicia (Fig., 6) reached a peak biomass of 277 g dry wt/m2 during

August 1975 with an estimated 42% of the total biomass in the sediment,
Uniform growth of aboveground structures (stems and leaves) 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 November 1974 (b).
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Table 1. Summary of monthly biomass of Nuphar luteum for 1975. All
values are monthly means for three sites and given in
g dry wt/m?

Plant part April  May June July August X

Aboveground

Floating leaves 0.2 14.9 12.7 11.6 17.8 11.4
Floating petioles 0.2 10.5 13.6 15.4 20.2 12.0
Submersed leaves 5.7 - 8.8 6.4 8.0 6.5 7.1
Submersed petioles 3.5 4.8 2.5 4.1 4.9 4.0
Flowers, peduncles,

and fruits ‘ 0 0.4 1.6 0.3 3.5 1.2
Belowground
Rhizomes 111.4 104.6 91.5 77.6 101.3 97.3
Roots 22.7 21.9 21.9 18.6 24,5 21.9
Total , 143.7 175.9 150.2 135.6 178.7 154.9

Table 2. Summary of monthly biomass of Justicia americana for 1975.
All values in g dry W¢/m2

Plant part May June July August Sept, X

Aboveground

Leaves 3.9 16.6 24 .4 30.4 12.0 17.5
Stems 18.9 67.8 111.8 129.9 57.9 77.3
Flowers and fruits 0 0 0.1 0 0 0.1

Belowground

Rhizomes 71.3 59.5 72.4 86.2 70.3 71.9
Roots 9.0 21.2 29.3 30.0 22.3 22.4
Total 103.1 165.1 238.0 276.5 162.5 189.1
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during the growing season., Substantial initial biomass of 206 g dry wt /m2
was present in December 1974 (Appendix, Table D), Average biomass for
Justicia during the growing season (May through September) was 189 g dry
wt/m2 (Table 2).

Variance~to-mean ratios of total plant biomass indicated that both
Nuphar and Justicia have aggregated distributions (Appendix, Table E), A
ratio of one, which is indicative of a random distribution (Pielou 1960),
was exceeded in all cases, Values greater than one, which were found for
all sampling dates and both species, suggest that the distribution is
clumped,

Nuphar maximum leaf area index (0,82) was obtained during the month
of August 1975 at Wiccacon Creek (Table 3), The maximum leaf area index
for Justicia was observed during June 1975 with a value of 0,63 (Table 4).

Prior to harvesting macrophyte biomass, all floating leaves (Nuphar)
and stems (Justicia) per square meter were counted for density analysis,
The density of floating leaves was considerably higher at Wiccacon Creek
reaching a peak of 31 leaves per square meter in August 1975 (Table 3).
Both Keel Creek and Rockyhock Creek had similar densities throughout the
growing season, Justicia had a maximum stem density of 25 stems per
square meter in July 1975 at Rockyhock Creek (Table 4),

Biomass losses

Annual net production of floating leaves was estimated by calculating
the number of leaf turnovers during the 1975 growing season (May 10--~Nov-
ember 2), The average life span of 579 floating leaves tagged from 35
separate rhizome apices was approximately 31 days (Appendix, Table F), The
176 days between initial growth (ca. May 10) and the first frost (ca. Nov-
ember 2) was divided by the 31 day average life span of floating leaves
(which includes petioles) resulting in an average turnover rate of 5,7
times per growing season, This value times the mean biomass for the
floating leaves (23,4 g dry wt/m2) during the growing season gave an
annual floating leaf production of 133 g dry wt/m2 (Table 5).

Weekly floating leaf and petiole turnovers for Nuphar at Rockyhock
Creek were highest during the month of iay, but declined throughout the
remainder of the growing season (Fig. 7), The lowest turnover rate for
floating leaves was observed during the last week of July 1975. By
assuming that the same turnover rate occurred at Keel Creek and Wiccacon
Creek as was measured at Rockyhock Creek, productivity of floating leaves
was calculated by multiplying the turnover rate by the density.

Rockyhock Creek (Fig, 7a) had a total seasonal production of 41,9 g
dry wt/m2 for floating leaves. The almost constant biomass of floating
leaves (ca. 6 g dry wt/m2) times the weekly turnover rate generated a
production curve similar to the one for weekly turnovers,
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Table 3. Leaf area index and density of floating leaves and
petioles for Nuphar luteum in 1975.

Location Month No. of Samples Density LAI
(0.35 m?2 quadrats) Per m

Rockyhock May 6 4 0.22
Creek June 6 4 0.17
July - 4 -——

August 6 8 0.30

Wiccacon May 6 21 0.59
Creek June 6 15 0.39
July 6 19 0.46

August 6 31 0.82

Keel Creek May 6 4 0.08
June 6 6 0.26

July 6 4 0.24

August 6 2 0.06

Table 4. Leaf area index and density of stems for Justicia
americana in 1975.

Location Month No. of Samples Densigy LAT
(0.35 m? quadrats) Per m

Rockyhock May 4 11 0.09
Creek June 6 17 0.63
July 6 25 0.46

August 6 20 0.51

September 6 19 0.10
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Table 5.

Annual production of Nuphar luteum in 1975.

Average biomass for

Total production as

Production of

Turnovers the growing season turnover x biomass Percent Ash Organic Weight

Plant part per year (g dry wt/mz) (g dry wt/mz'y'r) (+ 95% C.L.) (g/mz’yr)
Aboveground

Floating leaves 5.7 | 11.4 65.0 9.1 + 0.4 59.1
Floating petioles 5.7 12.0 68.4 15.9 + 1.4 37.5
Submersed leaves 5.9 7.1 41.9 10.2 + 0.5 37.6
Submersed petioles 5.9 4.0 23.6 15.9 + 1.4 19.8
Fiowers, peduncles 5,0 1.2 6.0 15.9 + 1.4 2.0

and fruits

Belowground

Rhizomes 0.14 97.3 13.6 10.4 + 1.6 12.2
Roots 0.14 21.9 3.1 17.0 + 1.2 2.6
Total 154.9 221.6 193.8
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The maximum floating leaf biomass occurred in June 1975 at the Keel
Creek sampling site (Fig. 7b), Productivity was calculated to be 62,1 g
dry Wt/m2 for the growing season (May through September). Wiccacon Creek
(Fig. 7¢) had a much higher floating leaf density and a higher floating
leaf biomass, Maximum biomass in August was approximately 50 g dry wt/m“.
Seasonal productivity for floating leaves was estimated to be 246 g dry
wt/m?, Overall average seasonal productivity for Nuphar floating leaves
using the values calculated from Figure 7a,b,c was 117 g dry wt/m“. This
was not the value used for the estimate of net primary productivity as in
Table 5, All floating leaf turnovers for each sample site were based on
data collected at Rockyhock Creek.

The estimated net production of submersed leaves was calculated by
tagging randomly selected rhizomes at Rockyhock Creek, The average life
of 20 submersed leaves tagged on 11 rhizomes was approximately 30 days
with an average turnover of 5,9 (Appendix, Table G). The average seasonal
biomass (11,1 g dry wt/mz) times the number of turnovers 55 +9) gives an
estimate for submersed leaf production of 65.5 g dry wt/m* (Table 5). Sub=-
mersed leaves were observed to survive throughout the winter,

Annual production of flowers, peduncles, and fruits was calculated
in a manner similar to that of floating leaf production., Flowering was
first observed on 4 June and proceeded until 27 August (85 days), Approxi-
mately 24 peduncles were produced with an average life span of 17 days,
This value was obtained by dividing the total number of days survived by
the total number of peduncles produced (Appendix, Table H), The 85 days
in the flowering season divided by the 17-day average survival for the
peduncles suggested 5 turnovers per growing season, Thus, the annual
flower, peduncle, and fruit production Was obtained by multiplying the
average standing crop of 1.2 g dry wt/m? by 5 turnovers, The estimated
annual production by this method was 6 g dry wt/m2 (Table 5). It was
observed that waterfowl and insects grazed flower parts and fruits in some
areas, particularly Keel Creek,

Average rhizome biomass gave little information as to the annual
rhizome production since some of the plant material surely represented a
number of years growth, The average age of 25 rhlzomes was approximately
7 years (Table 6), By assuming 97,3 g dry wt /m? accumulatlon in 7 years
growth, the annual rhizome production was 13,6 g dry wt/m2 (Table 5), The
alternate method of calculating the rhizome production based on monthly
rhizome tagging was 1.1 g dry wt/m2.month (Appendix, Table I),

By comparing the number of newly tagged floating petioles and peduncles
with the total number of petiole and peduncle scars on the new rhizome
growth, a check was available in the determination of rhizome age, In most
cases, newly produced floating petiole scars were less than the total
petiole and peduncle scars on the new rhizome growth, Thus, the remainder
of the scars represented an estimate of the number of submersed leaves
produced during the 1975 growing season, Approximately 520 scars were
recorded on the new rhizome growth of 25 rhizomes with 392 floating
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Table 6. Rhizome age estimates of Nuphar luteum based on new petiole scars and increases in rhizome
lengths during 1975.

Estimate from Petiole Scars Estimate from Rhizome Leng;h

Rhizome Scars per New Scars Age Rhizome Growth in Age
Number Rhizome in 1975 {(Years) Length (cm) 1975 (cm) (Years)

1 183 20 9.2 76.1 8.2 9.3

2 213 31 6.9 156.1 15.9 9.8

3 172 14 12.3 39.0 6.7 5.8

4 90 22 4.1 77.2 9.2 8.4

5 129 27 4.8 69.2 13.9 5.0

6 173 18 9.6 39.2 3.7 10.6

7 156 21 7.4 57.8 9.4 6.1

8 157 19 8.3 79.3 11.3 7.0

9 92 31 3.0 33.6 7.1 4.7

10 175 26 6.7 70.6 9.1 7.8

11 99 24 4.1 33.9 7.9 4.3

12 129 14 9.2 58.8 9.0 6.5

13 149 15 9.9 52.1 7.3 7.1

14 143 21 6.8 92.1 10.0 9.2

15 105 17 6.2 23.8 5.3 4.5

16 200 26 7.7 41.9 7.8 5.4

17 229 39 5.9 78.4 8.2 9.6

18 124 15 8.3 39.1 6.1 6.4

19 102 12 8.5 27.6 2.8 9.9

20 63 16 3.9 18.2 8.2 2.2

21 151 11 13.7 56.1 4.7 11.9

22 132 20 6.6 80.3 10.1 8.0

23 110 26 4.2 34.9 9.7 3.6

24 109 - 22 5.0 102.8 11.9 8.6

25 188 13 14.5 122.8 11.6 10.6

Mean + s.d. 7.5 + 3.0 7.3+ 2.5

I




petioles and peduncles accounting for 75% of the total scars,

Root productivity was calculated based on root-to-rhizome ratios from
the June 1975 extensive sampling survey and by assuming the same turnover
rate as for the rhizomes (0.14 per year)., There was a positive correlation
between root and rhizome biomass for the extensive sampling survey with a
correlation coefficient of 0,85 (Fig. 8). Root biomass was predicted by
the equation Y = 0,790 + 0,154X, where Y = biomass of roots (g dry wt/0,35
m2) and X = biomass of rhizomes (g dry wt/0.35 mz). The average root bio-
mass of 21.9 g dry wt/m“ during the 1975 growing season times the turnover
rate gave an estimate of 3,1 g dry wt/m? annual root production (Table 5).
Root productivity calculated from monthly rhizome tagging would have been
0,2 g dry wt/m2.month (Appendix, Table I).

The total annual production of Nuphar was 222 g dry Wt/m2 with a net
organic (ash free) production of 194 g/m4 (Table 5), Generally 77% of the
Nuphar biomass was below the substrate while 92% of the net primary produc-
tivity was contributed by aboveground structures.,

Unlike Nuphar, Justicia biomass accumulated rapidly during the growing
season reaching a peak biomass in August 1975 of 277 g dry wt/m2 (Fig. 6).
By subtracting the minimum biomass of 103 g dry wt/m“ for May from the peak
biomass, a net primary productivity of 173 g dry wt/m? was obtained, Some
mortality was observed during the growing season; therefore, this value is
considered an underestimation, The actual yearly net primary productivity
probably lies somewhere between these two values., Net annual organic (ash
free) production based on peak biomass was 246 g/m2 (Appendix, Table J),
Grazing by herbivores was not measured for Justicia; however, losses
_appeared to be quite low during the sampling period,

Biomass Distribution

Aerial photography

Macrophyte coverage for the study area in 1974 (August through Septem-
ber) was estimated to be 262,335 mZ or approximately 26.2 ha (Table 7).
The values (m2 coverage) for each of the northern segments (C,D, and E)
were several times higher than those of the lower river (A and B), Coverage
for Nuphar represented 997 of the total macrophyte communities in the study
area, Justicia distribution was restricted to the extreme lower portions
of the river (A and B) as small monospecific stands (Fig, 1),

Flights taken in Jume 1975 revealed total macrophyte coverage to be
277,306 m? (ca, 27,7 ha), Several macrophyte beds of both Nuphar and
Justicia observed in segment B were overlooked during the 1974 flights,
but were included in the 1975 estimation (Table 7)., Segment B had the
least macrophyte coverage for the study area and the most obvious signs of
shore erosion, 4
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Table 7. Coverage (mz) of Nuphar and Justicia communities on the lower
Chowan River for August -~ September 1974, and for 16 June 1975,

Western Shore Eastern Shore .
Strata Nuphar Justicia Nuphar Justicia Total

AUGUST - SEPTEMBER 1974

A e 610 11,261 2,120 13,991
B 18,571 —— mmmmeee e 18,571
C 74,457 - 11,869 = ————- 86,326
D 60,831 — 19,595 ——— 80,426
E 32,425 —-— 30,597 0 e=——- 63,022
Total Coverage 1974 262,335
16 JUNE 1975
A e 2,760 26,255 2,064 31,079
B 9,319 ————— 11,942 215 21,476
C 74,589 ——— 9,008  ~——— 83,597
D 31,049 meeee ' 42,470 ————- 73,519
E 44,400 0 ——e—e 23,235 = meee- 67,635
Total Coverage 1975 277,306
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Extensive biomass survey

To estimate the total biomass in the lower Chowan River area, and to
determine the amount of variability between macrophyte beds, an extensive
sampling survey was completed in June 1975, Seventeen Nuphar beds were
randomly selected for sampling based on 42 beds that could be delineated
from the 1974 aerial photographs (Fig, 1). The river was divided into a
lower portion (S of Holiday Island) where nine beds were sampled and an
upper portion with eight beds, Two 0,35 m? quadrats were harvested from
each bed with only one quadrat excavated for roots. Root biomass was pre-
dicted by the linear regression formula (Fig, 8). The biomass in each
macrophyte bed was calculated from the average of the two 0,35 m?2 quadrats,

The average biomass for the eight beds in upEer river was 248 £ 85 g
dry wt/m? (R + 95% C,L.) and 201 % 100 g dry wt/m* for the nine beds in the
lower river (Table g). Average biomass for the entire study area was

223 + 65 g dry wt/m“ (X £ 95% C.L.), Analysis of variance showed no signi-
ficant difference at the 5% level between the upper river and the lower
river (Table 9),

Multiplying the average biomass data from the extensive sampling survey
for the total river (Table 8) by the areal coverage (Table 7) in June 1975
gives an estimate of 60,7 MI' for Nuphar. The total peak biomass for Justicia
was approximately 1.4 MT or 2% of the total macrophyte biomass.

Discussion

Primary Productivity

Nuphar productivity

Evaluation of annual net primary productivity based upon changes in
biomass at monthly intervals during the growing season could not be applied
to the Nuphar community, This was due to a high floating leaf mortality
during the growing season, past years of underground biomass accumulation,
and, as mentioned before, sampling problems resulting from non-random dis-
tribution of biomass, The calculation of net primary productivity for Nuphar
thus necessitated the determination of leaf turmovers, and the annual incre-
ment of underground organs,

The approach of estimating net primary productivity by equating it to
the observed aboveground peak biomass has been criticized by some authors
(Westlake 1969, Waring 1970, Wetzel 1975, pp. 376-377), This reasoning
ignores losses of plant material due to death and damage which could account
for a large percentage of the maximum biomass and also grazing losses in
the 0,5 to 8% range of the total biomass as reported by Wetzel (1975, pp.
379-380), In addition, it assumes that few biomass losses have occurred
between sawplings and that the productivity of belowground organs could be
consi .:ed negligible, The latter assumption in the case of some emergent
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Table 8. Extensive piomass survey of Nuphar luteum of the lower Chowan River
for June 1975.
Biomass Biomass
Area Bed No. g dry wt/m Area Bed No. g dry wt/m
Upber River 12 177.0 Lower River 1 71.6
(N =8) 17 158.7 (N =9) 3 . 81.4
19 389.3 6 16.7
20 188.0 7 289.1
21 143.5 11 193.7
22 154.3 36 492.2
24 457.9 37 141.0
29 313.5 39 165.7
41 359.9
Total 1,982.2 1,811.3
Mean (+ 95% C.L.) 247.8 + 84.7 201.3 + 100.1

Overall Mean (+ 957 C.L.) = 223.1 + 65.3 g dry wt/m’

Table 9. Analysis of variance comparing Nuphar luteum biomass between the
upper and lower Chowan River. F-value is not significant at the
0.05 level.

Source df ssq msq F

Between 1 1,123.5 1,123.5 0.47

Within 15 35,808.7 2,387.2 P = 0.05

Total 16 36,932.2
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and floating-leaved aquatic vegetation is questionable where underground
organs often compromise a large portion of the total biomass (Westlake 1968,
Waring 1970, Fiala 1973),

Nuphar peak biomass had a wide range (115-300 g dry wt/mz) depending
upon the location of the macrophyte bed within the study area, The maximum
biomass occurred in the northern portion of the river at Wiccacon Creek,
while the minimum biomass was observed at Keel Creek (Fig. 5). Results of
other macrophyte studies utilizing peak biomass as a criterion for net
primary productivity were compared with the peak biomass of Nuphar (Table 10).
The peak biomass meagurements reported by Bernatowics and Pieczynska (19653)
of 53-358 g dry wt/m“ for §., luteum approximated the range found in this
study, Waring (197Q) observed a peak biomass in July 1968 for N. advena
of 1,329 g dry wt/m2 with 817 of the biomass in the sediment, Such differ-
ent values are probably due to the variation of species in response to a
variety of physical and chemical characteristics of both the water and the
sediment (Boyd 1967).

The number of floating leaf and petiole turnovers was calculated to be
5,7 times for the 1975 growing season, This rate was determined by divid-
ing 31, the average life span of all floating leaves and petioles tagged,
into 176, the number of days between initial growth (ca., May 10) and the
first frost (ca. November 2), Waring (1970) determined the number of
turnovers for leaves and petioles to be approximately 4.4 times per growing
season in Pennsylvania, The average life span of leaves and petioles were
similar for both Nuphar luteum (31 days) and Nuphar advena (34 days).

Differences in the calculated production of floating leaves and
petioles based on weekly turnover rates appeared to be a direct function
of their density., Rockyhock Creek and Keel Creek had much lower floating
leaf demsity than Wiccacon Creek (Table 3), Therefore, this difference
was responsible for the higher floating leaf production of 246 g dry Wt/m2
at Wiccacon Creek, This assumed that the same turnover rates for Rockyhock
Creek was constant throughout the river,

Submersed leaves and petioles were present throughout the year.
Hutchinson (1975, p. 159) and Arber (1920, p. 29) have reported that so-
called water leaves can persist throughout the winter in localities which
do not freeze, During the winter and spring of 1975, strong northeast
winds resulted in wind tides that exposed submersed leaves in shallow areas
of macrophyte bed, Apparently desiccation and direct sunlight caused the
severe damage that was observed when leaves were exposed, The 1975
annual production for submersed leaves of 65,5 g dry wt/m“ was considered
an underestimate since they were present all year and data were not collec~-
ted during the winter nor were estimates made,

The annual production of flowers, peduncles, and fruits was 12,5 g
dry wt/u2, Waring (1970) calculated the total production for flowers,
peduncles, and seed pods to be 16 g dry wt/m2 by summing their monthly
biomass estimates, ke reported that the first flowers appeared in May and
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Table 10, Estimations of peak biomass for some aquatic macrophytes.

Biomass
Location Species (g dry wt/mz) Source
Submergent:
Lawrence L., Mich. Scirpus 338 Rich et al. 1971
Borax L., Calif. Ruppia maritima 60 Wetzel 1964
Kitty Hawk Bay, N.C. Ruppia maritima 8 Hall et al. 1976
Myriophyllum spicatum = 274
River Yare, England Potamogeton 380 Owens and Edwards 1962
River Test, England Ranunculus 100 - 400 Owens and Edwards 1961
Pamlico River, N. €. Vallisneria americana 113 Vicars 1976
Floating-leaved:
Pennsylvania Nuphar advena 1,329 Waring 1970
Poland Nuphar luteum 53 - 358 Bernatowicz and
Nymphaea alba 60 - 610 Pieczynska 1965
Wisconsin Nuphar advena 205 ; Rickett 1924
Chowan River, N. C. Nuphar luteum 115 - 299 This study
Emergents:
New York Typha angustifolia 1,730 Harper 1918
England Phragmites communis 1,300 Pearsall and Gorham 1956
England Glyceria maxima 656 Westlake 1966
Minnesota Zizania aquatica 500 Bray et al. 1959
Chowan River, N. C. Justicia americana 276 This study '
L. Ogletree, Ala. Justicia americana 2,195 Boyd 1969%*
L. Seminole, Florida Justicia americana 1,634 Boyd 1969%
Cahaba River, Ala. Justicia americana 802 Boyd 1969%
Halawakee Creek, Ala. Justicia americana 409 Boyd 1969%
Chewaleca Creek, Ala. Justicia americana 322 Boyd 1969%

*Samples taken in June, Values are slightly below peak biomass,
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that seed pods persisted into the month of September., In this study, flow-
ering was first observed in early June and proceeded until the latter part
of August, Aquatic insects and waterfowl grazed heavily upon the fruits
and flower parts during the growing season, especially at Keel Creek,
Martin and Uhler (1939) have indicated that the parts most consumed of
Nymphaeaceae (spatterdocks, yellow pondlilies) are the seed pods and seeds.
This grazing reduced the seasonal average biomass and thus resulted in an
underestiwation of new priuary productivity for these structures,

The annual rhizowe productivity of Wuphar was 13.6 g dry wt/mz. This
estimate was obtained by dividing the average seasonal biowass per square
meter by the average rhizome age. This method assumed that rhizomes of
different ages had similar growth characteristics and that each year the
rhizome meristem grew the same length and produced the same number of
petioles as in 1975 (Table 6). However, with these questionable assump-
tions, these two techniques allowed a method of determining rhizome age in
a single growing season, Westlake's (1965, 1968) tagging methods used to
determine the annual production of aquatic macrophytes with extensive
rhizomes would have required many growing seasons, This procedure was thus
applied to Nuphar during the 1975 growing season,

Grainger (1947), in stuyding N, lutea, observed yearly scars left by
peduncles and deduced that the weight of the rhizome between successive
groups of peduncle scars represented a year's production. This method
could not be applied in this study since many of the rhizomes flowered
several times during the growing season,

The average monthly rhizome growth was 1,1 g dry wt/m2 which was
considered an underestimation since increases in rhizome biomass occurred
in circumference as well as length. The tagging of selected rhizomes
allowed for both of these growth parameters to be wmeasured on a seasonal
basis in the 1 w x 12 w quadrat at Rockyhock Creek,

Records on individual plants of Nuphar have suggested a life span of
more than a century (Heslop~Harrison 1955), The age of Nuphar advena in
Waring's study was approximately 4 years which was somewhat lower than
observed for this study (7 years), Other studies on the age of underground
rhizomes have been reported by Westlake (1965) as follows: Glyceria
maxina ~ 2 years; Phragmites communis - 2 to 3 years; Sparganium erectum =
2 years; and Scirpug lacustris - 3 years. The ecological role of the
rhizomes in supplying energy reserves and asexual vegetative propagation
has been reviewed by Sculthorpe (1967) and lutchinson (1975). Rhizomes
apparently furnish the energy utilized in the rapid growth of emergent
organs in the spring,

The calculated root production of Nuphar was 3.1 g dry wt/m?, This
value may have been an underestimation since it was not possible to
excavate the roots which penetrated deeper than 30 cm into the substrate,
Another problem encountered during sampling of roots was the fragmentation
of root branches during harvesting. Small fragments of roots were lost
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during the washing of the sauple material,

Total root and rhizome production for Nuphar was 26,7 g dry wt/m
22% of the average belowground biomass for the growing season (Table 5).
Waring (1970) found that the combined root and rhizome production for
N. advena was approximately 277 of the belowground biomass, Both of these
values were lower than were reported by Westlake (1965) for Typha which
had 50% of the belowground biomass replaced yearly,

Nupliar had an annual net primary productivity of 222 g dry wt/m for
the 1975 growing season, By multiplying the Nuphar coverage (Table 7) in
June 1975 times the productivity, an estimated production of 60,4 MI of
plant biomass was determined for Huphar in the study area, If extrapolated
to the entire river surface area within the study (100 kin2 )y annual pro-
ducthlty would be approximately 0,6 g dry wt/m2 or 0,3 g C/m2 (assumes

= 0,45 x ODW and ash content of 12,57 of the g dry wt), gtoplankton
annual primary productivity in the Chowan River was 100 g ¢/m“ (Donald
Stanley, personal communication), Therefore, since Nuphar coverage was
less than 1% of the study area in contrast to approximately 100% coverage
by phytoplankton, Nuphar productivity appears to be insignificant to the-
river carbon budget, This same condition was observed in the Pamlico River:
estuary by Vicars (1976) with submersed macrophytes., Annual product1v1ty
of phytoplankton was approximately 40 - 80 g C/m2 (Crawford et al., 1974)
with macrophyte production estimated at 83 g C/u2, However, macrophyte
coverage was only 1 to 27 of the total estuary while phytoplankton cover-
age was essentially complete,

The importance of aquatic macrophytes in the lotic ecosystem has been
emphasized from the standpoint of their contribution to the detrital
structure of the system (Wetzel and Rich 1973, Wetzel 1975, p. 546, Whittor
1975, pp., 235-236), Miecrobial degradation of detrital macrephyte material
has appeared to contribute significantly to the lotic food web where
detrital heterotrophic metabolism dominates in most cases.

hApproximately 77% of the Huphar biomass was in the substrate, while
92% of the net primary productivity was in aboveground structures,  The
probable function between biomass distribution and productivity of HNuphar
was viewed in its habit of growth. Since Nuphar is peremnnial, a large
supply of stored food is utilized in the production of new floating leaves
and petioles, Continued growth of the rhizomes and subsequent decay of
their older portions is an effective asexual mechanism in colonization of
the Chowan littoral by Nuphar, The extensive rhizoue system reduces the
probability of uprooting in soft sediments.

Laing (1940) found that the rhizome of Nuphar advena was capable of
anaerobic metabolism and could live anaerobically for long periods when
the plant was in darkness. Also, the production of shoots in N, advena
and Peltandra virginica was greatest when the rhizome was almost entirely
deprived of oxygen (Laing 1941), This adaptation would be advantageous to
Nuphar in the Chowan River especially in such areas as Keel Creek,
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Justicia productivity

The estimated net primary productivity based upon peak biomass measure-
ments for Justicia was 277 g dry wt/m2 (Appendix, Table J). However,
Justicia peak biomass was much lower than the value reported by Boyd (1969)
of 2,458 g dry wt/m? in Lake Ogletree, Alabama. Rootstock standing crop
was not measured prior to the beginning of the growing season in Boyd's
study and was assumed negligible. In this study, a large initial biomass
of 103 g dry wt/m2 was present in May 1975 (Table 2). Normally, determina-
tion of net primary productivity is estimated by subtracting initial bio-
mass from the seasonal maximum, ilortality of plants and plant parts
appeared low and was not measured for Justicia, The true annual net pri-
mary productivity probably lies somewhere between peak biomass and the
difference between peak biomass and initial biomass,

Community structure

The density for floating leaves and petioles of Nuphar was highest at
Wiccacon Creek with a maximum of 31 floating leaves per square meter
(Table 3), Density for Rockyhock Creek and Keel Creek was probably lower
due to the increased width of the littoral and increased stress from wind
wave action,

Both Nuphar and Justicia formed a clumped distribution as indicated
by the variance-~to-mean ratios of greater than one (Appendix, Table E),
Westlake (1969) pointed out that spatial variation in the macrophyte
community was often non-random, being both aggregated and related to
gradients such as increasing depth. Moore (1965) suggested that the non-
random distribution of vascular aquatic communities was the result of
vegetative forms of reproduction.

Nuphar had a maximum leaf area index (LAI) of 0.82 at Wiccacon Creek
(Table 3), Odum (1971, p. 48), in referring to terrestrial communities,
stated that a LAI of 4 is optimal for net production, The LAI value for
this study appears to be somewhat low as compared with the value given by
Nicholson and Best (1974) of 4.7 for Nuphar variegatum and Nymphaea
odorata, However, Nicholson and Best (1974) found LATI and community
production were not well correlated in many cases., One probable reason
for such a low LAI for Nuphar was the high number of turnovers for floating
leaves during the growing season that may have been induced by wave action
damage.

Biomass Distribution

Aerial photography has been suggested as a means for determining the
distribution and abundance of aquatic macrophytes (Lukens 1968, Kelly 1969,
Davis and Brinson 1976), Terrestrial ecologists have used remote photo-
graphy for mapping plant distributions, identifying geological features,
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and studying the interrelationship between biological communities and the
environment (Kelly and Conrod 1969).

The determination of biomass distribution for aquatic macrophytes
within the study area would have been virtually impossible if attempted by
boat. Low altitude flights combined with limited harvest sampling has
proven a suitable alternative to conventional methods, Therefore, the main
advantage of the use of aerial photographic methods has been their effi-
ciency in ecological interpretations (Gustafson and Adams 1973),

Vertical photographs are necessary for mapping to assure constant
scale over the entire photograph. Lukens (1968) and Fritz (1970) have
emphasized the problems encountered in oblique photography such as decreas-
ing scale across the photograph, skylight reflections from the water sur-
face, and haze., 1In this study, all aerial photographs were taken verticall
at an altitude of 1,200 feet (366 m),

Species differentiation was found to be superior with color photograpl
and color infrared photography as compared to black and white photography.
Since little information appeared to be gained from the color infrared
imagery about bed size and macrophyte distribution, color photography was
used for mapping in this study., Interference resulting from shading by
surrounding trees was minimized in the color photographs,

The macrophyte coverage for 1974 (August through September) was
262,335 mZ with the 1975 (June) coverage of 277,306 m2, This difference
(5%) is probably not statistically significant,




PHOSPHORUS CYCLING IN Nuphar‘COHMUNITIES
Robert R, Twilley

Introduction

The dominant pathway of phosphorus (P) movement in the biosphere is
from terrestrial ecosystems to the sediments of aquatic ecosystems., Because
of its importance as one of the major limiting nutrients of priwary pro-
ductivity (Hutchinson 1957), P has received much attention in aquatic
ecology, The purpose of this research was to evaluate the role of aquatic
macrophytes in cycling of P in the Chowan Kiver. Aquatic macrophytes may
affect P cycling by the following processes; absorption, accumulation,
translocation, secretion, and decomposition, The relationship of these
processes is illustrated by a wmodel depicting the possible pathways of P
through macrophyte comaunities (Fig, 9), The controversy over which of
these pathways of P through rooted aquatic macrophytes is dominant, and
therefore the source of P in plant nutrition (Sculthorpe 1967, Hutchinson
1975, Wetzel 1975), centers around three possible dowminant pathways:

(1) foliar absorption and subsequent translocation throughout the plant
(Sutcliffe 1958, 1962; Den Hartog and Segal 1964); (2) absorption by roots
and translocation to aboveground vegetation (Bieleski 1973; Pearsall 1920,
1921; venny 1972; Bristow and Whitcombe 1971); (3) a bidirectional pathway
with leaves and roots absorbing nutrients which are then distributed
throughout the plant (icRoy and Barsdate 1970). Depending on the dominant
. pathway, rooted aquatic macrophytes may act as either a sink or a source
of P for the water.

The pathway of P from sediment to water via root absorption and sub-
sequent translocation may be important to the P concentration in the water,
Sediuents accumulate large quantities of P and, under reduced conditioms,
dissolved P pools develop which have concentrations several orders of
magnitude greater than the P concentration of overlying water (Mortimer
1941, Wetzel 1975), Laing (1940) found that Nuphar advena rhizomes were
able to respire under anaerobic conditions and Sculthorpe (1967) described
a transport pathway of gases from leaves to roots and rhizomes. These
mechanisms enable belowground structures to survive reduced conditions in
the sediment where these high concentrations of dissolved P exist, By root
absorption and subsequent translocation to leaves and decomposition, rooted
aquatic macrophytes may be a significant factor in the regeneration of P
from the sediment to the overlying water.

The major site of P absorption and dominant translocation pathways
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Figure 9. A model of the phosphorus cycle through a community of rooted
aquatic macrophytes. X, represents the quantity of P in the
compartments and k,p is the flux of P from compartment a to
compartment b. The processes that cycle P through the
community are: absorption - kog and ki3s; translocation - kgjg
and kgg; secretion - kg3 and kgp; death - kgy, ks4; decom-
position - kis and k,3. Each flux (kap) is proportional to the
quantity in the donor compartment (Xz), times a transfer
coefficient, A, which represents the turnover rate of compart-
ment, X,, such that X = kgp/Qa. Thus,

dx:
?lTb— = Aab°Xa

in a two compartment system consisting of X, and Xj.
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vary among specles., 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 32P 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 (DeMarte and Hartman 1974), and Zostera marina (McRoy
and Barsdate 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 Myriophvllum 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 em. 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,
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Adams et al, 1971, Gossett and Norris 1971, Seddon 1972, Adams et al. 1973,
and Gerloff and Fishbeck 1973), The work by Adams et al, (1973) in Penn-
sylvania is an example of an extensive tissue analysis survey of aquatic
vascular plants, But Wetzel (1975, p, 374) feels that the discovery of
bidirectional pathways of nutrients through aquatic macrophytes ''megates"
any use of plant structures in determining nutrient availability in a
medium (water) since the source of the nutrient in the plant may have been
elsewhere (sediment)., Generalization of these concepts to all aquatic plants
probably is not warranted owing to the large degree of anatomical variation
among species, While the root system of some submersed species is largely
lacking, the root system of some floating~leaved and emergent species is
quite extensive,

Aquatic macrophytes accumulate nutrients in excess of their demand,
a phenomenon described as luxury uptake (Gerloff and Krombholz 1966). The
amount of P found in the biomass of aquatic macrophyte communities can
represent a large pool of P unavailable to other organisms and pathways.
The standing stock of Zostera marina in the Izewbek Lagoon, Alaska,
accumulated 3,56 g P/m% in the leaves (McRoy et al. 1972), If this quantity
of P were released to an overlying water column of 2 m depth, the resulting
concentration would be 55 mg—-at P/liter, a very high value indeed, These
concepts concerning nutrient uptake by aquatic plants led to the proposal
that they be used to control nutrient enrichment in waters (Boyd 1970b).

Flux as in index of phosphorus availability

The turnover rate of essential elements that are in low concentration
compared to other elements, i,e. phosphorus, is indicative of the metabolic
activity of an aquatic system (Pomeroy 1970), In this respect, a community
of aquatic macrophytes contributes to the productivity of a system by
regenerating from the sediment P that had been lost from the water., Boyd
(1970a) contends that the decomposition of aboveground vegetation releases
minerals that originated from the substrate, 'T[he objective of measuring
decomposition is not only to measure the flux of P into and out of ‘the
- detritus compartment, but also to determine the degree that this process
is involved in the exchange of P between water and substrate, To establish
this, the amount and direction of P flux through Nuphar had to be determined.
This involved studies on absorption and translocation,

Basically, two techniques are available for the study of leaves and
roots in inmorganic nutrition of aquatic macrophytes. These include the
comparison of growth rates of aquatic macrophytes rooted in various
substrates with those that are not rooted at all (Pond 1905, Denny 1972).
Another technique involves the isolation of shoots and roots so that
isotopes can be selectively introduced to a single compartment (Aldrich
and Otto 1959, Funderburk and Lawrence 1964, Frank and llodgson 1964,
Littlefield and Forsberg 1965, licRoy and Barsdate 1970, Bristow and
Whitcombe 1971, Dellarte and llartman 1974), A difference in these tracer
techniques was whether the medium surrounding the roots is soil
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(Reimold 1972, Dedarte and Hartman 1974) or water with nutrient concen-
trations similar to the concentration in the substrate (licRoy and Barsdate
1970, Bristow and Whitcombe 1971), Actually lMcRoy and coworkers used both
soil and water surrounding roots in studies with Zostera marina, but

based their conclusions on the experiments with the water medium, They
found between a 100 and 1000 fold decrease in 32P radioactivity in 5 cm
sections above and to the side of the injection point. A major premise
for interpretation of radioisotope tracer studies is that the isotope is
uniformally distributed in the compartment to which it is injected., This
is unlikely when isotopes are injected into sediments to study uptake rates
of roots, Also, secretion of P by roots would be difficult to measure in
the sediment,

A number of factors interact and affect the absorption of P by plants.
The metabolic state of the plant, including photosynthesis, growth, and
age, may relate to the absorption of P and any treatment which reduces
growth may cause a corresponding decrease in the absorption of salts
(Sutcliffe 1962), One of the most important factors influencing P absorp-
tion seemed to be the concentration of P in the medium (Knauss and Porter
1954 and Jeschke and Simonis 1965), But Olsen (1950) concluded that the
rate at which individual ions are absorbed was determined by the ratio of
their concentration to those of other ions in the medium, rather than by
concentration itself, However, by varying the time of incubation of plant
structures with isotope and nutrient concentration of the medium, Gerloff
(1975) was able to determine V and K, for roots and shoots of four
aquatic vascular plants,

mnax

The approach to study absorption, translocation, and secretion of P
was patterned after the work of Gerloff (1975) and iicRoy and coworkers
(1970, 1972) in an attempt to deteruwine: (1) the rates of P uptake by
floating leaves, submersed leaves, and roots; (2) the importance of roots
in the nutrition of Nuphar; and (3) which of the bidirectional fluxes of
P in Nuphar dominates,

Materials and Methods

Seasonal and Spatial Phosphorus Distribution

Field sampling

Wuphar luteum was collected at Keel Creek and Indian Creek from July -
November 1974, and at Keel Creek, Wiccacon Creek, and Rockyhock Creek from
January - September 1975 (Fig, 1), Each plant community was sampled at
monthly intervals during the growing season and bimonthly during the winter,
During the 1974 sampling period four 0,35 w2 quadrat samples along a
randomly placed transect perpendicular tc the shore were taken at each
location, Three quadrats along two transects at each site were sampled
during the 1975 period, Aboveground biomass (leaves and petioles) was
harvested by hand and belowground vegetation (roots and rhizomes) with
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posthole diggers to a depth of 30 cm. The samples were placed in plastic
bags on ice until processed in the laboratory,

Phosphorus analysis

Nuphar luteum plants were separated into compartments (floating leaves,
submersed leaves, petioles, roots, rhizomes, flowers, and peduncles) and
cleaned by removing the epiphytes with a nylon brush and rinsing the plants
with distilled water, Samples were oven~dried in paper bags at 85°C for
72 h and dry weights were recorded, Bulky dried samples (rhizomes) were
chopped in a blender and aliquots of each structure were ground in a Wiley
Mill (40-mesh screen), Ground material was sealed in small plastic bags
and refrigerated (4°C).

Duplicate P determinations were made on each sample, One gram
aliquots of each ground sample were dry ashed in a muffle furnace at 480°C
for 3 h, The temperature of the nuffle furnace did not exceed 250°C when
the samples were placed inside to prevent plant loss from the aluminum
pans due to violent combustion which occurs at high temperatures, After
ash weight was recorded, the ash was then placed in 100 ml volumetric
flasks to which 10 ml of concentrated hydrochloric acid (HC1l) was added,

The flasks were heated until the ash dissolved, This concentrated acid
solution was diluted to approximately 100 ml with distilled water, filtered
through Whatman No, 41 filter paper, brought to a final volume of 250 ml

and refrigerated (4°C), The weight of the insoluble fraction, presumably
silicon, was determined by weighing the filter paper before and after
filtering the dissolved samples (air dry at room temperature for 48 h),

This fraction was subtracted from the total ash residue before percent

ash values were calculated, Silicon in the aboveground samples was
negligible, but 28,97 of the ash weight for roots was attributed to silicon,
High silicon concentrations were attributable to the inability to remove
these particles during cleaning. Likens and Bormann (1970) found no
significant changes in P concentration in plant material after the insoluble
ash was dissolved and added to their samples, No correction was attempted
for my samples, Phosphorus was determined by a molybdate blue procedure

as described in Envirommental Protection Agency (1971) for ortho~phosphate,
Significant differences in P concentration and ash content between structures
and study sites were determined by the Newmann-Keuls multiple range test

at the 0,05 level of significance (Zar 1974),.

All P data of plant samples was expressed as atomic weight per gram
of organic weight, The organic weight is assumed to be the ash free dry
weight of the plant and is symbolized by OW,

All glassware used during this procedure was originally soaked over-
night with 50% HCl and at the beginning of each analysis the glassware was
rinsed with 257 HCl. After each acid wash the glassware was rinsed twice
with deionized water. The filter paper was rinsed with distilled water
before filtering the samples, Ions were removed from plastic containers
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by soaking them overnight in a 2% nitric acid solution,

To compare the dry and wet ashing procedures, eight random plant
samples were chosen and ashed using a sulfuric acid-~hydrogen peroxide
solution similar to that described by Allen et al, (1974), Phosphorus
concentrations using this wet ashing technique were not significantly
different (P < 0,05) from those ashed in the muffle furnace,

Phosphorus Pools in the Sediment

Field collection

Sediment cores were collected from Rockyhock Creek, Keel Creek, and
Indian Creek on 16 August 1975, with a plastic tube (4.7 em x 50 cm) to
a depth of 30 cm and were brought back to the laboratory on dry ice and
kept frozen (~10°C) until processed,

Interstitial water

As suggested by Bray et al, (1973), interstitial water was extracted
under anoxic conditions by performing the following procedure in a glove
bag purged with nitrogen gas, Cores were separated into 5 cm sections to
a depth of 25 cm and each was pressed with 40 1b of pressure in a nylon
press for 45 min at room temperature, The press was equipped with a
0,45 p~pore membrane filter that was deareated by soaking it in deionized
water purged with Nj gas to exclude atmospheric oxygen, The interstitial
water samples were collected in 15 ml glass graduated centrifuge vials
from which 2 ml aliquots were taken in duplicate for phosphate analysis,
These samples were stored in a vacuum desiccator purged with N, and frozen
(~10°C), Ortho-phosphate was measured as described in Environmental Pro-
tection Agency (1971) except 0,31 ml of combined reagent was used since
there was only 2 ml of sample, Analysis was with a Bausch and Lomb
Spectrophotometer set at 880 nm,

Biologically available phosphorus

Each 5 cm core section was analyzed for biologically available P as
described by Wentz and Lee (1969a), The sections were dried for 48 h in
an oven (85°C), lightly ground with a mortar and pestle, and stored in
acid-washed glass bottles under refrigeration (4°C), Phosphorus was
extracted from 200 mg of soil with 25 ml of a dilute HC1-H5SO, solution
with a pH of 1,1 (Olsen and Dean 1965), These samples were shaken for
30 min on a mechanical shaker and then filtered through a 0,45 p-pore
membrane filter, Twenty ml was used to measure ortho-phosphate by a
vanadomolybdate yellow method (Jackson 1958) on a Bausch and Lomb
Spectrophotometer set at 420 nm,
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Phosphorus Flux Tracer Experiments

General procedures

Experiments in both the laboratory and field were run to determine the
uptake, translocation and secretion of P by Nuphar, The various plant
structures (floating leaves, submersed leaves, and roots and rhizomes) were
isolated with plexiglass chambers (Fig, 10) similar to the techniques used
by McRoy and Barsdate (1970), The rectangular chambers (22,9 cm x 20,3 cm
x 10,2 cm) were made of one~fourth inch plexiglass and each had an approxi-
mate volume of 4 liters, The chambers used for roots and rhizomes were
covered with opaque tape to exclude light, The plant was first placed
inside the root and rhizome chamber; then submersed and floating leaves
were rolled up and passed through 2,5 cm diameter holes on the top and side
of this chamber, respectively. Chewing gum was wrapped around the petioles
where they extended from the chamber, A bored-out rubber stopper that
had been split on the side was placed around the gum and petioles of
floating leaves and pressed inside the corresponding hole, A 5 cm length
of suction tubing that also had been cut longitudinally was placed around
the gum and petioles of the submersed leaves, When this tubing was fitted
into the hole of the lower opaque chamber, a seal was formed, The
submersed leaves were folded again and put through a matching hole in the
upper clear chamber, The suction tube and its enclosed petiocles were
fitted into this hole to form an impermeable seal,

Before each field experiment, plexiglass chambers were scrubbed, rinsed
and soaked in distilled water overnight, These samples were assayed on a
Packard Model 3320 liquid scintillation spectrometer and no radioactivity
was detected above background from any of the chambers.

The surface area of leaves and roots were measured to allow expression
of uptake rates based on area in addition to dry weight. The areas of
floating and submersed leaves were determined by tracing the perimeter of
the leaves on paper and measuring this area with a planimeter, This value
was doubled to account for the total area of the submersed leaves,

After the experiment surface area of roots was determined by a
staining-destaining method (Beasley and Ting 1973) modified by Dr. Prem
Sehgal of East Carolina University, The roots were soaked for 5 min in
150 ml of toluidine blue (0.02%7 in 107 sodium borate) which is a specific
stain for cellulose, The roots were rinsed with distilled water to remove
the dye and then washed for 15 min with 100 ml destaining solution (made
of 90,0 ml of 70% ethyl alcohol, 5,0 ml of glacial acetic acid), Three
aliquots of the destaining solution were placed in test tubes and diluted
10 fold, Optical density was read with a Perkin Elmer Spectrophotometer
set at 640 nm, An attempt to convert optical demsity readings to absolute
values failed so relative values were determined by uwultiplying the optical
density readings by 100,

Radioactive plant and water samples from both laboratory and field
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Figure 10, Diagram of plexiglass chambers used to isolate structures of Nuphar
luteum and radioactive isotopes,
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experiments were assayed with the liquid scintillation spectroueter (LSS),
The LSS has a high counting efficiency for most radioactiye isotopes and
discriminates between isotopes with different beta energies, A major
disadvantage of radioactive plant assay with the LSS is the sample prepara-
tion, with acids and bleaching agents causing aberrations such as chemical
and color quenching, These solutions also may be immiscible with the
organic solvents in the counting solution,

Two methods using i SO, and Hy0, were used to digest the plant
material in the tracer experiments, In the first method (used mostly for
laboratory experiments), 2 ml of concentrated 1,50, was added to 50 ug of
plant material (2 um diced pieces) and heated on a hot plate for 30 min,
The sample was removed from the heat and allowed to cool slightly and then
12~20 drops of 009 (30%) were added until the sample cleared, To the
dissolved sample, one drop of 10N NaOH and the cocktail were added, The
other technique involved a dissolving solution containing H,80,, H,0,,
selenium powder, and lithium chloride (Allen et al, 1974). Two ml of this
solution were used to dissolve 30 mg of plant tissue in a capped glass
scintillation vial, o color remained in any samples except roots, which
were cleared by adding a few drops of H90,, Care was taken in both
procedures to cool the dissolved samples to room temperature before the
cocktail was added to prevent severe chemiluminescence,

iwo counting techniques were used for the field and laboratory experi-
ments, Cerenkov counting (Kobayashi and Maudsley 1974) was used exclusively
for counting the high energy 32p radioisotope in the laboratory experiments,
There was no problem of phase separation with the sasmple or chemical
quenching with this cocktail and the counting efficiency was 46%. The
15 ml of cocktail added to each sample contained 100 ug of 4-methylumbelli-
ferone dissolved in a liter of distilled water.

The field samples were assayed for both 32P and 33p using a double
isotope counting technique (Kobayashi and Haudsley 1974). Because the
beta emergy from 33p was too low for Cerenkov counting, an organic solvent
and fluor cocktail was used (RediSolv VI, Beckman)., Counting efficiencies
were deternined by the internal standard method. Standards with just the
cocktail had 100% counting efficiencies for each isotope and were used to
determine specific activity of the isotopes, Standards for plant and
water digestion procedures were made for each isotope to determine the
balance point settings and counting efficiencies for each isotope in each
channel, The LSS was set for a maximum of 100,000 counts or 50 min of
counting for this procedure and Cerenkov counting,

The following formulae were used to determine the amount of each isotope
in each sample of the double isotope technique:

P32 = N1-N2 (_ChYl/TChZ)
Chl-Ch2 (chl/ch2)
p33 = N2=N1 (Ch2/Chl)

ch2~chl (Ch2/Chl)
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P32 = 32p in the sample (dpm)
P33 = 33p in the sample (dpm)

Chl

32p counting efficiency in channel 1
Ch2 = 32p counting efficiency in channel 2
chl = 33P counting efficiency in channel 1
ch2 = 33p counting efficiency in channel 2

N1

net total observed counts in channel 1

N2 = net total observed counts in channel 2

Phosphorus uptake was calculated from the observed activity in the plant
material and the initial specific activity measured in the water used in
the experiments, More specifically, the observed activity in the plant

material (dpm 32P/g dry wt) divided by the specific activity measured in
the water (dpm 32p/ng-at 3lp) yielded the reported values of ug-at 31lp/g
dry wt,

Laboratory experiments

The ahsorption and gubsequent translocation of P by Nuphar was studied
in the laboratory using 2p, Experiments were run on floating leaves,
submersed leaves and roots in which the absorption period and external P
concentrations were varied, Plexiglass chambers were used as previously
described to isolate the plant structures and isotopes, The chambers were
placed in an environmental control chamber under constant temperature (29°C)
and light (3 x 104ergs/cm2) from incandescent and fluorescent lamps,

The mean water temperature for all the experiments was 26,5 + 3°C, All
experiments were run in triplicate on plants collected from Keel Creek on
the Chowan River,

Plants collected for the laboratory experiments were kept either in
holding tanks in a greenhouse or in a large ice chest filled with water,
A black plastic bag was wrapped around the roots and rhizomes of the plants
collected from the field to protect them from light. All experiments were
run within 48 h after collection of the plants, Epiphytes and other
microorganisms were cleaned off the plant structures before they were
enclosed in the chambers, Also, before each experiment, leaf traces were
made of those leaves that would be subjected to the isotope, The chambers
to which the isotope would be added were filled with a modified Hoagland's
solution (Gerloff and Krombholz 1966) with a P concentration of 2,0 pg-at/
liter in the leaf chambers and 4,0 pg-at/liter in the root chambers
(Appendix, Table K). The remaining chambers were filled with tap water.
Incubation periods for the submersed leaves were 5, 10, 20, 40, and 90 min
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and for roots were 10, 20, 60, and 240 min. Besides giving information
about the absorbing capabilities of the three organs, the importance of

the time studies was to select the optimal time period for experiments in
which P concentration in Hoagland's solution was varied, The optimal
absorption period when external P concentration was varied was a time during
which linear absorption of P occurred for submersed leaves and roots; this
was 10 and 60 min, respectively, About 14 uCi of carrier-free 32p as
phosphate was added to the experimental chamber for each experiment,

After the absorption period the plants were sectioned into leaves,
petioles, roots, and rhizomes and rinsed in tap water, The structures
were dried for 48 h at 85°C and dry weights recorded, Each structure
except rhizomes was cut into approximately 2-mm pieces and the scissors
were rinsed with distilled water after cutting each structure, Rhizomes
were ground with a mortar and pestle, Two 30 mg aliquots of each structure
were dissolved and counted as described under General procedures,

Field experiments

Field experiments were run at Rockyhock Creek on 15 and 25 August 1975
for summer rates, on 9 January 1976 for winter rates and 7 liay 1976 for
spring rates. Plexiglass chambers were used to isolate the various plant
organs and the isotopes (Fig, 10). For each experiment 14 uCi of carrier-
free radioactive 32P and 33P as phosphate were injected into specific
chambers. All experiments were done in triplicate for 24 h,

The roots and rhizomes of .three plants were carefully excavated from
the substrate and rinsed in the river to remove soil from the roots and
rhizomes, These structures and the submersed leaves were placed in the
chambers as previously described, The root and rhizome chamber was filled
with a modified Hoagland's solution that had a P concentration of 4,0 ug-at/
liter and was purged with 20Q 1b of nitrogen gas (05 concentration < 1 ppm),
The submersed leaf chambers were filled with ambient Chowan water, The
floating leaves were not enclosed, The root and rhizome chamber was injected
with 32P and the submersed leaf chamber with 33P. Floating leaves on
different glants were enclosed in plexiglass chambers and injected with
10 uci of 33p during the spring experiments, The technique of a preliminary
experiment on 15 August 1975 was different, Both submersed and floating
leaves were placed in plexiglass chambers and filled with ambient Chowan
water that had a P concentration of 0,32 pg-at/liter, Pipettes were used
to inject 14 uCi of 32p into the sediment around the unexcavated roots of
the apical portion of the rhizome at three different locations at depths of
5, 10, and 20 cm, The submersed leaf chamber was injected with 32p and no
isotope was added to the chambers with floating leaves which were kept
buoyant with inner tubes,

The two field techniques resulted in different amounts of P uptake
by the roots, The radioisotope activity in the unexcavated roots from
the 15 August experiment was 8,700 dpm/g dry wt compared to 2,5 x 106 dpm/g
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dry wt for the 25 August experiment in which excavated roots were placed

in water. All other structures had less 32p activity in the first field
experiment than in the second. Because distribution around the unexcavated
roots was so poor on 15 August, these results are not reported. By
excavating the roots and rhizomes from the substrate and placing them in
water of a chamber into which the isotope was injected, much higher
activities in the plant resulted. This could be due to several factors,
including a more equal distribution of the isotope around the absorbing
organ, less dilution by 31p in the sediments, and lower rates of diffusion
in the sediments.

After 24 h, water samples were taken from each chamber. The plants
were removed, rinsed in the river, sectioned into leaves, petioles, roots
and rhizomes, and placed in plastic bags. In the laboratory each plant
structure was scrubbed with a brush to remove epiphytes and rinsed with
tap water. The samples were dried for 48 h at 85°C and dry weights
recorded. The plant material assay was similar to the laboratory techni-
ques previously described except the second sulfuric acid method (General
procedures) and organic solvent were used. Water samples collected from
the chambers were treated by adding 0.4 ml perchloric acid and 0.2 ml Hy09
to one ml of sample in a glass scintillation vial to dissolve particulates.
The samples were heated for 30 min on a hot plant, allowed to cool, and
15 ml of RediSolv VI was added.

Decomposition Rates

Phosphorus release rates from Nuphar luteum were determined for
senescing plant structures by the net bag technique (Kormandy 1968, Boyd
1970a). Fiberglass net bags of 1l0-mesh/cm were arranged along transects
at the mouth of Rockyhock Creek on 4 July 1974 and 30 September 1974 to
determine summer and fall rates, respectively. Each bag contained 35 g
fresh weight of either aboveground (leaf blades and petioles) or below-
ground (roots and rhizomes) parts. Mature but not senescent plant material
of uniform appearance was collected, blotted dry, weighed, and placed in
the net bags. The percentage of the total weight in the bags (35 g) that
each structure contributed was proportional to the biomass of the structures
in the field.

The aboveground bags were allowed to float and belowground bags were
buried ca. 10 cm deep in the sandy sediment. Duplicate bags were randomly
collected for analysis on a weekly basis for the first month and then
monthly for five months. Collected bags were stored on ice until processed.
In the laboratory the plant material was picked from the bag, cleaned,
rinsed with distilled water, dried for 48 h at 85°C and dry weights were
recorded. Dried plant material was ground in a Wiley Mill using a 40-mesh
screen and then dry ashed (480°C) for 3 h in a muffle furnace. Ashed
material was dissolved and phosphorus determined by procedures already
described. :

So that the data could be based on dry weights, the initial dry
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weights and P concentration were determined by analyzing the contents of
five pags 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 pg-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. 1In 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/m? 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
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Table 11. Ash content of three types of aquatic macrophytes including the
mean values for the structures of Nuphar luteum and N. advena.

Type of Plant

Percent Ash

Source

Emergent Species

Submersed Species

Floating-leaved Species

Nymphaea odorata

Nuphar advena

Leaves
Petioles
Rhizomes
Roots
Flowers
Peduncles
Mean

Nuphar luteum

Floating Leaves
Submersed Leaves
Petioles

Roots

Rhizomes

Flowers and Peduncles
Mean )

12

21

16

Straskraba 1968
Straskraba 1968

Straskraba 1968

Sculthorpe 1967
Sculthorpe 1967

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

This study
This study
This study
This study
This study
This study
This study
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Table 12, Mean concentrations of phosphorus (ug—at/g OW) in
anatomical structures of Nuphar luteum,

Sampling Sites

Structure Keel Creek Keel Creek Wiccacon Indian Rockyhock Mean S.E,
1974 1975 Creek Creek Creek

Floating Leaves 161 169 173 126 160 158 9.3
af B* a A a A a AB a A A

Submersed Leaves 172 176 163 145 190 170 8.3
a B a A a A a A a A A

Petioles 158 164 127 102 170 144 14.4
a B a A a A a B a A A

Rhi zomes 237 124 112 74 172 144 31.4
a A b A b A b C b A A

Roots 275 180 102 72 141 154 39.5
a A b A c A c C ¢ A A

Mean 201 163 135 104 166 154
a ab b b v ab

# Values for locations followed by the same small letter are not significantly different from each other
at the 57 level, .

* Values for structures followed by the same capital letter are not significantly different from each
other at the 57 level. :
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Table 13. Mean content of phosphorus (g/mz) in the structures of
Nuphar luteum during the sampling season,

is the percentage of total phosphorus accumulated per

m2 by each structure.

Included

Sampling Sites

Structure Keel Creek Keel Creek  Wiccacon Indian Rockyhock Mean Percent of
1974 1975 Creek Creek Creek Total
Floating 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
Petioles 0.032 0.043 0.084 0.061 0.020 - 0.048 8.1
Roots 0.054 0.027 0.105 0.070 0.060 0.063 10.6
Rhizomes 0.400 0.243 0.479 0.446 0.392 0.392 66.2
Aboveground 0.091 0.097 0.233  0.186 0.074  0.137 23.1
Belowground 0.454 0.270 0.584 0.516 0.452 0.455 76.9
Total 0.545 0.367 0.817 0.702 0.526 0.592 100.0




(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 Nuphar communities in
the lower Chowan River (Table 14). Of the 20.1 mg-at P/m< present in
Huphar biomass, 767% 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 all 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 N. luteum during the sampling period was well above 0.137%
which is considered 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 1970) and Nymphaea odorata (Sculthorpe 1967). Ash
content for N. 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 WNovember to 4 April; prevernal--5 April to 27 May; vernal--
28 May 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 (ug—at P/g OW) (Table 16) and area
(ug-at P/m2) (Table 17; See also Appendix, Tables L, M, N and O)

The mean P concentration in the aboveground biomass peaked during the
prevernal season (252 ug-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
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Table 14. Phosphorus incorporated during the production of individual
structures (net accumulation) of Nuphar luteum and the amount
of phosphorus in biomass for the lower Chowan River. Values
were calculated from production values in Table 5, the mean
biomass during the growing season (Table 1), and an areal
coverage of 27.2 ha (Table 7).

Net Accumulation® Biomass
Structure (mg-at/m?+yr) mg-at/m? Total (MT)

Floating Leaves 9.33 1.64 0.0138
Submersed Leaves 6.39 1.08 0.0091
Petioles 11,2 1.94 0.0164
Flowers & Pedunclesb 1.37 0.13 0.0011
Roots 0.40 2,80 0.0236
Rhizomes 1.76 12.5 0.106

Aboveground 28,2 4,79 0.0404
Belowground 2,16 5.3 . 0.129

Total 30.4 20.1 0.167

8Phosphorus involved in production of Nuphar luteum.

bPhosphorus of reproductive parts averaged 130 ug-at/g OW.
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Table 15. Phosphorus content, as percent P of dry weight, of species in the Nymphaeaceae

family,

Values for Nuphar luteum are from this study.

Species Leaves Petioles Roots Rhizomes Reproductive Mean
Nuphar advena 0.41 a 0.30 b 0.30 ¢ 0.382(flower) f 0.326 a
0.40 e 0.17 £ 0.243(peduncle) £
0.30 £ 0.391 g 0.395(flower) g
0.27 g 0.302(peduncle) g
Nymphaea tuberosa 0.29 b 0.28 b 0.396 a
Nuphar variegatum 0.41 a
Nymphaea odorata 0.31 b 0.28 b 0.328(flower) f 0.25 b
0,18 e 0.20 £ 0.18(peduncle) £
0.24 £ 0.201 g 0.239(flower) g
0.24 g 0.213(peduncle) g
Nuphar luteum d 0.449 0.361 0.381 0.367 0.334 0.403

a Adams (1973) Pennsylvania

b Reimer & Toth (1970) New Jersey

¢ Reimer & Toth (1968) New Jersey

d This Study in North Carolina

e Boyd (1970a) Par Pond, South Carolina

f Cowgill (1973a) Linsley Pond, Conn.;
means from Table 6 & 7, 1971 and 72

g Cowgill (1973a) Cedar Lake, Conn.
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Table 16, Mean seasonal phosphorus concentrations (ug-at/g OW) and standard error of Nuphar luteum

structures,
Structures Hibernal Prevernal Vernal Aestival Serotinal Autumnal
Floating Leaves —— 283 157 136 150 154
S.E. —_— 39.5 2.90 7.47 8.30 16.6
Submersed Leaves 193 233 143 138 154 167
S.E. 6,12 13.1 11.4 - 8,22 6,11 11.4
Petioles 212 222 116 108 131 125
S.E. 21.0 3.55 12.9 8.58 17.0 14.5
Rhizome 245 124 106 149 114 149
S.E. 110 6.86 16.2 23.4 26.8 71.9
Roots 187 161 148 132 133 178
S.E. 78,7 67.2 32.8 27.1 37.0 64.8
Aboveground 202 242 139 127 140 148
S.E. 8.40 12.0 7.77 5.44 4,02 9,37
Belowground 216 142 127 141 124 164
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/mz) and standard error of Nuphar luteum

structures.
Structures Hibernal Pervernal Vernal Aestival Serotinal Autumnal
Floating Leaves =  —w=——— 0.21 2,12 1.57 2.35 1.84
S.E. = memm—— e 1.43 0.45 0.78 1.08
Submersed Leaves 0.54 1.16 1.10 1.05 1.62 1.76
S.E. 0.43 0.68 0.44 0.36 0.41 0,49
Petioles 0.54 0.70 1.40 1.47 2,38 1.37
S.E. 0.02 0.46 0.73 0.43 0.60 0.51
Roots 1.98 2,33 2.24 1.80 2,21 2,00
S.E. 0.95 1.07 0.91 0.46 0.41 0.69
Rhizome 26.9 10.7 9.46 14.4 9,35 11.6
S.E. 13.0 6,64 0.63 3.77 2.44 3.44
Aboveground 1.06 2,07 4,62 4,09 6,35 4.97
Belowground 29.9 13.1 11.7 16.2 11.6 13.6
Total 31.0 15.1 16.3 20.2 17.9 18.6




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 (ug-at P/m2) was
determined for each sample by multiplying the concentration of P per g OW
by the biomass of the structure per mZ (Appendix, Tables L, M, N, and 0).
By summing these quantities of P per m?2 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 comstant 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 mZ) of Justicia increased during the spring and
peaked in July as it did for Nuphar. Adams and McCraken (1974) measured
P concentration and photosynthetic rates in Myriophyllum 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, McRoy and Barsdate 1970).

Sediment Analvsis

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 ug-at/liter with a range from
2.0 to 73.0 pg-at/liter. There were no significant differences with depth.
The average concentration at Keel Creek (60.0 ug-at/liter) was significantly
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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. l4a) 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 cm 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/m? 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 Pi/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 al. 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.

Biologicallv 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 BAP /m2 reported there compared to Indian and Rockyhock
Creeks may have been a dilution effect (Table 18). To a depth of 25 em, the
average BAP for the three locations was 1980 mg-at P/mz.

As previously mentioned, a square meter of water in a bed of Nuphar con-
tains ca. 1000 ug-at Pi. Therefore the BAP/m2 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/g dry wt measurements from this study on the Chowan River were
below the BAP measurements of Lake Mendota (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 Mendota.
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Table 19. Comparison of phosphorus concentrations of interstitial water and biologically
available phosphorus from this study to work of other investigators,

Phosphorus
Measurement Location Concentration Source
Interstitial Water Lake Kinneret, Israel 16.0 to 322 Serruya et al., 1974
(ug-at P/liter) Chesapeake Bay, USA % = 100 Bray et al. 1973
Izembek Lagoon, USA 5.0 to 75.0 McRoy et al. 1972
Chowan River, USA 2.0 to 54,0 This Study
X = 34.0

Biologically Available
Phosphorus

(ug-at P/g dry wt)

Lake Mendota, USA

Pamlico River, USA

Chowan River, USA

23.2 to 31.0

X = 27.4

9.67 to 31.0
1.50 to 29.1

X = 12.2

Wentz & Lee 1969b

Upchurch et al. 1974

This Study




In only a few cases has the nutrient level in plant structures been
compared to the nutrient's concentration in the substrate. Misra (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 ng-at P/g dry wt (not
shown) compared to ca. 0.136 ug-at P/g dry wt for submersed leaves and
0.321 ug-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 ug-at P/liter. Results were similar when absorption was based on
area (Fig. 17). The Pi concentration in the lower Chowan River averaged
ca. 1.0 ug-at/liter (Donald Stanley, personal communication) so the
absorption rate of submersed leaves may be limited by low P concentrations
in this system. At a P concentration of 3 pg-at/liter the absorption
rate of P by roots was 0.310 ug-at P/g dry wt*60 min and a rate of
1.91 pg-at P/g dry wt+60 min at 35 ug-at/liter--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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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:

k) kg |
R+ M —=> R —=> R' 4+ M (1)
“k, Sk,
2 4

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

Ve = V) 1M1 / v = K (2)

where V.. 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 Michaelis constant or the ion concentration at one-half Viax

(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 Vnax and

Ky by the relationship: y-intercept = 1/Vp,y and slope = K,/V, .. . The

two lines for submersed leaves were plotted because the best fit line

gave a Vp .. 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 wt°10 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

from this line is 7.43 ug-at/liter. TFor roots the Viax is about 2.5 ug-at

P absorbed /g dry wt°10 min which gives a K, of 2.40 wﬁen multiplied by

its slope of 0.958 (Fig. 18). Since a lower K, 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

values for the low and high affinity systems, respectively, of other aquatic

macrophytes are: Elodea occidentalis roots - 0.387 and 36.1 ug-at P/liter,

Elodea occidentalis shoots - 0.355 and 41.6 ug—at P/liter, Ceratophyllum

demersum shoots - 0.074 and 11.9 ug—at P/liter, Myriophyllum spicatum

shoots - 0.015 and 37.1 ug-at P/liter (Gerloff 1975).

The reason no net uptake occurred in submersed leaves after 20 min
may be that rates k; and k, in Equation 1 were in equilibrium with the
radioisotope 32P, klso, based on principles of plant physiology,
ions (M) released by the carrier-ion complex (RM) 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.
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immediately to their petioles and was detected at very low levels in the
rhizomes 20 min after absorption (Fig. 19). After 90 min of incubation,
radioactive P was not detected in any of the other structures. That
activity was recorded in the rhizomes but not in the roots when 32P was
added to the upper chamber containing submersed leaves is proof that the
chamber system was not leaking. Radioactive P was detected in the roots,
rhizomes, and submersed leaf petioles 10 min after incubation of roots
in 32p (Fig. 19). After 60 min incubation, P was also transported to
floating leaf petioles, and by 240 min all the anatomical structures
received P via acropetal tranglocation. The amount of radioactivity in
the roots and rhizomes varied little between the 60 and 240 min experi-
ments which indicated that saturation concentrations were reached within
an hour. Floating leaves translocated to their petioles only 5% of the
P that they absorbed during 60 min of incubation. Translocation of P
absorbed by roots occurred more rapidly and extensively than with sub-
mersed and floating leaves,

Field results

Absorption--Phosphorus uptake was calculated from the observed activity

in the plant material and the initial specific activity measured in the
water used in the experiments. The amount of P transferred (k) from one
compartment to another is proportional to the quantity (X) of P in the
compartment from which it came (Fig. 9). To calculate the rate coefficient
(A) of P movement between compartment a and b in the field experiments,

I used the formula

A /Xa

=kHb

where the values for k and_X were those at the end of the 24~h experiment
(units for X are % P x 107°/day). For example during one of the summer
runs, the amount of P measured in all plant tissue (b) that originated
from the water in the sediment chamber (a) was 3.16 ug-~at P, The amount
of P in the sediment chamber (a) was 12.4 ug-at P. Therefore the rate
coefficient, A , for P flux from the water in Ehe sediment chamber to

the plant via root absorption was 254% P x 10 ~/day. Averaging this
value with that of the other two replicates for that day gave 2877

P x 10~3/day as shown in Table 20. The coefficient for movement of P
from water to plant represents absorption by the submersed leaves only.
There were no significant differences (P < 0.05) in the coefficients

for absorption by roots (sediment—» plant) for the three seasons, but a
rank of these rates from highest to lowest was summer > spring > winter.
. 'For submersed leaf absorption (water—y plant), the summer rate coefficient
was significantly greater than spring or winter. Spring had a higher
rate coefficient than winter but the difference was not significant.
Uptake rates for submersed leaves were affected more by the seasonal
change than were roots. During all three seasons, the coefficients for
root absorption were higher than submersed leaf absorptiom.
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Figure 19. Amount of 32p detected in the structures of Nuphar luteum after
submersed leaves (A) and roots (B) had been incubated with 32p
at different time in;ervals.
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Absorption rates by the absorbing organs represent the total uptake
by the plant divided by the dry weight of the absorbing organ (Table 20).
These values are shown as fluxes between compartments in Fig. 20. (Like-
wise, secretion rates are expressed as the amount secreted to the receiving
compartment divided by the dry weight of the organ responsible for secre-
tion.) The roots absorbed 1.29 ug-at P/g dry wt'day in the winter, 1.42
ug-at P/g dry wt°'day in the spring and 1.72 ug-at P/g dry wt°'day in the
summer (Table 20). These values were greater than absorption rates for
submersed leaves in the winter, spring, or summer (0.29, 0.55, and 0.46
ug-at P/g dry wt'day, respectively). The spring rate for submersed leaves
was higher than the other two seasons. Absorption rate for floating
leaves during the spring was lower than the rate for submersed leaves
(0.19 ug-at P/g dry wt+day).

By multiplying the values in Fig. 20 (ug P/g dry wt) by the seasonal
and spatial biomass data for Nuphar (g dry wt/m2), the daily flux of P
through the community can be expressed on an areal basis (Fig. 21). The
biomass data set used for these calculations were means of the following:
winter = Rockyhock (November) and Keel (January), spring = prevernal
values at three sites (Keel, Rockyhock, and Indian), and summer = sero-
tinal values at the three sites. In the summer, a square meter of roots
would absorb 46.3 ug-at P/day compared to 5.26 ug-at P/day absorbed by
submersed leaves in the same area. Roots absorbed 33.0 ug-at P/m4-day
and submersed leaves 3.32 ug-at P/m2 .day during the spring. Winter rates
were lower for both roots and submersed leaves (20.6 and 0.92 ug-at P/m2*
day, respectively). The rank of absorption rates from the field and
laboratory experiments are the same: roots > submersed leaves > floating
leaves,

Excavating the roots from the substrate may have caused a loss in
the more active absorbing regions of the roots. Lauchli (1972) states
that the terminal 10 cm of the root is where the main transfer of ions
into the xylem occurs. For the majority of roots, it was not always
possible to remove this terminal section from the substrate and therefore
the absorption rates may be underestimated,

Translocation—--In the summer, all the anatomical structures except sub-
mersed leaves received more P from acropetal tramnslocation than by
submersed leaf absorption and subsequent translocation (Fig. 20). This
was true also in the spring, except submersed leaf petioles received
more P from submersed leaves than from rhizomes and roots (Fig. 20).
Flowers and peduncles received P via root and submersed leaf absorption
during the summer but via root absorption only during the spring. The
contribution of P to the aboveground vegetation from root absorption

was much higher in the summer than the spring per gram dry weight of

the structure. Phosphorus absorbed by floating leaves was detected in
only the petioles of the floating leaf and this amount was small., During
the winter, the belowground structures (roots and rhizomes) received
most of their P via root absorption while the source of P for the above-
ground structures (submersed leaves and petioles) was absorption by
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submersed leaves. A bidirectional flux occurred in Nuphar for all three
seasons measured (Fig. 20).

About four times more P moved acropetally than basipetally in Nuphar
during the summer, In the spring and winter the differences were greater
in magnitude (= 25 times greater for both seasons) but the absolute
values were less (Table 20). Of the P absorbed by submersed leaves
during the summer, 82% was translocated while only 40.1% of the P absorbed
by the roots was translocated. Therefore the difference in bidirectional
movement was related _to the much lower absorption rate of the submersed
leaves (5.26 ug-at/mz-day) compared to the roots (46.6 ug-at P/m2-day).

The rate of translocation varied between the three seasons measured,
This change was indicated by the difference between seasons in the concen~-
tration of P in the structures of Nuphar contributed by translocation from
either roots or submersed leaves (Fig. 20). Floating leaves, floating
leaf petioles, flowers, and peduncles received much more P via submersed
leaf and root absorption during the summer than spring. Rhizomes received
more P from both acropetal and basipetal translocation during the summer
than during spring with the least amount received in winter. Petioles of
submersed leaves received more P/g dry weight from acropetal translocation
during the summer, while in winter most of its P was from submersed
leaves. This also implies unequal seasonal effects on the bidirectional
pathways.

The translocation rates were affected more by the seasons than the
absorption rates. The winter absorption rate for roots was one~half the
summer rate but the amount of translocation of P from the roots during
the winter was one-tenth the summer value (Table 21). There was only a
30% decrease in absorption values for roots between summer and spring
but a 85% decrease in the amount of P translocated acropetally. The same
was true when absorption by submersed leaves and basipetal translocation
are compared (Table 21). Also, the concentration of absorbed P in the
absorbing organs (roots and submersed leaves) was highest during spring
followed by winter which was greater than summer (Fig. 20).

Cutting the rhizomes to place the belowground structures inside the
chambers might have caused a decrease in the rate of acropetal translocation
of P, Observations have been made that the osmotic pressure in the root
of some submersed plants may be primarily responsible for upward movement
of water and therefore ions through the plant (Sculthorpe 1967). Frank
and Hodgson (1964) showed that the removal of tubers resulted in decreased
translocation of labelled fenac, a herbicide, in Potamogeton pectinatus.
The removal of the tubers decreased the root pressure which caused less
upward movement of ions. To place Nuphar in the plexiglass chambers in
this study, the rhizomes had to be cut which probably caused a decrease
in the exudation pressure. In a preliminary laboratory experiment, gas
bubbles were observed escaping through a film of stopcock grease that
had been applied to the cut surface of a rhizome. This was possibly the
release of pressure in 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 337 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, Secretzon during the winter and
spring was below the limits of detection (<107~ pg-at P/g dry wt-day).
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 317 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 (32P and 33P) and the stable phosphorus atom
(31P) 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 studg would be underestimates. But work by
Anderson and Collins (1969) on S04“” 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 mM. Above this concentration
the exudate concentration was lower than the concentration of 504" in
the medium. For more accurate measurements of translocation and secretion,
the specific activity of the radioisotope in the translocation pathway
should be determined.
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Decomposition

Dry weight loss

The equation used to determine the decomposition and phosphorus (P)
release rates was X/Xg, = e” t yhere X = weight of plant or P at time t,
X, = original weight, e is the base of natural logarithms, and A is the
decomposition or P release constant (Olson 1963, Gosz et al. 1973). To
solve for A based on a day, the equation A = InX, - InX.(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 A 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 (X = 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-time 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
Mann 1975). Regardless of the process, aboveground detritus was quickly
regenerated back into the system. The time for half the loss of litter im
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 mesh/cm). Decomposition of aboveground
biomass in Nuphar luteum was similar to other studies on submersed aquatic
macrophytes. Watermilfoil 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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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 Golley's (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 winter (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-at/liter, the PO4-P content in the water is 1000 ug-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 pg-at/m? 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,
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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
(ug~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»ug—at/m2. This is a daily average
of 155 ug-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, translocation, and decomposi-
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
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Table 23. Mean daily phosphorus flux ug—at/mz-day) and total phosphorus
release per season (ug-at/m“) to the detritus compartment during
each ecological season based on turnover rate of the aboveground

biomass.

Ecological Abovegroundl Daily Flux? Number Days3 Total P

Season P Biomass of Phosphorus per Season Released

(mg-at/m?) (ug-at/mz-day) (ug-at/m?)

Hibernal 1.06 negligible 189 —_—
Prevernal 2,07 66.2 17 1,130
Vernal 4.62 147.8 28 4,140
Aestival 4.09 130.9 ' 35 4,580
Serotinal 6.35 203.2 50 10,200
Autumnal 4.97 159.0 46 7,320
Total ' 365 27,300

lFrom Table 17.

2Calculated by multiplying P biomass by 0.032, the average daily turnover rate
for aboveground biomass, for the 176 day growing season.

3Hibernal season was extended and autumnal and prevernal shortened to conform
with the observed 176 day growing season (May l0--November 2).
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Figure 23. The daily flux of phosphorus (ug-at) through a square
meter of Nuphar luteum community during the winter,

spring, and summer,
biomass.
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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 ug-at/m2.day) 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 10™3% of the P available in the sediments compared
with submersed leaves that absorb 9 x 1072% of the P available in the
water compartment.

Submersed leaves and petioles survived during the winter in the
abgence 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=
ground compartments to the detritus equals the mean biomass content of P
which was 1060 ug-at/m (Table 17) Based on 189 days during the hibernal
season, this averages 5, 6 pyg-at/m2.day. The turnover rate of the below-
ground biomass (8 x 10~ 7/day based on a turnover time of 1,257 days,

Table 6) gives a daily flux of 21.3 ug-at/m? 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 ug-at P/m2 *day in the winter,
The net accumulation of P in the belowground biomass increased to 211
ug=-at P/mz-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

- 86 -




results since it represents plant activity at the beginning of the growing
season. The mean aboveground biomass data and the daily rate for detritus
flux (3.2%/day) equals a flux of 66.2 ug-at P/m2.day in prevernal season.
Since 217 of the aboveground P biomass originated from the sediment
(Spring, Fig. 23), the net loss from the sediment would be 13.9 pg-at P/m2-
day during the prevernal season. This value is much higher than the amount
meagured from the tracer data (Fig. 23) and this discrepancy will be dis-
cussed later. The detritus flux rate in the prevernal season is 37 per

day of the PO4~P in the water compartment. Nuphar luteum during the

spring was a significant sink for P in the water, but only a minor frac-
tion of ambient P in the sediments was absorbed, The increased flux of P
from the belowground to the aboveground biomass compartments and the
eventual decomposition of the aboveground compartment enhanced the exchange
of P from the substrate to the water compartment.

Summer flux

During the summer secretion from both submersed leaves and roots was
significant and all the other rates of P movement increased (Fig. 23).
The greatest increase in P cycling through Nuphar was P via absorption
from the substrate by the roots and translocation to the aboveground bio-
mass. The belowground structures provided most of the inputs to the
aboveground compartment with nearly a 100-fold increase (from 0.969 ug-at
P/m2-day in spring to 88.54 ug-at P/m2.day in summer). The amount of P
absorbed by the roots that remained in the belowground biomass compartment
was similar to the value for spring. The roots were very important in
the nutrition of the total plant during the summer,

The net movement of 88.54 ug-at P/mz-day from the sediments to above-
ground parts via acropetal translocation was only 4 x 10777 of the two
fractions of P available to the plant in the substrate. The effect of
Nuphar on P in the sediment compartment was small since this compartment
had much higher levels of P than the water compartment. Net daily acro-
petal translocation was 9% of the P in the n2 water column,

During the summer, Nuphar was a source of P to the water compartment
via secretion at a net daily rate of 71.2 pg-at P/m2.day. This was 80%
of the net transport of P to the aboveground structures from the below-
ground compartment via translocation, This daily pumping activity
represented 7.1% of the P content in the water compartment and, if constant,
would release the equivalent of the P content in water in 14 days. This
P source would cause an increase in the water column of 0.07 pyg-at P/liter
per day in the vicinity of the plant bed. To the epiphyte communities
associated with Nuphar beds, this could be_an important source of P.
Considering an areal coverage of 272,267 m? of Nuphar in the lower Chowan
River (Table 7), secretion would release only 0.601 kg P/day in the river,
Assuming a river volume of ca. 5 x 1012 liters in the study area, net
secretion by the total plant community would increase the P concentration
at a daily rate of 3.9 x 10~6 ug-at P/liter. This pathway would have an
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insignificant effect on the P cycling in the Chowan River. However, in low
stress aquatic systems where the density of Nuphar is high (ponds, canals)
the secreting activity of this plant would have a definite effect on the P
in the water during the summer,

The amount of P transported from aboveground biomass to detritus during
the vernal, aestival, serotinal, and autummal seasons totaled 26,200 ug-at/
m2, This is 96% of the total detrital flux during the growing season
(Table 23). Based on the number of days covered by this period (159), the
rate of P from aboveground to detritus compartment was 165 pg-at P/m2.day.
Of these four seasons, only aestival and serotinal data will be used to
characterize P fluxes in Nuphar communities during the summer. An average
rate of 174 ug-at/m“*day was transported from aboveground structures to
detritus during the summer based on total P release of 14,780 ug-at/m2
(Table 23) and a period of 85 days. Considering that 75% of the inputs to
the aboveground biomass was from the sediments, the total daily release of
P from the sediments during the aestival and serotinal seasons was 130 ug-at
P/m2.day. Adding the daily rate of secretion, which also represents regen-
eration of P from the sediments (71.2 ug—at/mé), the net loss of P from
the sediments during the summer via decomposition and secretion was 201
ug-at P/mz-day. Based on the areal coverage of Nuphar in the lower Chowan
River, this represents an input of 1.70 kg P/day to the river.

Nuphar luteum was very active during the summer and was an essential
link in the movement of P from the sediment to the water column. Therefore
it does play a major role during the summer by regenerating P from the
substrate to the overlying water via both decomposition and secretion. In
most areas of the Chowan River, the P released from the aboveground struc-
tures by these processes was probably exported from the plant beds by wave
activity and thus was unavailable for recycling by the plant community.

In small ponds or in areas such as Keel Creek that are protected from the
wind, more recycling may occur.

Comparison with other studies

Roots are often the major absorbing organ in submersed aquatic
macrophytes. Bristow and Whitcombe (1971) studied translocation in
Elodea densa and two species of Myriophyllum and found that most of the
P in the shoots derived from acropetal translocation (over 90% in
M. brasiliense, 57% in M. spicatum, and 74% in Elodea). The amount of
P translocated to leaves and stems of Zostera marina, a submersed marine
macrophyte, from the sediments via root absorption was calculated from
McRoy's data (1972) to be 70%. In this study, 75% of the P inputs
(absorption and translocation) to the aboveground vegetation originated
from the belowground structures via translocation during summer which
decreased to 21% and 7% in spring and winter, respectively.

Nuphar luteum had an active pumping system during the summer
similar to that described in Zostera marina (McRoy et al. 1972) and
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Spartina alterniflora (Reimold 1972). Zostera released 2.0 mg-at P/m?-day
into the Izembek Lagoon in Alaska, and SEartlna, an emergent marine macro-
phyte on the coast of Georgia, released 19.4 mg-at P/m2 *day during the
summer. These rates are much higher than the 71.2 yg-at P/m2.day secreted
by Nuphar during the summer. A better comparison of the secreting activity
of these aquatic plants is by dryv weight since secretion per m? is influenced
by biomass which can vary greatly. Spartina secretion is still extremely
high at 59 ug-at P/g dry wt-day (based on 79% water content), but Zostera
secretes 2.85 ug-at P/g drv wt°'dav which is similar to, but lower than, the
value for Nuvhar of 6.72 ug-at P/g dry wt'day from Table 20 (using the 6.4
correction factor because of low P concentration in the field medium).
These differences in secretion can be attributed to a number of factors
including light and turbidity, water chemistry, temperature, water velocity
and the physiological characteristics of the plant. These same factors
also influence productivity and distribution of aquatic plants (Westlake
1973) and it is interesting that the magnitude of difference in the produc-
tivity of marine emergent and submersed macrophyte communities and fresh-
water macrophyte communities is similar to their difference in secretion
(P/m2-day). Also, secretion occurred only in the summer for both Spartina

and Nuphar.

Seasonal trends in the absorntion of P have been shown also for
Justicia americana (Boyd 1969) and Spartina alterniflora (Reimold 1972). It
is evident from this work on Nuphar that absorption, translocation, and secre-
tion are affected by the seasonal metabolism of the plant. Nuphar and Spar-
tinz were most active in the summer months when productivity and biomass were
at a maximum while the lowest activity was reported during the hibernal sea-
gson. However, Boyd measured the highest absorption rate of P and nitrogen
by Justicia durinz the early part of the growing season (early spring) before
the period of rapid growth. He cites that maximum absorption of mineral
nutrients before active growth is an advantage for aquatic macrophytes in
their competition with phytonlankton for nutrients in the water which is most
intense during the summer. Boyd's data on P dynamics in Justicia was calcu-
lated by changes in biomass P between sampling periods. Since the absorption
rates for Nuphar and Spartina were measured with radioactive tracers, the
differences in conclusions may stem from the two approaches used for measur-
ing the rates.

Evaluation of tracer studies

A large discrepancy results when comparing phosphorus accumulation
data from tracer studies with data calculated from seasonal productivity
rates. Differences are difficult to resolve between the inputs of P to
the aboveground biomass compartment based on production (determined by
multiplying turnover rates of biomass and mean P concentrations in the
biomass for an ecological season) and the inputs of P into the above-
ground compartment based on the tracer studies. The mean daily input
into the aboveground compartment during growing season based on average
P biomass accumulation was 155 ug-—at/m2 -day (Table 23). This ranged
from a low during early spring to 66.2 ug-at P/m2.day to a high in late
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summer of 203 ug-at P/m2-day (Table 23). The highest daily net inputs into
the aboveground compartment from both translocation and absorntion based

on the tracer studies was during the summer at 17.3 ug-at P/mz-day. This
is only 11% of the mean daily input (155 ug-at/m2°day) into the above-
ground compartment for the growing season. McRoy et al. (1972) also found
his tracer gata to be underestinmates compared to the daily flux of P
through a m“ of Zostera marina based on productivity but by a smaller
margin (tracer data were 43% of productivity data).

The values for P cycling through Nuphar based on tracer studies
compared to the values based on its productivity indicate that the tracer
values are a gross underestimate. Possible sources of error are damage to
the active absorption areas of the root by excavation, change in internal
pressure by cutting the rhizome, and change in the 33P or 32P-to-31P ratio
during translocation through the plant. These factors suggest under-
estimates in acropetal movement of P. However, the possible underestimates
of P secreted from submersed leaves have little to do with this discrepancy.
Errors in the opposite direction, i.e., basipetal translocation, are
believed to be minimal since leaves and petioles were not noticeably
damaged during the experiments. Since the tracer studies resulted in much
lower estimates of P cycling in Nuphar than a very similar technique on
Zostera the reason may be in some inherent difference between structure
and/or physiology.

Mobility of phosphorus

One of the critical assumptions underlying the design of the laboratory
and field tracer experiments, and in interpretation of the results, is that
the phosphorus largely remains in a highly mobile form after absorption.

An alternate hypothesis is that the absorbed phosphorus is first converted
to a storage product and redistributed (translocated) throughout the plant
at some later time. This proposed "lag", if longer than 24 h, could result
in a misinterpretation of the experiments reported here,

There is some evidence for P storage and later redistribution through-
out the plants. The observation during the prevernal season that the P
concentration in the rhizome decreased when the demand in the aboveground
structures was high indicates a flux of stored P to the aboveground struc-
tures from the rhizome (Fig. 11). Smith et al. (1976) found that 367 of
the P inputs to the aboveground structures of Typha during the increased
demand in spring was supplied from P in the rhizome which was stored during
the winter. The forms of stored P in the plant include 1lipid-P, carbo-
hydrate-P, and ester-P., Bieleski (1973) described phytic acid, a poly~
phosphate ester of myo-inositol, as a major form of P found in storage
pools of plants. It has been isolated from potato tubers (Samotus and
Schwimmer 1962).

The 24~h tracer studies may have measured only the daily flux of
mobile P through the Nuphar transport system that had been absorbed from
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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
ingstead 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.
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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 luteum 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 Justicia.

Materials and Methods

Field samples of Nuphar luteum 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
site, and subsampled 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 Model 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 ng-at/g OW into 37,350. This assumes a
C:0W (wt:wt) ratio of 0.45. To convert elemental concentrations from units
of ug-at/g OW to units of percent dry weight (including ash)

Percent Dry = (ug-at/g OW) (atomic wt of element)[1.0 - (% 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

X/Xo = e~Mt

where Xy is the amount of dry weight or element initially present in the
bag, X Is the amount remaining after time t, e is the base of natural
logarithms and t is the time in days. The decay constant A, can be
interpreted as the proportion lost per day, while tj/p 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/) = 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, Z, 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 ug-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 1.37% dry weight, or 1,030 ug-at N/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.)

Mean seasonal values for Nuphar at the four sites ranged between 5.19%
and 4.13% for floating and submersed leaves, and between 2.497% and 1.36%
for all other parts. Individual samples did fall below the 1.3% critical
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Table 24.

during 1974-75,

Inorganic nutrient composition for structures of Nuphar luteum collected in the Chowan River

ug-at/g Organic Weight ()‘iiSE)c

Structure? nb % Ash N P K Ca Mg Fe
ROCKYHOCK CREEK
Floating Leaf 2 9.5+0.54(3) 4090+348 160+5.2 895+76 322+40 97.5+11.5 10.8%1.5
Submersed Leaf 6 11.0+0.70 3410+290 158+20 819+99 124+22 106+6.2 48.9+7.3
Petiole 5 14.8%0.58 1780+106 131+24 1590+74 257+61 95.1+4,2 44,330
Rhizome 6 10.1+2.0 1330+117 137+13 777+159 180+16 64.7+3.6 40.7+14
Root 6 18.6+0.84 1520+69 117+11 1660+87 216+33 152+57 140+26
Reproductive 3 7.8+0.99 1690+80 128+1.6 726+295 250£65 94.9+9.0 9.6+3.2
KEEL CREEK
Floating Leaf 9 9.1+0.47(10) 3620+240 160+5,2 655+78 272154 111+7.8 33.549.0
Submersed Leaf 9 9.6+0.34 3780+300 166+5.7 629166 115+8.8 119+12 50.6+9.8(8)
Petiole 10 16.3+0.52 2160233 (9) 161+14 151078 30314 112+6.0 196+37
Rhizome 9 10.4x1.4(10) 1550+91 18731 882+97 132+13 29.1+2.0 69.5+21(8)
Root 9 16.2+0.5(10) 2130+x180(10) 227+22 798+106 193+31 55+8,7 395490
Reproductive 0 e — —— — —_— - —-—
INDIAN CREEK
Floating Leaf 2 6.1%3,1(3) 3250+158 126+12 676+27 368+20 75.3+41 60.7+28
Submersed Leaf 4 10.6%0.33 3440+139 145+8.2 453+58 81.1+15.6 79.3+21 65.8+19
Petiole 4 18.1%0.84 1850140 102+11 972+165 210x67 77.1+22 81.2+33
Rhizome 4 11.0+0.70 14301118 74.2%3.8 902+72 159+8.6 52.9+1.2 42 ,4+25
Root 4 18.3%0.63 1180+107 72.1%+7.2 1220+239 214+41 62.4+14.7 133118
Reproductive 0 - ——— —_— - - —— —
WICCACON CREEK
Floating Leaf 5 9,.1+0.29 3560+258 154+16 765+40 326+40 115+4,8 17.6+7.5
Submersed Leaf 5 10.0%0,.36 4100+296 182+33 783143 14317 150+9.5 26.7+8.0
Petiole 5 14.2%0.67 16601202 127+25 1330+103 311426 119+9.9 76.6+35
Rhizome 5 5.7¥1.7 1190+156 109+20 528+45 104+15 46.2+6.2 16.3+4.6
Root 5 15.7%0.80 1430+122 102+6.5 1350+101  333+40 76.319.7 170+18
Reproductive 4 5,1%3.1 1680+379(3) 102+7.9(3) 918+128 918+27 86.6+9.3 12,7+5,8

aReproductive parts include fruit,

bNumber of samples.

Where they differ, size is given in parentheses following concentratioms,

flower, and peduncle.

COrganic weight is equivalent to ash free dry weight.




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

‘ug—-at/g Organic Weight (i:rSE)b '

Structure n? % Ash N P K - Ca. T Mg Fe
ROCKYHOCK CREEK
Leaf 9 15.0+0.81 © 2810+330 111+16 1130+149 854%120 33847 57.9%15.4
Stem 10 11.9%0.43 1710+274  61.6%11.5 1290+158(9) 229+27 350+37 41.4%11.0
! Rhizome .9 9.0+0.81  1420+158 63.2* 6,2 912%129 168+10 289%34 10315
:? Root 10 10.0+0.71  1540+254 59,9+ 5.1 743£119(9) 166+8,.2 23621 173%20(9)
BLACK ROCK
Leaf 5 17.1+2,6 3320%+189 96.0i 5.8 1130%266 642+238 353487 81.8+59.9
Stem 5 10.2+0,10 1100%113 49,3+t 5.9 843+162 244134 270+38 63.5%15.3
Rhizome 5 7.8%0,25 1400+206 67.9+ 9,2 568+84 124+26 177%£20 26019
Root .5 11.3*1.0 813+62 67.4+t10.3 427+64 99.6%25,3 149+27 640%237 (4)

dNumber of samples. Where they differ;, size is given in parentheses following concentrations.

bOrganic weight is equivalent to ash free dry weight,




N content, but this was true for specific structures on particular sampling
dates rather than averages for whole plants (see Appendix, Table Q).

Riemer and Toth (1970) report N values for a related species, N. advena in
New Jersey. Mean values were 3.98% for leaf blades, 1.17% for petioles, and
1.10% for rootstock (apparently including roots and rhizomes). These con-
centrations generally run lower than for N. luteum in the Chowan River.

Potassium appears to have moderate affinity for petioles and roots
(Table 24). At all sites but Indian Creek, petioles contained well above
1,000 ug-at K/g OW, a value not exceeded by other structures except roots.

At Indian Creek, only two of the four sampling dates included floating

leaf petioles (Appendix, Table R); thus, the low K values for petioles on

the other two dates may represent submersed leaf petioles rather than petioles
for floating leaves. Submersed leaves at Indian Creek were also quite low in
K. The high K content and, in some cases, the high Mg content of petioles
must be partially responsible for the generally high ash percentages observed
for these structures (Table 24)., It is rather surprising that the tough,
leathery floating leaves should have an ash content that was lower than the
nearly translucent submersed leaves.

The range of mean K values at the four locations is between 1.58% and
5.29% of dry weight. Riemer and Toth (1970) also reported generally higher
K values for leaf petioles than leaf blades in Nuphar advena from New Jersey,
though they do not approach the highest values reported from the Chowan
River., Riemer and Toth's value for rhizomes, 3.1% K, is higher than the
petiole values they report, but about the same as the content that we found
for rhizomes of N. luteum. Cowgill's (1973a) distributions were similar
for water lilies in Conmnecticut. The mean for water plants (Hutchinson
1975, p. 288) is 2.59%7 K. Hutchinson concludes that terrestrial plants tend
to contain less K than water plants.

Calcium tends to accumulate on the surfaces of leaves during CO9 uptake
during photosynthesis. Since we cleaned all surfaces with a brush and
deionized water, these accumulations should have been minimized for Nuphar,
with predominately internal Ca concentrations measured (Table 24; Appendix,
Table S). Among the parts, floating leaves, petioles, and roots tended to
rank higher in Ca content than submersed leaves and rhizomes. Neither
Cowgill (1973a) nor Riemer and Toth (1968) found systematic differences
between petioles and leaves of Nuphar advena and Nymphaea odorata. No
seasonal trends in Ca content were detectable from our data on Nuphar
" (Appendix, Table S).

The mean Ca values at four sites for Nuphar in the Chowan River ranged
between a low of 104 ug—-at/g OW for rhizomes at Wiccacon Creek (this
excludes the extremely low submersed leaf value at Indian Creek) to a high
of 333 ug-at/g OW for roots at the same location. These extremes in means
(0.39% and 1.127% dry weight) fall below the overall mean for aquatic plants
(Hutchinson 1975, p. 299) and are sufficiently low to dismiss the possi-
bility of surface accumulation in the soft waters of the Chowan River.
Ophel and Fraser (1970) report 2.16% Ca for N. variegatum leaves growing
in what is probably a hard water lake (Perch Lake, Ontario).
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