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ABSTRACT

Yorktown Creek, a marsh-creek ecosystem grading from s a lt -  to  
fresh-w ater vegetation, was h is to r ic a lly  impacted (ca. 19 years) by 
the addition of n u tr ie n t-r ic h , secondarily treated sewage to the head 
of one of two main creek branches. Angiosperm communities in  
impacted and natural areas were studied to delineate e ffec ts  
a ttr ib u ta b le  to chronic nutrient-enrichment on angiosperm production, 
growth form, community d is tr ib u tio n  and species composition, and 
ae ria l tissue nitrogen concentration (TNC). The communities included 
those dominated by Spartina a l te r n if lo r a , Typha a n g u s tifo lia , and 
Spartina patens -  D is tic h !is  sp icata .

No d iscern ib le e ffe c t of enrichment was found on aeria l annual 
net primary production of the communities. L im itation of production 
by in te r s t i t ia l  s a lin ity  was suggested in some enriched areas. 
Differences in community d is tr ib u tio n  and species composition were 
observed but may be a ttr ib u ta b le  to differences in topographic and 
hydrologic factors rather than to enrichment. Growth form of species 
in impacted areas was d iffe re n t from that of the same species in 
natural areas: enrichment apparently increased mean plant heights.
Enrichment did not consistently increase TNC of species in impacted 
areas; however, i t  may have acted to maintain TNC at re la t iv e ly  
higher levels at the end of the growing season.

Keywords: marsh, primary production, nu trien t enrichment, s a lin ity ,
tissue nitrogen, S partina, Typha, D is t ic h lis , sewage.
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INTRODUCTION

Yorktown Creek, located in southeastern V irg in ia  near Yorktown, 

branches from the York River 10 km west of Chesapeake Bay. The r iv e r  

in th is  v ic in ity  has a nominal s a lin ity  of 18-23 o/oo (Boesch, 1971) 

and a mean tid a l range of 0.73 m (USCGS Tide Tables). The 

creek-marsh system encompasses 1 1 . 6  ha and lie s  wholly w ith in  

Colonial National H is to ric  Park. The major dominant angiosperms are 

D is tic h !is  sp icata , Spartina a lte r n if lo r a , S. patens, and Typha 

a n g u s tifo lia . The creek, 2 m wide and 0 .5  m deep, b ifurcates 300 m 

from the r iv e r  confluence to form south and west creek-marsh branches 

separated by upland fo re s t. Figure 1 il lu s tra te s  the area's general 

topographic features.

The creek was chronically impacted (ca. 1957-July, 1976) by 

disposal at the head of the south branch of n u trie n t-r ic h  wastewater 

from a secondary sewage treatment plant operated by the National Park 

Service (Wetzel et a l . ,  1977). The discharge did not a ffe c t the 

western branch due to local land form. The sewage plant discharged a 

mean operating-day volume o f 2.7 x 1 0  ̂ 1 during the la t te r  part of 

1975 and early 1976. This volume was s lig h tly  in excess of the 

p lan t's  design maximum of 2.3 x 1 0 $ 1 (National Park Service, 

Yorktown, personal communications and operational records).



FIGURE 1

YORKTOWN CREEK AND THE ASSOCIATED MARSH
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Chronic discharge of domestic wastewater to natural aquatic 

systems can induce eutrophication. This condition frequently causes 

depletion of some species, appearance of others, and acceleration of 

the ecosystem's succession. In addition, concomitant losses can 

occur in water q u a lity , economic return, and aesthetic value 

(National Academy of Sciences, 1969). The wastewater components 

prim arily  responsible fo r inducing eutrophication are organic matter 

and dissolved, bound nutrients (nitrogen and phosphorus in th is  

context). Secondary wastewater treatment oxidizes much of the 

organic matter and is commonly in use. Tertia ry  treatment removes 

the nutrien ts; however, i ts  application has been lim ited by the 

expense and technical sophistication necessary fo r engineered 

treatment systems (Rohlich and Uttormark, 1972).

Several natural systems, including s a lt and brackish marshes, 

have been proposed as sites fo r achieving re la tiv e ly  low-cost 

te r t ia ry  treatment. The proposal fo r marshes envisions several 

ecosystem components functioning to achieve the desired re s u lt. 

Components such as microbes, fauna, and sediments would remove 

nutrients (e .g .,  by release to the atmosphere or to the te rre s tr ia l 

ecosystem) or sequester them in re la tiv e ly  stable, inactive ecosystem 

components (e .g .,  by burial in sediments). Technically, the 

angiosperms would not achieve true te r t ia ry  treatment, fo r nutrients  

would be chemically transformed and released, not removed. Angio

sperms would be used in assim ilation of nu trien ts , storage of 

nutrients as tissue components, and release of nutrients as
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constituents of angiosperm d e tritu s  and decomposition products (Teal 

and V a lie la , 1973; V a lie la , Teal, and Sass, 1975; Gosselink, Odum, 

and Pope, 1974). In th e ir  d e tr ita l form, the nutrients would enter 

aquatic elemental cycles along pathways less lik e ly  to immediately 

induce eutrophication than would th e ir  dissolved, inorganic forms.

The long-term effects  of marsh nutrient-enrichment have been 

documented in one case (V a lie la  et a l . ,  1975). The execution and 

environment of that study, however, were fundamentally d iffe re n t from 

the present one. V a lie la  et a l .  made topical broadcasts of sewage 

sludge over a four year period to four small (314 m2) marsh p lots .

I t  is  doubtful the plots achieved a steady state response to 

enrichment by the conclusion of the study. Attainment of th is  

condition in Yorktown Creek was more probable due to the longer time 

span over which enrichment took place (19 years). In contrast to 

V a lie la  et a l . ,  the enriched area in Yorktown Creek was larger (ca. 6  

ha), sp a tia lly  continuous, and diverse in environmental regimes. 

Furthermore, the present study was not an experimental fe r t i l iz a t io n ;  

nutrients enriching impacted s ites were transported there without 

d irec t human action. The type and disposal mode of wastes enriching 

Yorktown Creek represent a more common circumstance in coastal zones, 

at present, than the experimental design of V a lie la  et a l .  (Lynch et 

a l . ,  1975).

Nitrogen is considered to be the element most l ik e ly  to lim it  

productivity of estuarine and coastal waters. Phosphorus rare ly
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lim its  these systems (Pomeroy, Smith, and Grant, 1965; Pomeroy et 

a l . ,  1969; Lake, 1977). The a b i l i ty  to assim ilate dissolved, 

combined nitrogen can be viewed as the major c r ite r ia  in evaluating 

the ro le of marsh angiosperms in ameliorating eutrophication by 

n u trie n t-r ic h  wastewater. Many previous studies have examined the 

relationship  between nitrogen n u tritio n  and marsh angiosperm 

production. In certain  marsh environments, production may be lim ited  

by nitrogen supply (Berenyi, 1966; Ty ler, 1967; P igo tt, 1969; Wise, 

1970; Sullivan and Daiber, 1974; Gallagher, 1975; Payonk, 1975; 

V alie la  e t a l . ,  1975; Chalmers, Haines, and Sherr, 1976; Patrick and 

DeLaune, 1976). The short growth form of _S. a lte rn if lo ra  can be 

changed to a t a l le r  form upon nitrogen fe r t i l iz a t io n  (Gallagher,

1975; V a lie la , Teal, and Deuser, 1978). Nitrogen additions can 

increase tissue nitrogen concentration (T y le r, 1967; Wise, 1970; 

Stewart, Lee, and Orebanjo, 1973; Broome, Woodhouse, and Seneca, 

1975b; Gallagher, 1975; Payonk, 1975; Patrick and DeLaune, 1976).

One study (V a lie la  et a l . ,  1975) investigated effects of enrichment 

on species composition of marsh angiosperm communities. Exclusion of 

D. spicata was noted, although the mechanisms are obscured by lack of 

adequate controls and by generally inadequate sample sizes.

The two objectives of th is  thesis were to observe effects on 

angiosperms in Yorktown Creek a ttrib u tab le  to the chronic discharge 

of wastewater and to evaluate whether the angiosperm communities 

functioned as components of a te r t ia ry  treatment system. Aside from 

these considerations, the results should contribute to knowledge of

6



primary production in marsh ecosystems. The results of the 

previously cited studies influenced the choice of parameters used to  

meet the objectives. S p e c ific a lly , in both nutrient-enriched and 

natural sections of Yorktown Creek, measurements included:

1) Aerial annual net primary production of d is tin c t angiosperm 

communities;

2) Growth form (plant height) of the communities' dominant 

species;

3) The species' tissue concentration of nitrogen; and

4) The d is trib u tio n  and species composition of the angiosperm 

communities.
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LITERATURE REVIEW

Yorktown Creek

The Yorktown Creek flo ra  was f i r s t  described in a Marsh 

Inventory Report by the Wetlands Research Section, VIMS (S ilberhorn, 

1974). The creek marsh was c lass ified  a "Brackish Water Mixed 

Community," a type considered among the highest in to ta l 

environmental value (Silberhorn, Dawes, and Barnard, 1974). The 

percentage of to ta l area per community was estimated by ground survey 

as: 25% _S. a lte r n if lo r a , 25% Salt Grass Meadow, 5% Saltbushes, 5% _S.

cynosuroides, and 40% Typha species. These values were estimated in  

a la te r  study (Wetzel et a l . ,  1977) as: 11% _S. a lte rn if lo ra , 23%

high marsh (including Salt Grass Meadow, Saltbushes, and ca. 100 m̂  

of S. cynosuroides) , and 6 6 % T. an g u stifo lia . The discrepancy in 

results is  due to d iffe re n t methods.

Wetzel et a l .  (1977) conducted a study of Yorktown Creek 

centered on angiosperms, benthic m icroflora, nutrients in creek and 

in te r s t i t ia l  waters, and nutrien t mass-balance relationships.

Results of the angiosperm study are reported in th is  thesis in f u l l .  

Wetzel e t a l . 's  other results and conclusions were:



1) The system was impacted by nutrient enrichment and altered  

hydrology due, respectively, to sewage disposal upstream and 

cu lvert construction at the creek mouth. These factors had 

a confounding influence on in terpreta tion  of to ta l system's 

behavior.

2) Benthic m icroflora standing crop was not d ire c tly  influenced 

by enrichment although an ind irect e ffec t of enhanced 

macrophyte shading was suggested.

3) Nitrogen f ix a tio n , prim arily algal in o rig in , occurred at 

high rates but was not d iffe re n t between impacted and 

natural s ite s .

4) Concentrations of dissolved inorganic nutrients (nitrogen  

and phosphorus) in enriched creek water varied l i t t l e  

seasonally and were p rin c ipa lly  determined by sewage 

disposal. Any biological influence on nutrient dynamics was 

masked by high levels of nutrient input. These data 

indicated mixing between impacted and natural creek branches 

was minimal.

5) Yorktown Creek did not act to ameliorate enrichment due to 

sewage disposal, but did q u a lita tiv e ly  change nutrient 

re lationsh ips. Output of dissolved inorganic nitrogen from 

the creek equaled or exceeded that input through disposal.

9



Marsh Angiosperm Production

General

Extensive primary production studies of marsh angiosperms have 

substantiated the claim that in te r tid a l marshes are among the world's  

most productive habitats (Odum, 1961). L itera tu re  reviews on th is  

subject by Keefe (1972) and Turner (1976) and an annotated 

bibliography of coastal marsh productivity (U.S. Department of the 

In te r io r , 1977) are ava ilab le . While s t r ic t ly  production-oriented 

studies are s t i l l  valuable in d e ta ilin g  belowground production and 

geographic variations in aboveground production, much more attention  

at present is given to environmental mechanisms of production control 

and maintenance.

Environmental Factors Affecting Production

Most investigations into environmental factors a ffecting  

production must overcome one fundamental obstacle: the influence of

the tid e s . In general, a ll factors po ten tia lly  influencing  

production are modified or controlled to some degree by the 

occurrence of t id a l flooding (Gray and Bunce, 1972). In i t ia l  work in  

th is  area, although concerned with angiosperm zonation and 

d is trib u tio n  rather than production per se, was interpreted solely in  

terms o f the d irec t (e .g .,  submergence) or in d irect (e .g .,  soil 

s a lin ity , moisture, and a ir  capacity) influence of the tides (Johnson 

and York, 1915; Reed, 1947; Bourdeau and Adams, 1956; Keith, 1958; 

Adams, 1963; Ranwell et a l . ,  1964; Kerwin and Pedigo, 1971). While 

the importance of the tid a l factor is recognized, an attempt to
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quantify i t  is a complicated m ultivaria te  problem. Investigations  

into other factors a ffecting  production have tr ie d , with some 

success, to surmount the tid a l factor by several approaches: by

co rre la tive  f ie ld  studies u t i l iz in g  many d iffe re n t sites and by in  

s itu  and laboratory manipulations of the factor of in te re s t.

S a lin ity

Although some marsh angiosperms are true (obligate) halophytes, 

most dominants on A tlan tic  and Gulf Coast marshes are not. The 

negative e ffe c t of saline soil on these species is established under 

both f ie ld  and laboratory conditions. The e ffec t has been shown fo r  

_S. a lte rn i flo ra  in culture (Adams, 1963; Gosselink, 1970; Halvorso 

and Singer, 1974), in co rre la tive  f ie ld  studies (Broome et a l . ,

1975a; Mendelssohn, 1973), and by in s itu  manipulation of s a lin ity  

regimes (N estle r, 1977). The e ffec t is documented fo r .S. patens only 

in cu lture (Adams, 1963; Berenyi, 1966; Seneca, 1972; Gosselink,

1970; Wise, 1970; Halvorso and Singer, 1974), although Palmisano 

(1970) found a lower growth rate at low s a lin it ie s . Palmisano's 

results may be a ttrib u tab le  to genetic adaptation to high s a lin ity  

conditions. _S. patens is  genetically  divergent and well-adapted to 

local microenvironments (S ilander, 1979). j). spicata may be the only 

obligate halophyte among the angiosperms considered here. Adams 

(1963) and Palmisano (1970) both found its  best growth at moderate 

s a lin it ie s  ( 1 0  ° /o o ) , with production declining around th is  optimum. 

However, Barbour and Davis (1970) reported the species to be an
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in to le ran t halophyte (best growth at very low s a lin it ie s ) and 

attribu ted  the co n flic tin g  results to d iffe re n t culture methods.

Nitrogen and Phosphorus N utrition

Soil s a lin ity  does not account for a ll  local variations in marsh 

angiosperm production (N estle r, 1977). Aside from d irec t tid a l 

in fluence, mineral n u tritio n  of angiosperms is a source of additional 

grow th-lim iting facto rs . The most widely studied factors are 

nitrogen and phosphorus. In i t ia l  research in th is  area attempted to  

correla te  various soil and water standing stocks of nitrogen and 

phosphorus with measures of angiosperm growth (Boyd and Hess, 1970; 

Broome et a l . ,  1975a,b; Nixon and O v ia tt, 1973; Mendelssohn, 1973). 

This approach yielded few s ig n ifican t resu lts . The major reasons fo r  

th is  seem clear:

1) Environmental standing stocks of nutrients have l i t t l e  

bearing on a p lant's  nu tritio na l status. The parameter of 

importance is rate of nutrient supply.

2) Active nutrien t assim ilation may not occur throughout the 

growing season. Nitrogen uptake, in p a rticu la r, is almost 

completed by la te  spring (Boyd, 1970; Squiers and Good,

1974; Mason and Bryant, 1975; Chalmers et a l . ,  1976; Boyd, 

1978). Thus, correlations derived from data collected la te r  

in the growing season may only be chance reflections of past 

events.

12



3) Due to the methods of chemical analysis and conceptual gaps 

in understanding nu trien t assim ilation , the measured size o f

a nu trien t stock may have l i t t l e  re lationship  to how much of 

that nu trien t is physiologically ava ilab le .

An a lte rn a tiv e  approach to study nu trien t and production re la 

tionships involves in  s itu  or laboratory manipulation of nu trien t 

regimes. Two cu lture studies a ttrib u ted  a lim ita tio n  on patens 

growth to nitrogen a v a ila b il ity  (Berenyi, 1966; Halvorso and Singer, 

1974). In s itu  experiments have fe r t i l iz e d  angiosperm stands with 

sewage sludge, liq u id  sewage or organic waste e fflu e n t, and inorganic 

nitrogen and/or phosphorus compounds. Results are reviewed 

separately fo r j>. a lte rn if lo ra  and other marsh angiosperms.

The short and t a l l  growth forms of S. a lte rn if lo ra  are often  

found in mono-form stands in separate locales. The highly productive 

ta ll- fo rm  occurs in low-elevation areas contiguous, or nearly so, 

with non-stagnent waters (the low marsh environment). The short-form  

ty p ic a lly  occupies higher elevated meadows formed in te r io r  to low 

marsh. Both forms may be subject to nitrogen lim ita tio n  of 

production (short-form : Sullivan and Daiber, 1974; Broome et a l . ,

1975b; Gallagher, 1975; V a lie la  et a l . ,  1975; Chalmers et a l . ,  1976; 

ta ll- fo rm : Patrick and DeLaune, 1976). Phosphorus and nitrogen may

lim it production on sandy sediments (Broome et a l . ,  1975b). However, 

the sediment ch arac teris tic  of w ell-established marshes is  a 

fine-g ra ined , s i l t -c la y  type. In these soil conditons, the 

l i te ra tu re  evidence fo r nitrogen lim ita tio n  of ta ll-fo rm  production

13



is  equivocal. The characteris tics  o f the three fe r t i l iz a t io n  studies 

in question are lis te d  in Table 1. Although differences in  

experimental design are evident, these are probably less important 

than local nu trien t regimes and s ituation  of study s ite s . Wolaver e t 

a l .  (in  preparation) have recently shown incoming t id a l water is  

gradually depleted in inorganic nitrogen as i t  crosses the ta ll-fo rm  

zone. Thus, c o n flic tin g  results  (E ffec t) in  Table 1 may be ascribed 

to p lants ' success or fa ilu re  to f u l f i l l  nitrogen requirements fo r  

optimum growth from the t id a l supply. This would be dependent on 

local dissolved nitrogen concentrations, degree of nitrogen depletion  

o f flooding waters due to 'u p -tid e ' a c t iv ity ,  and local t id a l  

hydrodynamics.

The other species considered in th is  discussion are those found 

at the highest elevations affected by tid a l flooding, i . e . ,  the high 

marsh environment. Production of th is  vegetation may be 

n u tr ie n t-lim ite d , although the degree and nature of th is  is  not 

e n tire ly  c lear from the availab le  l i te ra tu r e . V a lie la  et a l .  (1975) 

and Payonk (1975) reported increased S.. patens production a fte r  

f e r t i l iz a t io n  with organic wastes. This might be a ttrib u ta b le  to 

re laxation  of nitrogen lim ita tio n  in lig h t of other studies. Wise 

(1970) found J>. patens and a S». patens-D. spicata mixture increased 

production a fte r  application of inorganic nitrogen. Berenyi's (1966) 

f ie ld  fe r t i l iz a t io n  studies indicated _S. patens production was 

nitrogen and (to  a lesser degree) phosphorus lim ite d . Culture
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TABLE 1

NITROGEN LIMITATION OF TALL-FORM

S. ALTERNIFLORA PRODUCTION

The characteristics of three fe r t i l iz a t io n  studies conducted on 

fine-gra ined, s i l t -c la y  sediments are lis te d . Rates in units of kg N 

ha- l  y r - l .  E ffect is the s ta t is t ic a lly  s ig n ifican t increase of dry 

weight y ie ld  over controls expressed as a percent of control y ie ld .



In v e s ti
gator:

Patrick and 
DeLaune (1976)

Gallagher (1975) Broome et a l . (1975b)

S ite: Barataria Bay, Oakdale Marsh, Oak Is . ,  N.C. Marsh
Louisiana Sapelo I s . ,  Ga. stands A and B

F e r t i l iz e r : (NH4)2S04 NH4 NO3 (NH4 )2 S04

Treatment
Rate:

0 , 2 0 0 0 , 2 0 0 A: 0, 168, 336, 672 
B: 0, 168, 336, 672

F e r t i l iz e r 8 - 1 0  cm 25 cm surface broadcast
Placement: belowground belowground

Time of 
F e r t i l i -  
1 iza tio n :

15 May 1973 16 July 1971 A: 18 May, 30 June 
3 August, 1971 

B: 1 May, 22 June, 
26 July, 1972

Time of September 1973 22 September A: 4 October 1971
Harvest: 1971 B: 20 September, 1972

Sample, Ea. 
Treatment:

1 m2 x 4 0.25 m2 x 3 A: 0.25 m2 x 3 
B: 0.25 m2 x 3

E ffect: 15 % none A: none 
B: none
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studies y ie ld ing  positive results fo r nitrogen lim ita tio n  of j>. 

patens production have already been noted (Berenyi, 1966; Halvorso 

and Singer, 1974). In contrast, Gallagher (1975) found no increase 

in y ie ld  of Juncus roemerianus 1 0  weeks a fte r  nitrogen fe r t i l iz a t io n .

Nitrogen Concentration in Marsh Angiosperm Aerial Tissues

Burkholder (1956) made the f i r s t  extensive investigation of 

tissue concentration of nitrogen in a marsh plant (j>. a lte rn if lo ra ) . 

The study of tissue nitrogen concentration (TNC) was la te r  spurred, 

in p a rt, by G erlo ff and Krombholz's (1966) work in determining 

threshold TNC values below which fresh-weight y ie ld  was sub-optimal 

fo r freshwater emergent angiosperms. They established a strong 

corre la tion  between TNC and nitrogen a v a ila b ility  in aqueous culture  

medium. The im plication was TNC could be used to evaluate the 

plan t's  environmental n u tritio n a l status.

There is  now a substantial lite ra tu re  base of aeria l TNC 

determinations fo r most marsh angiosperms. Several general 

conclusions may be drawn. F irs t ,  nitrogen uptake and tissue  

concentration are greatest early in the growing season (Boyd, 1970; 

Squiers and Good, 1974; Mason and Bryant, 1975; Chalmers et a l . ,

1976; Boyd, 1978). Second, TNC decreases over the growing season 

although* th ird , tissue nitrogen on an areal basis continues to 

increase (Boyd, 1970; Squiers and Good, 1974; Mason and Bryant, 1975; 

Boyd, 1978).
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The im plications of G erlo ff and Krombholz's work are not 

substantiated in f ie ld  studies in sa lt and brackish marshes. The 

objections noted e a r lie r  to  correlations between nutrien t standing 

stocks and measures of growth are also relevant here. Mendelssohn 

and Marcellus (1976) found no s ig n ifican t correlation between 

natura lly  occurring stocks of environmental nitrogen and

S. a lte rn if lo ra  TNC. In contrast, Gossett and Norris (1971) reported 

a s ig n ifican t positive corre la tion  of environmental nitrogen and TNC 

of a fresh-water marsh p lant, water-hyacinth ( Eichornia crassipes) .

In s itu  fe r t i l iz a t io n  studies have led to conflic ting  reports. Tyler 

(1967), Wise (1970), Stewart et a l . (1973), Broome et a l . (1975b), 

Gallagher (1975), Payonk (1975), and Patrick and DeLaune (1976) found 

increased aeria l TNC fo r some s a lt marsh angiosperms in nitrogen 

fe r t i l iz e d  stands. However, the s ig n ifican t results of Broome et a l . 

fo r  _S. a lte rn i f lo ra  growing on sandy, fe r t i l iz e d  soils were tempered 

by non-significant results fo r ta ll-fo rm  plants on fe r t i l iz e d ,  f in e 

grained so ils . Although Gallagher found TNC fo r fe r t i l iz e d  short-  

and ta ll-fo rm  _S. a lte rn if lo ra  was higher than controls at 10 weeks 

following treatment, s im ilar results were not found fo r fe r t i l iz e d  <J. 

roemerianus. The short-form differences had disappeared one year 

following fe r t i l iz a t io n .  Chalmers e t a l . (1976) saw no consistent 

differences in short-form TNC between control and sewage sludge 

treated stands over a one year span. Despite these c o n flic ts , the 

m ajority of evidence indicates marsh angiosperms w ill optimize aeria l 

tissue nitrogen concentration in the presence of a su ffic ien t supply 

of usable nitrogen. The co n flic tin g  findings may arise from several
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sources: in teraction  of nitrogen assim ilation with other

environmental factors (Boyd, 1978); translocation of belowground 

tissue nitrogen to aeria l tissues; and fa ilu re  of fe r t i l iz e r s  to 

become availab le to plants e ith e r through excessive leaching by tid a l 

waters, low soil perm eability, d e n itr if ic a t io n , storage in microbial 

biomass, or in s u ffic ie n t microbial decomposition of organic forms not 

d ire c tly  assim ilable by plants.

Nutrient Flux in S alt and Brackish Marshes

The nutrient mass-balance (flu x ) properties of marshes deserve 

consideration i f  marshes are to be u tiliz e d  as te r t ia ry  treatment 

systems. In th is  context, net flux for an ecosystem is simply the 

annual difference in amount of elemental material input to and output 

from the system. Use of flux  measurements reduces complex processes 

of elemental recycling and external exchange to three situations: 

the ecosystem may represent to its  external surroundings e ith er an 

elemental source, sink, or ‘ counterpoise1. Bender and Correll (1974) 

summarized mass-balance studies of nitrogen and phosphorus fo r two 

undisturbed, regularly flooded marshes on the York River, V irg in ia . 

Net annual flu x  of both elements was into the marsh. However, th is  

import was dominated by particu late  forms not d ire c tly  usable by 

autotrophs. Considering only forms d ire c tly  available to autotrophs, 

there was l i t t l e  i f  any net loss of material to the marsh. The 

authors concluded these marshes served to maintain estuarine 

productivity through processes of m ineralization of particu la te  

organic material and export of inorganic, combined nutrient species
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u t il iz a b le  by estuarine autotrophs. Woodwell and Whitney (1977) made 

sim ila r conclusions concerning the phosphorus budget of a regularly  

flooded marsh ecosystem, Flax Pond, N.Y. Although the annual budget 

was balanced o v e ra ll, a net export of inorganic phosphorus and a net 

import of organic (including p a rticu la te ) forms occurred. In 

contrast, Wolaver et a l . (in  preparation) recently reported another 

marsh on the York River is a sink fo r a ll  inorganic, bound forms of 

nitrogen and phosphorus. V a lie la  et a l . (1978b) reported Great 

Sippewissett Marsh on Cape Cod to be a net exporter of nitrogen; 

however, when th e ir  data on nitrogen input via fresh groundwater is  

subtracted from the overall f lu x , nitrogen flu x  derived from 

prec ip ita tio n  and t id a l exchange shows a net import of a ll  species to  

the marsh. This approach is commensurate with Bender and C o rre ll's , 

Woodwell and Whitney's, and Wolaver et a l . 's  measurements, since 

e ith e r  th e ir  s ites  were not appreciably affected by groundwater input 

or th e ir  results are corrected fo r i t .  In a study of an irre g u la r ly  

flooded, low s a lin ity  marsh on the Patuxent estuary, Maryland, Heinle 

and Flemer (1976) found a net annual export of nitrogen and 

phosphorus (p rin c ip a lly  of dissolved species) derived from 

p rec ip ita tio n  and t id a l exchange.

In summary, generalizations about natural nu trien t flu x  

properties of marshes are not c le a r. Bender and C o rre ll, Wolaver e t 

a l . ,  and V a lie la  e t a l . found a net marsh import of nu trien ts . 

Woodwell and Whitney saw no net phosphorus flu x  at th e ir  s ite .

Heinle and Flemer's s ite  exported considerable quantities of nitrogen
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and phosphorus. Some evidence supports Bender and C o rre ll1s 

contention that marshes are important remobilizers of nutrients and 

act to maintain estuarine productivity through release of inorganic, 

bound nu trien ts .

Since the processes resulting in marsh nutrien t flu x  are not 

predictable under altered nutrient regimes from a p rio ri 

consideration of th e ir  undisturbed operation, flux  studies 

incorporating a pre- and post-perturbation approach are desirab le . 

Unfortunately, none are presently available fo r nutrient-enriched  

marshes. Results of several marsh fe r t i l iz a t io n  experiments may lend 

insight to the a b il i ty  of marshes to reta in  added nutrien ts . Bender 

and Correll (1974) enriched plots in two brackish Maryland marshes 

with inorganic phosphorus and nitrogen. No net accumulation of added 

nitrogen was found in e ith er low or high marsh p lots . Phosphorus was 

tran s ien tly  bound in low marsh but was eventually lost as 

orthophosphate during ebb tid es . High marsh was found d efic ien t in  

phosphorus as evidenced by phosphorus binding in the upper few 

centimeters of sediment and d e tr itu s . In conjunction with study of 

nutrient lim ita tio n s  to angiosperm production, V a lie la , Teal, and 

Sass (1973), Gallagher (1975), and Chalmers et a l . (1976) estimated 

losses and retentions of supplemental nitrogen added to marsh p lo ts . 

V a lie la  et a l . sampled ebb-tide water from control and treated plots 

on successive tides following fe r t i l iz a t io n .  An estimated 6-20% of 

added nitrogen was lost to tid a l exchange w ithin six tid es , following  

which losses became neg lig ib le . The implied high retention
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effic iency is  questionable, as chemical analyses did not include 

organic forms which comprised 60% of f e r t i l i z e r  (sewage sludge) 

nitrogen. Gallagher accounted fo r 53 and 36% of supplemental 

nitrogen in increased aeria l tissue nitrogen stock o f short form S. 

a lte rn if lo ra  1 0  weeks and one year following fe r t i l iz a t io n ,  

respectively. In contrast, Chalmers et a l . estimated increased 

tissue nitrogen of short form Ŝ . a lte rn i flo ra  accounted fo r only 3% 

of th e ir  f e r t i l i z e r  nitrogen a fte r  one year, while 51% appeared in  

soil-associated components. These differences may be a ttrib u tab le  to 

the f e r t i l iz e r s ' q u a lita tiv e  properties. Gallagher made a 

subsurface, pulse application of ammonium n itra te  a t the rate of 

200 kg N ha“ly r " l .  These nitrogen forms (NH4 + and NO3 ") are d ire c tly  

assim ilable by vascular plants (Haynes and Goh, 1978). Chalmers et 

a l . applied a pulverized sewage sludge f e r t i l i z e r  twice monthly at a 

rate of 840 kg N ha- 1y r - l .  Only about 2% o f th is  nitrogen appeared 

as d ire c tly  assim ilable forms (Chalmers et a l . ,  1976). Thus, 

a v a ila b il ity  of nitrogen to angiosperms in Chalmers et a l . 's  study 

depended in large part on microbial processes of m ineralization and 

rem obilization, while in Gallagher's study the path was d ire c t. This 

could also have been a factor in the fa ilu re  of Chalmers et a l . to 

find  consistent differences in TNC between control and fe r t i l iz e d  

plots as described e a r lie r .

Summary: The Use of S alt Marshes as T e rtia ry  Treatment Systems

There are several implications in th is  lite ra tu re  review fo r  

using marshes as te r t ia ry  treatment systems. The variable nutrient
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flu x  properties of marshes indicate that a careful s ite -b y -s ite  

evaluation would be needed i f  th is  resource management plan was 

implemented. Since some marshes are natural exporters of inorganic 

nutrien ts , i t  cannot be expected a ll  marshes are p o ten tia lly  useful 

s ite s . As marshes are bio-physical systems and must obey both 

biological and physical laws concerning lim itin g  rates and functions, 

they cannot be expected to have an unlimited capacity to immobolize 

dissolved nu trien ts . V a lie la  et a l . 's  statement (1973) that "Salt 

marsh systems are f le x ib le  enough to be able to  use as much nitrogen 

as is  available regardless of the mechanism of supply" is ce rta in ly  

indefensible as a generalized statement of s a lt marsh nutrient 

behavior or of the response of natural ecosystems to nutrient 

enrichment. The a b i l i ty  of angiosperms to assim ilate supplemental 

nutrients has been demonstrated to be highly dependent on q u a lita tiv e  

properties of the supplement, time of year, the p lant's  location  

within the marsh, n u tr it iv e  potential of the substrate, and the 

existence of other grow th-lim iting facto rs .
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METHODS AND MATERIALS

Fie ld  Sampling Design

The creek-marsh system was divided into three blocks based on â 

prio ri knowledge of environmental nutrient regimes: 1 ) a

nutrient-impacted south branch, 2 ) an unimpacted (contro l) west 

branch, and 3) a mixed branch formed by the confluence of the south 

and west branches. Sampling s ites were established w ithin major 

community types of each block as recognized from in i t ia l  f ie ld  

surveys. These communities were high marsh and T. angustifo lia  for 

the control and impacted branches and high marsh and monospecific Ŝ . 

a lte rn if lo ra  fo r  the mixed branch. Table 2 l is ts  the abbreviations 

to be used in reference to these s ite s . Figure 2 illu s tra te s  the 

location of each s ite . To reduce intracommunity v a r ia b il i ty ,  the 

high marsh and Ŝ . a lte rn i flo ra  s ites were demarcated as 5x20 m staked 

areas. Permanently staking Typha sites proved unfeasible.

Staked sampling s ites were divided in to  100 relocatable squares, 

each 1 m2 (Figure 3 a ). Each square was assigned a permanent sample 

number which, used with a random number ta b le , id e n tifie d  squares fo r  

clipped biomass sampling. Records kept of previously clipped squares 

were used to avoid recu tting . Brass rings physically defining the



TABLE 2

ABBREVIATIONS OF YORKTOWN CREEK SAMPLING SITES

Abbreviation Location Community Type

CBTA Control jSranch Typha angustifo lia

CBHM Control jSranch High Marsh

IBTA impacted Branch Typha angustifo lia

IBHM impacted jSranch JHi gh Marsh

MBS A Mixed Branch Spartina a lte rn if lo ra

MBHM Mixed fJranch High Marsh
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FIGURE 2

LOCATION AND ORIENTATION OF SAMPLING SITES 

Sampling s ites not drawn to scale.
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FIGURE 3

DESIGN OF STAKED SAMPLING SITES IN YORKTOWN CREEK

A. PHYSICAL SIZE AND SAMPLE IDENTIFICATION
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quadrat area to be clipped w ithin a square were always placed in the 

same respective corner of a sqqare (Figure 3b ). This arrangement 

resulted in uncut walkways running the length and breadth of each 

staked s ite . Typha samples were selected by a random toss into  

v irg in  stands in the general areas id e n tifie d  in Figure 2.

A erial Annual Net Primary Production

The method of Smalley (1958) and peak l iv e  biomass (PLB) were 

used to estimate aeria l annual net primary production (NPP).

Smalley's method u t il iz e s  changes in l iv e  and dead standing crop 

between successive samplings to achieve a better estimate of NPP than 

a PLB sample alone (L inthurst and Reimold, 1978). The following  

algorithm was used to compute NPP by Smalley's method:

Sign of Biomass Change 
________ Over Time At_____

Live (L) Dead (D)

1 . + +

2 . +

3.

4. +

NPP Over Time At

NPP=

1. AL + AD

2. AL

3. 0

4a. AL + AD i f f  |AD|> |AL

4b. 0

Production is  summed over a ll time in terva ls  to calcu late NPP. The 

method requires that sampling in terva ls  are small (ca. one month) to  

minimize errors due to disappearance of dead m ateria l. Since some 

in terva ls  in th is  study were unavoidably large, PLB was also used as 

an estimator of NPP.
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Three high marsh sites (IBHM, MBHM, and CBHM), two Typha sites  

(IBTA and CBTA), and one _S. a lte rn if lo ra  s ite  (MBSA) were harvested 

using 0.1 m2 c irc u la r , 0.25 m2 rectangular, and 0.1 m2 c irc u la r  

quadrats, respectively. Size and shape of quadrats were optimized in  

terms of s ta t is t ic a l v a r ia b il i ty  and processing-time requirements in 

Ju ly, 1976 by the technique of Wiegert (1962). Vegetation was 

clipped 1-2 cm above the marsh surface. Standing dead and liv e  and 

any ground l i t t e r  were collected and placed in p lastic  bags. Samples 

were replicated 6 - 8  tim es. Samples were separated into liv e  by 

species and non-specific dead fractions in the laboratory. Samples 

not immediately processed were stored at -20°C. Fractions were dried  

to constant weight a t 105-110°C and subsequently weighed to the 

nearest 0 . 1  g.

Live Plant Height

Four species dominant in the marsh (D. sp icata, a lte r n if lo r a , 

S>. patens, and T. an g u stifo lia ) were subsampled from the fresh 

harvest material fo r liv e  plant height. Subsamples were obtained 

from every sample in which these species occurred as liv e  m ate ria l.

In general, the subsampling proceeded by hand mixing of a sorted liv e  

species fra c tio n , laying material out in a p a ra lle l, single-shoot- 

layer row, and 'randomly' choosing individuals fo r measurement un til 

10 measurements were made. Individuals of some species occasionally 

numbered less than 1 0  in a sample -  resu lting  from e ither growth form 

(large biomass per in d iv id u a l, e .g . ,  Typha) or spotty occurrence in 

the p a rticu la r area. In e ith er case, as many individuals as possible
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were measured to a to ta l of 10. The datum recorded was length of the 

plant to the nearest centimeter from the clipped shoot end to the t ip  

of the longest le a f as the plant was straightened by hand.

Data were grouped and s ta t is t ic a lly  pooled by species, sampling 

date, and sampling s ite . Pooled data sets were tested fo r deviation  

from normality by a chi-squared ( x 2 ) goodness-of-fit method (a = 0 .0 5 ,  

Snedecor and Cochran, 1967). A ll were assumed normally d is tribu ted , 

as 8 6 % of the sets showed no difference from the normal d is trib u tio n  

according to the X2 tests  (unreported).

E ffect of sampling sites upon mean in tra -s p e c ific  plant heights 

was evaluated by monthly comparisons between d iffe re n t s ite s . Data 

sets compared were f i r s t  tested fo r homogeneity of variances (a = 0 .0 5 )  

by a variance ra tio  (F) te s t ,  B a r tle tt 's  te s t, or Cochran's test 

depending on sample size equality  (Guenther, 1964). Mean height 

comparisons were made by two-sample t- te s ts  or by Cochran's t '  

approximation (a = 0 .0 5 )  depending on homogeneity of variances 

(Guenther, 1964).

Tissue Nitrogen Concentration

Analysis of TNC was made on le a f and stem tissues of three  

dominant species subsampled from the dried liv e  species fractions  

collected fo r production analysis. The whole aeria l portion of 

patens was analyzed. Tissue was ground with a Wiley m ill to pass a 

40 mesh screen and stored at -20°C. Portions of subsamples were
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ashed at 550°C fo r 4 hours to determine tissue concentration on an 

ash-free dry weight (AFDW) basis. The means of t r ip l ic a te  

determinations are used to report tissue AFDW concentrations.

TNC was analyzed using a dry combustion technique that employs a 

Fisher Model 1200 Gas Chromatograph. Approximately 10 mg of sample, 

1 0 0  mg of cupric oxide, and 2 0  mg of fin e  copper strips were sealed 

in a 10 ml glass ampul under a helium atmosphere. The ampuls were 

heated to 550°C fo r 4 hours to combust the sample. Under these 

conditions, the equilibrium  of N2 and nitrogen-oxide gas 

concentrations heavily favored N2 ; th is  was ve rified  experim entally. 

The gases evolved in combustion were introduced to the chromatograph 

through an a ir - t ig h t  ampul crushing apparatus and a valve tra in  which 

allowed purging of atmospheric N2  from the crushing apparatus and 

mixing of c a rr ie r  and combustion gases. Sample runs were calibrated  

by standardization with acetan ilide (Fisher C o .).

The results were grouped by botanical species and tissue type.

A h ie ra rc h ia l, mixed model was adopted fo r each group's observations. 

The general form of the model is :

y ijk  = u + 3i + Y ij + ei jk

where:

Y ijk  -  the ( iJ k) th observation, considered as an independently 

d istributed  normal va ria te ;

y = the population mean fo r the species and tissue  

considered;
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3i = the fixed e ffe c t of sampling date and s ite ;

= the random e ffec t of samples taken within a date and 

s ite ,  d istribu ted  normally with mean = 0  and variance

ei jk  = the random e ffe c t (e rror) o f rep licate  determinations 

w ithin a sample, d istributed  normally with mean = 0 and

variance = cr2.e

H ierarch ia l, mixed model analyses of variance (ANOVA) were performed 

on the grouped observations using the model to determine overall 

significance of the date and s ite  term (e-,*) and to estimate variance

components, oj2 and cr2 . a p rio ri mean comparisons w ithin groups were
T &

made to te s t e ffec ts  of sampling s ite  and date. Evaluation was made 

by a t  s ta t is t ic  of the form:

t  = [  ? Ci ( y i . .  /  n-j.. ) ]  x [  MSe ( £ c2 /  I  n-jj ) ]  "1 /2 ; 

degrees of freedom = 5 5 ( n i j - l ) ;

where:

( y i . . /  ni . . )  = the mean estimate fo r the ith  group;

ci = the ith  group comparison c o e ffic ie n t;

MS£ = the ANOVA rep lica tion  mean square;

n ij = the to ta l replicates for the ( i j ) t h  sample.
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These tests are regarded as conditional, as the t  s ta t is t ic  formula 

assumes Y-jj is  fix e d . The tests  were considered s ig n ifican t at the 

95% confidence le v e l.

Community Structure and D is trib u tion

Marsh f lo ra l ground surveys were conducted on three occasions to 

establish principal features of d is tr ib u tio n  and dominance w ithin the 

s a lt  marsh and the downstream reaches of the Typha areas. These 

surveys were q u a lita tiv e  in nature in that they re lie d  on visual 

estimates of species dominance. No attempt was made to enumerate 

minor species. The surveys are descriptions of distinguishing  

features of the communities' s tructure . The data were used in  

conjunction with topographic surveys to map zonal d is tr ib u tio n s .

In te r s t i t ia l  S a lin ity

Soil s a lin ity  was determined by c h lo rin ity  t i t r a t io n  of 

in te r s t i t ia l  water squeezed from sediment cores 5 cm in depth 

(S trickland and Parsons, 1972). Cores were taken by hand from the 

sampling sites on fiv e  occasions in  1977. Data were analyzed by a 

randomized complete block ANOVA (sampling dates blocked) and an a_ 

posteriori sequential Studentized-Newman-Kuels (SNK) te s t of mean 

differences (a=0.05, Snedecor and Cochran, 1967).

Surface Elevation

Sampling s ite  surface elevations were measured with a leveling  

instrument (Nikon Auto-Level AE) and surveyor's pole. Measurements
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were not taken on Typha s ite s . A nearby benchmark (USCGS #S1949) was 

used as an elevation reference. Twelve readings were taken along the 

long axis of each s ite . Two sample t- te s ts  were performed to tes t 

fo r differences in mean s ite  elevation ( a = 0 .0 5 ) .
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RESULTS

A erial Annual Net Primary Production

NPP is  reported fo r  each s ite  in Table 3 . The appendix 

summarizes data used in ca lcu lating  NPP by Smalley's method. Figure 

4 il lu s tra te s  the d is tr ib u tio n a l properties of the PLB samples. No 

s ta t is t ic a l te s t fo r evaluating production differences is availab le  

fo r  the resu lts  obtained from Smalley's method. The PLB 

d is trib u tio n a l properties (Figure 4) inva lid ate  s ta t is t ic a l tests  

based on the normal d is tr ib u tio n . A q u a lita tiv e  inspection o f the 

figure  reveals no gross differences in mean PLB among s im ila r  

community types.

Table 4 id e n tif ie s  the contribution o f dominant species PLB to 

the to ta l s ite  PLB. One or two species in a ll cases contribute  

greater than 89% o f s ite  PLB. Four s ites are nearly monospecific 

(CBTA, IBTA, MBSA, and CBHM) and two are mixtures o f Ŝ . patens and ID. 

spicata (IBHM and MBHM). PLB occurred in mid-August in a ll  s ites and 

fo r a l l  species except fo r Ŝ . patens in CBHM, where PLB occurred 22 

July 1976. Since PLB of _S. a lte rn if lo ra  in CBHM occurred in August, 

the species' contribution to s ite  PLB is  not defined in the context 

o f Table 4 .



TABLE 3

SUMMARY OF NPP ESTIMATES FOR YORKTOWN CREEK

Site PLB Smalley

IBTA 721.5 + 111.9 1506.3

CBTA 734.4 + 108.4 1316.2

MBSA 726.2 + 70.7 927.4

IBHM 577.2 + 58.0 598.0

MBHM 538.4 + 63.8 677.2

CBHM 560.4 + 151.7 997.0

A ll values in units of grams dry weight per square meter.

PLB: estimate by method of peak liv e  biomass (mean + mean standard

e r r o r ) .

Smalley: estimate by the method of Smalley.
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FIGURE 4

DISTRIBUTIONAL PROPERTIES OF PLB SAMPLES

A modified box-and-whisker diagram is used to show the d is tribu tion a l 

properties of the observations comprising the peak liv e  biomass sample in  

each s ite . The diagrams indicate the value of the following sample 

s ta tis t ic s :

 —  . . . maximum observation

th ird  sample q u a rtile  
mean plus standard error  
mean
mean minus standard error  

median

. . . f i r s t  sample q u artile

 —  . . . minimum observation

Below the diagrams are the sampling s ite , the sampling date on which peak 

l iv e  biomass was observed, and the values of sample size (n ), mean (x ) ,  

median (m), and mean standard error ( s j ) .  Units are grams dry weight per 

square meter.
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TABLE 4

CONTRIBUTION OF DOMINANT SPECIES TO SAMPLING 

SITE PEAK LIVE BIOMASS

The peak liv e  biomass of each s ite 's  dominant species is given in column 

3 in units of grams dry weight per square meter. I f  species' PLB 

occurred during the same sampling as s ite  PLB, the species' contribution  

to s ite  PLB is  indicated in column 4 as a percent of s ite  PLB. A star 

( * )  indicates s ite  and species PLB occurred at d iffe re n t samplings. Peak 

l iv e  biomass occurred in a ll s ites except CBHM during mid-August. CBHM 

peak liv e  biomass occurred 22 July 1976.



Site Species PLB % S ite

IBTA T. anqustifo lia  651.6 90

CBTA J .  angustifo lia  682.9 93

MBSA S. a lte rn if lo ra  726.1 100

IBHM Ŝ . patens 353.2 61

J). spicata 221.0 38

MBHM Ŝ . patens 247.6 46

J}. spicata 265.4 49

CBHM _S. patens 531.7 95

S. a lte rn if lo ra  94.4 *
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The dynamics of liv e  and dead standing crops are shown in 

Figures 5 and 6 . With the exceptions of CBTA and CBHM, there is an 

inverse relationship  between liv e  and dead standing crops over the 

growing season. The exceptional increase in dead crop between May 

and July in CBTA while the l iv e  crop is increasing is  probably due to 

sampling e rro r. Live crop has a greater increase in the period 

February-May in the impacted branch sites than in comparable control 

branch s ite s . These differences disappear in August. The amount of 

dead biomass in CBHM and IBHM is much greater re la tiv e  to MBHM.

Given the equality of production between these s ite s , th is  indicates  

the rate of dead m aterial disappearance was greater in MBHM.

Aerial Live Plant Heights

Table 5 summarizes plant height results and in tra -s p e c ific  mean 

comparisons between s ites by month. In most cases, species in 

nutrient-enriched sites (IBTA, IBHM, and MBSA) are s ig n ific an tly  

longer than the same species in control branch sites (CBTA, CBHM). 

Notable exceptions occur in the early (May, T. an g u stifo lia ) and la te  

(September-October, Ŝ . a l te r n if lo r a , J). sp icata, Ŝ . patens) growing 

season. MBHM species never had a s ig n ific an tly  greater mean height 

than CBHM species.

Tissue Nitrogen Concentration

Mean estimates and comparisons between sampling months and sites  

of tissue nitrogen concentration appear in Tables 6 - 8 . Some results  

are evident fo r which no s ta t is t ic a l tests were necessary. Leaf 

tissues in a ll cases have higher TNC than corresponding stem tissues
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FIGURE 5

DYNAMICS OF STANDING CROPS IN HIGH MARSH SITES 

V ertica l bars indicate mean plus/minus standard erro r.
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FIGURE 6  

DYNAMICS OF STANDING CROPS IN 

MBSA, IBTA, AND CBTA SITES

Vertical bars indicate mean plus/minus standard error
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TABLE 5

PLANT HEIGHTS'OF DOMINANT SPECIES

Mean comparisons were made w ithin a month's sample fo r a particu lar  

species. Underlining indicates a s ig n ifican t difference (p=95%) between 

the underlined values. A star (* )  indicates no data were availab le .



Mean Height (cm)
Species Month IBTA CBTA IBHM MBHM CBHM MBSA

T. angustifo lia 5/76 1 2 2 1 2 0 * ★ * *

8/76 182 143 * ★ * *

S. patens 5/76 * ★ 35 31 ★ *

8/76 * * 38 35 33 *

9-10/76 * * 35 28 34 *

D. spicata 5/76 * * 28 25 * ★

8/76 * * 37 34 ★ *

9-10/76 * * 31 33 32 *

S. a lte rn if lo ra 4/76 •k * ★ 20 ★ 30

5/76 * * * 33 * 1Z.

7/76 * * * * 44 59

8/76 * ★ ★ 44 51 §1

9-10/76 ★ * ★ * 63 73
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TABLE 6

LEAF TISSUE NITROGEN CONCENTRATION

Species S ite May
% N (AFDW)

August

T. angustifo lia IBTA 2.11 A 2.22 A
CBTA 2.37 B 1.33 B

D. spicata IBHM 1.78 A 1 . 6 8
MBHM 1.41 B 1.62

S. a lte rn if lo ra MBSA 1.31 A 1.17
MBHM 1.31 A -

CBHM 1.81 B 0.98

S ig n ifica n t differences (p=95%) in % N between s ites w ithin a species 

and month (column sections in ta b le ) indicated by symbols (A ,B ). No 

symbol or identica l symbol indicates non-significance.

S ign ifican t differences (p=95%) in % N between months w ithin a 

species and s ite  (tab le  rows) indicated by underlining.

A dash ( - )  indicates no data av a ila b le .
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TABLE 7

STEM TISSUE NITROGEN CONCENTRATION

Species Site
% N (AFDW)

May August

T. angustifo lia IBTA 1 . 2 0 0.47
CBTA 1.04 0.32

D. spicata IBHM 0.64 A 0.88 A
MBHM 0.92 B 0.73 B

S. a lte rn if lo ra MBSA 1.01 A 0.62 A
MBHM 1.28 B -

CBHM 1.44 B 0.34 B

S ign ifican t differences (p=95%) in % N between sites within a species 

and month (column sections in tab le) indicated by symbols (A ,B ). No 

symbol or identical symbol indicates non-significance.

S ign ificant differences (p=95%) in % N between months within a 

species and s ite  (tab le  rows) indicated by underlining.

A dash ( - )  indicates no data ava ilab le .

43



TABLE 8

S. PATENS TISSUE NITROGEN CONCENTRATION

S ite
% N (AFDW)

May August October

IBHM 1.09 1.01 A 0.66

MBHM - 0.84 B 0.59

CBHM 1.16 0.97 A 0.69

Whole ae ria l portion of _S. patens analyzed.

S ign ificant differences (p=95%) in % N between sites w ithin a month 

(tab le  columns) indicated by symbols (A ,B ). No symbol or identical 

symbol indicates non-significance.

S ign ifican t differences (p=95%) in % N between months w ithin a s ite  

(tab le rows) indicated by underlining.

A dash ( - )  indicates no data ava ilab le .
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when examined by months. The highest TNC values were found in T. 

angustifo lia  le a f tissue . The lowest TNC also occurred in that 

species' stem tissue.

S ig n ific a n tly  lower TNC was found in most cases la te  in the 

growing season (August or October) fo r a specific  tissue . The 

exceptions are associated with nutrient-enriched sites (IBHM, MBHM, 

and IBTA). No s ig n ifican t seasonal change was found fo r le a f tissue  

of JD. spicata in IBHM and of T. angustifo lia  in IBTA (Table 6 ) .  A 

seasonal increase occurred in £ .  spicata le a f tissue in MBHM and stem 

tissue in IBHM (Tables 6 and 7 ) .

X- angustifo lia  le a f tissue shows s ig n ifican t differences in TNC 

between the impacted and control branch sites in both May and August 

(Table 6 ) .  In May, TNC of le a f tissue is higher in the control 

branch. This d ifference between sites is reversed in August. Stem 

tissue of D. spicata exhib its a s im ilar pattern , although a mixed 

branch s ite  replaces the control branch s ite  (Table 7 ) . This is also 

the case fo r X* a lte rn if lo ra  stem tissue with the impacted branch 

s ite  replaced by a mixed branch s ite  (Table 7 ). Two comparisons o f 

le a f tissue which were s ig n ific an t in May (_S* a lte r n if lo r a ,

CBHM>MBSA; I), sp icata, IBHM>MBHM) were not s ig n ifican t in August 

(Table 6 ) .

Community Structure and D istribu tion

Table 9 l is ts  the angiosperms encountered in clipped samples 

collected between February and October, 1976. The tabulation is not
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TABLE 9

SPECIES OCCURRENCE IN PRIMARY PRODUCTION SAMPLES

Species IBTA CBTA MBSA MBHM IBHM CBHM

Aster subtulatus X X

Aster tenu ifo liu s X

Cyperus erythrorhizos X X X

Cyperus sp. X

D is tic h lis  spicata X X X X

Echinochloa sp. X

Eleocharis sp. X

Galium tincturium X

Hibiscus sp. X

Hydrocotyle sp. X X

Kosteletzkya v irg in ica X X

Labiatae sp. X X

Pluchea purpurascens X

Polygonum punctatum X X

Scirpus robustus X

Spartina a lte rn if lo ra X X X X

Spartina patens X X X X

Typha angustifo lia X X X

Total species = 18 7 11 3 5 3 7
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intended to be an exhaustive compilation of the Yorktown Creek f lo ra .  

A to ta l of 18 species occurred in samples from the six s ite s . Number 

of species in high marsh sites was greatest in the control branch (7) 

and the lowest in the impacted branch (3 ) . One species ( Cyperus 

erythrorhizos) noted in CBHM is not common in s a lt and brackish 

marshes (Hotchkiss, 1970).

Figure 7 illu s tra te s  zonal d is trib u tio n  and species composition 

of the angiosperm communities at the end of the 1976 growing season. 

Although somewhat id ea lized , the boundaries as shown in the figure  

between areas o f d iffe re n t species composition are quite d is tin c t in  

the f ie ld .  Certain species tend to fringe upland areas (T. 

an g u stifo lia ) and to p ara lle l ditches and creeks (j>. a lte rn i f lo ra ) .

A peculiar aspect of the d is tr ib u tio n  is the lack of [). spicata as a 

dominant component of the control branch high marsh community. The 

species does occur fa r  upstream in the impacted branch high marsh.

Surface Elevation

Table 10 summarizes the surface elevations of the four staked 

sampling sites and the results of mean comparisons between s ite s .

The CBHM and IBHM sites were not s ig n ific a n tly  d iffe re n t although a ll  

other comparisons were. Greatest mean elevation was found at the 

MBHM s ite  (54.9 cm), least at the MBSA s ite  (46.4 cm), and 

intermediate elevations at the CBHM and IBHM sites (51.9 and 52.5 cm, 

res p ec tive ly ).
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FIGURE 7

VASCULAR PLANT DISTRIBUTION IN 1976

Key to species:

1. Spartina a lte rn if lo ra

2. D is tic h lis  spicata

3. Spartina patens

4. Scirpus robustus

5. Spartina cynosuroides

6 . Borrichia frutescens

7. Aster te n u ifo lis

8 . Typha angustifo lia

9. Kosteletzkya v irg in ica

10. Pluchea purpurascens

11. Cyperus erythrorhizos

12. Aster subtulatus

13. Polygonum punctatum
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TABLE 10 

STAKED SAMPLING SITE ELEVATIONS

Site: MBHM MBSA CBHM IBHM

Mean elevation (cm): 54.9 46.4 51.9 52.5

Mean standard error: .55 .40 • 00 00 .40

Datum reference is  NOAA mean sea le v e l. Underlining indicates  

s ig n ifican t differences (p=95%) in mean elevation .
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In te r s t i t ia l  S a lin ity

The in te r s t i t ia l  s a lin it ie s  observed during 1977 at the sampling 

sites and the results of mean comparisons are summarized in Table 11. 

S ign ifican t differences in mean in te r s t i t ia l  s a lin ity  were found for 

a ll  s ites excepting the pa ir o f Typha s ite s . The mixed branch sites  

were highest, followed by the other high marsh s ite s , with the lowest 

s a lin it ie s  occurring in the Typha s ite s . S a lin ity  range was greatest 

in MBHM and IBHM (17.0 and 15.0 °/o o , respectively) and least in CBHM 

(8 .9  o /oo).
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TABLE 11

SUMMARY OF 1977 INTERSTITIAL SALINITY OBSERVATIONS

Randomized Complete Block ANOVA

Source D.F. M.S. F

Dates (Blocks) 4 132.8

Sites (Treatments) 5 111.3 13.38*

Error 20 8.3

Total 29

SNK Test of Mean Differences

Site: IBHM MBHM CBHM MBSA IBTA CBTA

Mean (o/oo): 11.9 18.0 9.1 14.9 6.6 6.1

Minumum: 4.7 10.6 4.2 7.8 1.4 1.4

Maximum: 19.7 27.6 13.1 21.7 14.0 14.0

Range: 15.0 17.0 8.9 13.9 12.6 12.6

Underlining indicates s ig n ifican t differences (p=95%) in mean 

in te r s t i t ia l  s a lin ity .
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DISCUSSION

Although Yorktown Creek was a highly appropriate setting to  

study the use of a natural marsh ecosystem as a te r t ia ry  sewage 

treatment f a c i l i t y ,  the effects  of nutrient-enrichment on the 

angiosperms are not c lear fo r most comparisons from a simple 

inspection of the re su lts . Several general factors are responsible 

fo r th is  d i f f ic u l ty .  Perhaps the most important of these is  the lack 

of knowledge concerning d ire c t, in te rac tiv e , and hierarchial effects  

of various environmental variables on marsh angiosperm ecology. In 

comparison to manipulative f ie ld  experiments, th is  study was at a 

disadvantage by the in a b il i ty  to control natural between-site 

varia tion  of factors not of primary in te re s t. This problem in  

experimental design at best complicates in terpre ta tion  of the data in 

terms of nutrient-enrichment and at worst makes certain  comparisons 

e n tire ly  meaningless.

The liv e  plant height results present the most demonstrable 

e ffe c t of enrichment on the angiosperms. Greater mean height was 

associated in most cases with nutrient-enriched s ite s . Nutrient 

enrichment can increase angiosperm height: Halvorso and Singer

(1974) found Ŝ . patens height was more than doubled in 28 o/oo 

Hoagland's fu ll  nu trien t culture over that in a 28.2 o/oo sea water



cu ltu re . Since micronutrients are p le n tifu l in sea water, the 

differences they found may be a ttrib u tab le  to an e ffec t of 

supplemental nitrogen or phosphorus. Between-site differences fo r T. 

angustifo lia  heights were not observed in the May sample. This may 

be an indication that control branch Typha was not then subject to 

nutrient deficiency. However, many Typha individuals in the impacted 

branch were noted to have mature infloresences at that date; th is  was 

not the case in the control branch. Field observations one month 

la te r  found both branches about equal in the proportion of flowering  

ind iv idua ls . The e a r lie r  onset of flowering in the impacted s ite  

could account fo r the lack of d ifference in May lengths due to energy 

and resource demands of producing the reproductive structures. Boyd 

(1970) reported inflourescence and f r u i t  formation of T. la t i f o l ia  

accounted fo r up to  125.7% of net dry matter production during the 

period May-June. In mid-June, seed head tissue nitrogen and 

phosphorus represented 30.1 and 39.0%, respectively, of to ta l tissue  

nitrogen and phosphorus.

The co n flic tin g  or lack of differences throughout the growing 

season in plant heights of species in CBHM and MBHM may be due to a 

soil s a lin ity  e f fe c t . Nestler (1977) reported a negative correlation  

of _S. a lte rn if lo ra  height and soil s a lin ity . The mean and range of 

s a lin ity  in MBHM was nearly twice that in CBHM. However, as soil 

s a lin ity  was sampled in 1977, the values reported may not be 

representative of those during production sampling in 1976. The 

cessasion of sewage disposal in  Ju ly, 1976, may have reduced water
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transport in the impacted branch by as much as 10% (Wetzel et a l . ,  

1977). The manner in which th is  affected soil s a lin ity  regimes is  

unknown.

The lack of differences in plant heights in September-October 

fo r s a lt marsh species could be due to several factors:

1) The small amounts of liv e  biomass could have biased the sample 

through sub-sampling e rro r;

2) P referen tia l m orta lity  of some size classes could have destroyed 

previous d ifferences;

3) Further growth of remaining material could have occurred and been 

enhanced by nutrients remobilized from decomposing dead crop.

The lim ited  lite ra tu re  concerning the elemental composition of 

tissues of marsh angiosperms suggests differences between tissues are 

common (Boyd, 1970; Boyd, 1978). In th is  study, differences in TNC 

between stem and le a f tissues were evident without s ta tis tic a l  

analysis. These results probably re fle c t differences in structure  

and function of the tissues.

With some exceptions, TNC decreased over the growing season.

This trend has also been found in previous studies (see LITERATURE 

REVIEW). TNC of species in nutrient-enriched s ites was not 

consistently greater than TNC fo r the same species in control branch 

s ite s . However, examination of the exceptions to the TNC seasonal 

trend and of between-site comparisons of TNC (Tables 6-8) provides
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some evidence supporting the hypothesis that TNC is maintained at 

re la t iv e ly  higher levels over the growing season where assim ilab le, 

combined nitrogen is  abundant. For example, an increase or no 

decrease of TNC between May and August was found for le a f and stem 

tissue of D. spicata in IBHM, fo r le a f tissue of j) . spicata in MBHM, 

and fo r le a f tissue of T. angustifo lia  in IBTA. TNC always decreased 

between May and August fo r a ll species and tissues in control branch 

s ite s . In May, TNC was s ig n ific a n tly  greater in control branch sites  

in four o f seven comparisons between the impacted or mixed branch 

sites and the control branch s ite s . None of the comparisons favored 

the enriched sites over the control s ite s . However, in August, of 

six s im ilar comparisons, the control sites are higher in TNC in only 

one case, while two comparisons show greater TNC in enriched s ite s .

The NPP estimates (Table 3) are w ithin the range of lite ra tu re  

PLB results fo r s im ilar stands (Table 12 ). In several instances the 

estimates from Smalley's method appear to be in e rro r. For example, 

the mid-season increase in dead crop (Appendix) in CBTA is  unsup

ported in the l ite ra tu re . The dead crop increase between August and 

October in CBHM is  not balanced by decreased liv e  crop and presumably 

not accountable by production so la te  in the growing season. Errors 

of th is  type can seriously bias the method of Smalley (Turner, 1976). 

Preference is  given overall to the PLB estimates. Even though th is  

method underestimates NPP, i t  can serve fo r comparative purposes i f  

biomass m orta lity  during the growing season is assumed to be
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TABLE 12

LITERATURE ESTIMATES OF NPP FOR SPECIES 

DOMINANT IN YORKTOWN CREEK

Location Species NPP (g*nr 2) Reference

N. Carolina S. a lte rn i flo ra 610-1300 Marshall, 1970

N. Carolina S. a lte rn if lo ra 650 Williams and Murdock, 1969

V irg in ia S. a lte rn if lo ra 695-1570 Wass and Wright, 1969

New York D. spicata 523-773 Udell et a l . ,  1969

Vi rg in ia D. spicata 360 Wass and Wright, 1969

N. Carolina S. patens/D. spicata 939 Waits, 1967

Vi rg in ia S. patens 805 Wass and Wright, 1969

N. Carolina S. patens 720 Waits, 1967

New York S. patens 424-547 Udell et a l . ,  1969

Great B rita in T. angustifo lia 1445 Mason and Bryant, 1975

V irg in ia S. a lte rn if lo ra 726 This study

V irg in ia S. patens/D. spicata 538-577 This study

V irg in ia S. patens 560 This study

V irg in ia T. angustifo lia 721-734 This study

Estimate of NPP is peak liv e  biomass.
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proportionately equal in re la tio n  to liv e  biomass between compared 

s ite s .

Visual inspection of the d is tribu tion a l properties of the PLB 

estimates (Figure 4) indicates no between s ite  differences exist fo r  

Typha and high marsh s ite s . No comparative s ite  existed fo r the 

monospecific .S. a lte rn if lo ra  (MBSA) s ite . Its  production was w ithin  

the normal range fo r m id-A tlantic states (Table 1 2 ). I t  is important 

to note species composition differences in high marsh sites resu lt in 

the NPP estimates being commensurable only on a very general level 

( i . e . ,  non-specific high marsh). Production differences between 

monospecific stands of d iffe re n t high marsh species are well 

documented (Keefe, 1972). Attempting a detailed accounting of high 

marsh production differences - i f  they existed- would be meaningless 

here given our lim ited  present understanding of in tra -s p e c ific  

differences in production, mechanisms contro lling production, and 

long-term interactions of species in mixed stands. However, the lack 

of a c lear nu trien t enrichment e ffec t on Typha and high marsh 

production is  surprising in lig h t of lite ra tu re  evidence fo r  

nutrient-1 im itation  of marsh angiosperm production. The results  

suggest production of the nutrient-enriched high marsh sites could 

have been lim ited  by in te r s t i t ia l  s a lin ity . The negative e ffe c t of 

soil s a lin ity  on high marsh production is  documented in the 

l i te ra tu re . The mean in te r s t i t ia l  s a lin ity  was 2.8 °/oo higher in 

IBHM and almost twice as high (17 o/oo) in MBHM compared to CBHM (8 .9
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° /o o ) . S a lin ity  range was nearly double that of CBHM in both MBHM 

and IBHM. This explanation does not hold fo r the Typha sites where 

in te r s t i t ia l  s a lin ity  did not d i f fe r  between s ite s .

The Typha sites were characterized by dense vegetation bordering 

(impacted branch) or intermingled with (control branch) unvegetated, 

unconsolidated sediments. As unvegetated areas were inaccessible, 

samples were taken only from vegetated stands (as opposed to the 

staked s ite s , where the experimental design dictated what areas were 

sampled irregardless of th e ir  vegetative cover). This s e le c tiv ity  

lead to estimation of stand productiv ity , which overestimates mean 

areal productivity of each Typha block. Although a quantita tive  

estimate is  not ava ilab le , aeria l photography and ground surveys 

indicated the percentage of Typha coverage was much greater in the 

impacted branch. Undoubtably, th is  would resu lt in a higher areal 

productivity fo r the impacted branch Typha-dominated area. The cause 

of th is  phenomena is  unknown. The equality of stand productions 

suggests lim ita tio n  by space rather than availab le nu trien ts .

Several features of the high marsh communities' species 

composition and d is trib u tio n  are worth comment. F irs t is  the absence 

of j) . spicata in the control branch as a dominant (Figure 7, Table

3 ) .  Differences between CBHM and IBHM in mean in te r s t i t ia l  s a lin ity  

were minor, although range of s a lin ity  was quite d iffe re n t. Mean 

s a lin ity  in both s ites was very close to the optimum fo r ]}. spicata 

production reported by Adams (1963) and Palmisano (1970). Elevation 

of the two s ites was not s ta t is t ic a lly  d iffe re n t. Yet, D. spicata
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accounted fo r 38% of IBHM peak biomass and only 0.6% of CBHM PLB.

The species was also dominant in MBHM, where s a lin ity  mean and range 

and elevation were s ig n ific a n tly  greater than the other two s ites . 

These observations raise questions fo r fu rther research into  

in te rsp e c ific  angiosperm competition and the true nature of JD. 

spicata halophytism. An in teresting  aside to th is  discussion is the 

observation by Amen, C arter, and Kelly (1970) that the percent- 

germination response of I), spicata can be increased by placing the 

seeds on a substrate high in n itra te  concentration. I t  is widely 

assumed seeds of marsh angiosperms are used almost exclusively in 

pioneer exp lo ita tion  of bare substrate. Thereafter, reproduction 

occurs asexually by extension of runners or by shoot d iffe re n tia tio n  

from root-rhizome stock. However, the extent to which these species 

actually  u t i l iz e  sexual reproduction to maintain stocks in pre

vegetated areas or to invade such areas has never been studied to my 

knowledge. The p o s s ib ility  that the zonation of D. spicata in 

Yorktown Creek was caused in part by an enrichment e ffec t on seed 

germination points to the need fo r greater perception and study of 

the reproductive ecology of marsh angiosperms in general.

The second notable feature of zonation and d is trib u tio n  again 

brings fo rth  our lack of knowledge concerning in tersp ec ific  

competition among marsh angiosperms. The control branch high marsh 

was dominated by patens (95% of PLB) yet contained the greatest 

number of minor species (Figure 7, Table 9 ) .  As noted e a r lie r ,  few 

differences existed in soil s a lin ity  and elevation between CBHM and
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IBHM. The least number of species among high marsh sites was found 

in IBHM. The question arises whether these differences are the 

resu lt of long-term competition, natural v a r ia b il i ty ,  or the resu lt 

of influence of some unmeasured parameter. C erta in ly , the greater 

s a lin ity  range in IBHM could have caused a "pulsed s ta b ility "  (Odum, 

1971) in the species structure of IBHM but a conclusion cannot be 

drawn with such lim ited  information.

The construction of roads and culverts across the creek mouth 

has undoubtably had a major impact on the d is trib u tio n  and species 

composition of angiosperm communities in Yorktown Creek. H istorical 

renditions of the area indicate a road was b u ilt  across the creek 

mouth in the Colonial era. This a c tiv ity  has altered the hydrology 

of the marsh to the extent that most "flooding tides" in the creek no 

longer have the commonly accepted meaning. On numerous occasions a 

purely hydrostatic tid e  was observed in the creek ( i . e . ,  no reversal 

of creek flo w ). Flooding of the marsh by estuarine tid a l water was 

occasioned only by spring and storm tid e s . The bedlam created by 

these phenomena in marsh hydrology is quite evident in the elevation  

and soil s a lin ity  res u lts . For example, the s ite  with highest 

elevation (MBHM) had the highest soil s a lin ity . High s a lin ity  in 

high elevation areas is usually ascribed to the effects  of 

evaporation on infrequently inundated soil (N estler, 1977); however, 

th is  explanation does not hold in MBHM. The s ite  was noted to be 

inundated as frequently , i f  not more, as the other high marsh s ite s . 

The re la t iv e ly  low amount of dead biomass in MBHM also indicates the
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s ite  was frequently inundated. I t  appears that soil s a lin ity  was 

heavily influenced by the distance from the s ite  to the creek mouth 

and secondarily by the s ite  elevation . Thus, differences in species 

composition between high marsh sites might be te n ta tive ly  ascribed to 

road construction a c t iv it ie s .
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SUMMARY

1. Marsh angiosperm communities in Yorktown Creek were studied to  

assess effects  upon them of nutrien t enrichment resulting from 

chronic disposal of secondarily treated sewage wastes. Topography 

was such that s im ila r communities existed in enriched and natural 

nutrien t regimes. A lack of well-founded synecological understanding 

of these communities, the nature of the study s ite , and the 

experimental design contributed to ambiguity in some re s u lt ‘ s 

in te rp re ta tio n .

2. Production of high marsh and Typha communities was unaffected by 

enrichment. Production of an enriched Ŝ . a lte rn if lo ra  community was 

w ithin the natural range found in previous studies. The e ffec t of 

release from nutrient lim ita tio n  may have been n u llif ie d  in the high 

marsh communities by continued production lim ita tio n  by in te r s t i t ia l  

s a lin ity .

3. Differences in growth form as measured by aeria l liv e  plant 

length were a ttribu ted  to enrichment. The negative e ffec t of 

in te r s t i t ia l  s a lin ity  on plant length may have overcome positive  

enrichment effects in one high marsh s ite .



4. No consistent differences were found in aeria l tissue nitrogen 

concentration between enriched and natural nutrien t regime s ite s . 

However, support was found fo r the hypothesis that a species aeria l 

TNC is maintained at re la t iv e ly  higher levels over the growing season 

where assim ilable, combined nitrogen is most abundant. The 

hypothesis that ae ria l TNC decreases with time ( i . e . ,  population 

m aturity) was also supported. In a ll species, le a f TNC was greater 

than stem TNC.

5. The d is tr ib u tio n  and species composition of marsh angiosperm 

communities are the gross, v is ib le  a ttribu tes  of the subtle 

in tegration of e ffec ts  of many variables on angiosperm ecology. Not 

surpris ing ly , the e ffe c t on them of nutrien t enrichment is not c lear  

from th is  study. I f  questions concerning these angiosperm community 

attribu tes  are to be answered, fu rther research is needed in marsh 

angiosperm reproductive ecology, in te rsp ec ific  competition, and 

physiological ecology.

6 . Wetzel et a l . (1979) showed the Yorktown Creek system did not 

ameliorate the environmental impact of upstream sewage disposal. The 

lack of angiosperm response to enrichment in terms of dry matter 

production and tissue nitrogen concentration undoubtedly was a 

s ig n ifican t facto r in the system response. I t  must be concluded the 

angiosperms were not useful components of a natural te r t ia ry  

treatment system.
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APPENDIX

CALCULATION OF NET PRIMARY PRODUCTION (NPP) 

BY THE METHOD OF SMALLEY (1958)1

BIOMASS (q/m2)

SITE DATE DEAD LIVE

MBSA 2/28/76 (0)2
4/15/76 509.3 77.0
5/20/76 244.2 289.9
7/21/76 140.5 631.5
8/17/76 205.6 726.1*
9/29/76 235.9 528.4
2/28/77 900.5 0.0

IBHM 2/28/76 - (0)2
5/24/76 917.7 225.1
8/17/76 701.8 577.2*
10/5/76 940.0 339.8
2/28/77 1299.8 0.0

CBHM 2/28/76 - (0)2
7/22/76 792.8 560.4*
8/17/76 517.5 472.8
10/5/76 1141.2 285.7
2/28/77 1174.1 0.0

MBHM 2/27/76 766.1 0.0
4/13/76 524.3 175.2
5/20/76 401.4 353.3
8/17/79 406.4 538.4*
9/29/76 392.0 273.6
3/03/77 799.6 0.0

NPP (q/m2)

AD AL At Zt

«• 0.0
- 77.0 77.0 77.0

-265.1 212.9 212.9 289.9
-103.7 341.6 341.6 631.5

65.1 94.6 159.7 791.2
30.3 -197.7 0.0 791.2

664.6 -528.4 136.2 927.4

TOTAL 14BSA 927.4

0.0
225.1 225.1 225.1

-215.9 352.1 352.1 577.2
238.2 -237.4 0.8 578.0
359.8 -339.8 20.0 598.0

TOTAL IBHM 598.0

0.0
- 560.4 560.4 560.4

-275.3 -87.6 0.0 560.4
623.7 -187.1 436.6 997.0
32.9 -285.7 0.0 997.0

TOTAL 1:bhm 997.0

— 0.0
-241.8 175.2 175.2 175.2
-122.9 178.1 178.1 353.3

4.7 185.1 189.8 543.1
-14.1 -264.8 0.0 543.1
407.6 -273.6 134.0 677.1

TOTAL MBHM 677.1
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BIOMASS (g/m2) NPP (g/m2)

SITE DATE DEAD LIVE AD AL At Zt

IBTA 2/28/79 (0)2 — 0.0
5/24/79 936.1 448.5 - 448.5 448.5 448.5
8/24/79 552.6 721.5* -383.5 273.0 273.0 721.5
10/6/76 2000.2 58.7 1447.6 -662.8 784.8 1506.3
2/28/77 1524.3 0.0 -475.9 -58.7 0.0 1506.3

TOTAL IBTA 1506.3

CBTA 2/28/76 — (0)2 — — — 0.0
5/24/76 884.0 237.2 - 237.2 237.2 237.2
7/22/76 1406.0 522.8 522.0 285.6 807.6 1044.8
8/25/76 726.2 734.4* -679.9 211.6 211.6 1256.4
10/6/79 1491.1 29.2 765.0 -705.2 59.8 1316.2
2/28/77 1228.3 0.0 -262.8 -29.2 0.0 1316.2

TOTAL iCBTA 1316.2

ISee Methods and M aterials fo r explanation of method. 

^Not sampled, visual estimate 

*Peak Live Biomass
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