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Abstract

Flows of particulate carbon, nitrogen, phosphorus, chlorophyll a, crude fiber, carbo
hydrate, and adenosine tri-phosphate; and of dissolved nitrogen and phosphorus be-

tween a marsh and the Patuxent estuary, Maryland, USA, were measured over a 2-year

period. Virtually no carbon was exchanged, while net flows of nitrogen and phospho-
rus were from the marsh to the estuary, principally in dissolved forms.

Introduction throughout the year, with greatest
amounts in the fall (de la Cruz, 1965).
Previous studies of the Patuxent River The relative importance of marshes and
estuary suggested that there was sub- primary production in open waters has
stantial production of a copepod, Euryte- been assessed in North Carolina marshes
mora affinis, and insufficient primary pro- (Williams, 1966; Williams and Murdoch,
duction to supply the requirements for 1969), where the marshes occupy 5.9% of
energy of that species (Heinie and the estuarine area but provide 22.9% of
Flemer, 1975) . The upper portion of the the total net primary production. In the
Patuxent River estuary is bordered by same estuaries, benthic organisms were
19.1 km2 of tidal marshes with an annual suspected to be the major consumers of
areal production of 1,000 to 1,500 g m~2 primary production (Williams et al., 1968).
year_1 of ash-free dry weight (Heinie Mangrove swamps also contribute to de-
et al., 1974). With a probable carbon con- trital food webs (Odum, 1970).
tent of 45'% (Keefe and Boynton, 1973), Tidal marshes have also been suggested
this production represents a large poten- as sinks, or at least buffers, in the
tial source of carbon to the adjacent nutrient cycles of estuaries, particular-
estuary. ly phosphorus (Ho et al/., 1970; Pomeroy
There are several sources of detritus et al., 1972) , and have been known to re-
in estuaries. Most of the European work tain added nutrients (Valiela et al.,
(e.g. Fenchel, 1972) has been on detri- 1973; Sullivan and Daiber, 1974).
tus derived from submerged rooted plants. Axelrad (1974) measured exchanges between
Allochthonous material of upland origin marshes and an estuary at two sites hav-
is the largest single source of carbon ing mean high water salinities of 7 and
in the upper Chesapeake Bay (Biggs and 12%. He found evidence for fixation of
Flemer, 1972). In most North American molecular nitrogen on the marsh and tid-
mid-Atlantic estuaries, fringing salt al import of particulate nitrogen and
marshes are a major source of detritus. phosphorus to the marsh. There was ex-
Teal (1962) calculated that 45% of the port of dissolved inorganic and organic
annual production of a Georgia salt phosphorus, ammonia, and organic nitro-
marsh was exported to the adjacent estu- gen from the marsh.
ary. There was some export of detritus In order to better understand the

role of tidal marshes of low salinity
and low tidal amplitude in estuarine eco-
Contribution No. 664, Center for Environmental systems, we have estimated the flows of

and Estuarine Studies, University of Maryland. particulate carbon, and dissolved and
**Present address: Office of Biological Services, particulate nutrients between the estu-
U.S. Fish and Wildlife Service, Department of ary and the surrounding marshes over a

the Interior, Washington, D.C. 20240, USA. 2-year period. Particulate material is



360

defined by us

Whatman® 2 um GF/C filter
the

Th
River

freshwater
Hallowing Point,
and Flemer, 1
bordering marshes
typically have

at
(Hein
The
areas
giant
their
banks

isolate

Veget

e salini
estuary
at

ie

a

ty

Hills

cordgrass

outer
, formin

ation

Scirpus Olneyi

Muskr

ats,

g

or

common on most

Ma
and
tation
ria sp

with dense
communis,
marshes.

Phragm
of

the
and
and F1

are

these
For
estuary s

references
(1975).

rshes in

is
., more
ro
ites

a more

emer

ot

s

of

n

margins

lo

t

Ondatra
marshes
freshwater
generally wetter.
usually Peltandra

succulent

that

Mary
B

w

back portions
behind
generally dominated by
cattail
zibethica macrodon,

the

he

mats,

ocecur

complete

ee

Materials and Methods

Study Area

A privately

fringi
select
marsh

Marlboro,
Patuxent
marsh was
(6 m at

the
the
ly

slough
upland
struct
enable

nar

turbing bottom

during
tent
1.27 k
slough

dominant

typica
(Fig.

cynosuroides,
latifolia,

T.

virginica.

1.3 m.
ranges

the
as

ng
ed
is

a

row
, Middl
source
ed near
the

Herman

ci

ted t

owned marsh,
upper
study
located 2 km
Maryland,

si

on

estuary.
the

pres
the

e Creek,

of water.

the

taking
sediments

low water

of Gotts'

m2. The
(Fig.

1 of
1).

Annu

mout
of s

level

marsh was

varying

dense
Spartina cynosuroides
and
levees

Patixent

D.R.

retained by
Paerl,

(see
upper
land ran
ridge to
the
the
sta

975,

in

along
tha

the
cynosu

the

of
S.

the
have
Bor
sp.
forms.
Zizania a
on hig

in

description

et al.,
herein,

Gott
es
te (Fig.
south
the
A key fe
ence of
mouth) t
with no
A brid
h of the
amples
by
The t
estim

S .

area drained by

1)

al

Salinity

from 0

to

is
vegetation
low-salinity
Dominant
Scirpus Olneyi,
Pontederia cordata,

ti

in

usually below 5%

Heinie

and Flemer,

abo
on

spe

dal
the
(rare
(Herm
197

an abundant population

tra zibethica madrodon.
modifications

minor

dredged pond,

below

Station

Th
of
shown as
7 in the

ut 0.33
the
Patuxe
cies

east

a

Patuxe
ges fro
5 to

ir
more s
nds o
a
creek

t some

roides

area.
no
dering
or Pon

Heinie and D.A.

1974)
nt

m
14~

seasonally
Fig.

1).
aline
f the
long

what

marshes.

is

three-square
Typha sp.
are

levees

vege-
tede-

Species

quatica
her

and

parts

of

(1968),

and H

s
tuary

1).

ature
a rela
idal

einie

marsh,

was

The
of Lower
shore

of
of
tive-

apparent

ge
creek

without
boat

tra
otal e
ated t
the ti
km2. T

marsh was
marshes

nt

amplitude is a
adjacent estu
ly) 9 and is
an et al., 1968
5). The marsh
of muskrats,
ere have been
the marsh; a
a wide place
slough (Fig.

was

con-
to
dis-
ffic
X -
o be
dal
he

were Spartina
Typha angustifolia,
and Peltandra

bout
ary

5
has
Onda-

just
1),

Flemer: Exchanges bet»een Marshes and Estuari

of
of

control
part

for
upper

associated weir
in the

and
the water
marsh.

Marshes

an

level the

part of the
4 of Heinie
different

on the upper
Patuxent at Jug Bay (Station
and Flemer, 1975) are somewhat
in their character. Tidal creeks are
broad shallow, and the borders of
the marshes are vegetated by Peltandra
sp., Pontederia sp., and lack levees
(Heinie 1974). Species with dense
root mats, as Zizania aquatica and
Phragmites communis, occur these
but generally not adjacent to open

and

et al.,
such
marshes
water.

on

Measurement of Exchange of Kater and Sampling

Water samples were pumped hourly except
at slack tide from about 10 cm below the
surface and 10 cm above the bottom from
the center of Middle Creek with a Teel®
No. 1P646 battery-operated submersible
pump and collected in polyethylene car-
boys. When the tide heights were less
than 0.5 m only a single sample was col-
lected. Sampling was done over 13 h on
each date except once when samples were
collected for 25 h. Unless specified
otherwise, all unfiltered samples, the

and GF/C glass-fiber filters
used in all of the chemical analyses
were frozen over dry ice and returned
the laboratory. Samples obtained from
the polyethylene carboys were shaken
well before aliquots were removed.
Exchanges of water were estimated by

filtrate,

to

measuring current velocities at one to
four points in Middle Creek under the
bridge we constructed near the mouth
(Fig. 1). The number of measurements,
usually 4, decreased with decreasing
tidal height. The current meter de-
scribed by Byrne and Boon (1973), cali-

brated periodically in a hydraulic flume,
used to estimate velocities. Individ-
measurements of velocity were multi-
the cross sectional area repre-
each respective sampling point
to estimate volumes of flow, which were

then summed to obtain total flow.

During most of the first year's study
of fluxes we did not possess a working
current meter. Flows of those sampling
dates were estimated from data obtained
from several intensive samplings during
the summer of 1973 by a graphical method
relating tide height (from a tide staff
or recording gauge) and change in tide
height per hour to volume (see "Re-
sults" for details).
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Fig. 1. Vegetation map of Gotts' marsh.
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(1974).
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fluorometrically
(Yentsch and

estimated
fluorometer

a was
with a Turner
Menzel, 1963; Holm-Hansen et al., 1965)
modified by Flemer et al. (1970).
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procedure of Strickland and Parsons
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solution was used to dilute river-water
samples and to add salts to facilitate
the ultraviolet oxidation, since incom-
plete oxidation occurred in the absence
of salt. We diluted 20 ml of river-water
sample to 100 ml with half-strength sea-
water. Two drops of 30% hydrogen perox-
ide were added to the sample in a quartz
tube, the sample capped, and irradiated
7 em from a 1,200 W Hanovia-Englehardt
189A lamp for 3 h. Strickland and Par-
sons' (1968) procedure was followed for
the remainder of the analysis.
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Samples from 25 m.l .l’f water.were col- February (Table 1). The extra sampling Table 1. Tide height and volumes exchanged between Middle Creek and Patuxent estuary.
lected on 0.-15 um Millipore® filters for Precipitation volumes were calculated from rainfall at Solomons, Maryland, and a

. . . in February was an attempt to sample dur-
analysl.s of adeﬂﬂﬂﬂ_e trl—p.hosph.ate (ATP) .ing a predicted abnormally high tide. marsh surface area of 326,6C4 m-. Negative signs indicate residual flows out c¢cf marsh
Extraction was done immediately in the

The tide (7 February) was not unusually and positive signs residual flows into marsh
field according to the method described high During the first year's sampling
in Strickland and Parsons (196.8).. As the there were generally residual flows out Observe! tide height Volume flow Volum.e. )
waters sampled were of low salinity, we . Precipitation
of the marsh while there were usually .
added 0.014 M MgSO4 to the tris buffer . . . (Prec. day 2
residual flows into the marsh during the
after Ferguson and Murdoch (1975), as 1973-1974 - R id \ ¢ dif
- am ng. als, a n -
higher extractions were obtained when s pling esidu ’ ¢ !

f i 1 fofl f1 1372
salt was added. eren.ce in volumes o ) ow on o.od and 8 Jul 0.91 0.97 1.02 0.42 10,255 9,620 - 635 453
ebb tides, can occur in two ways: as a uly 4.350 0C
Dissolved organic carbon was analyzed . . . 15 A 0.92 0.91 0.92 0.40 9, 150 4,800 - 4,35
) . result of a difference in tide level at ug. 0
with a Dohrmann Model DC-50 organic car- . . . 12 Sept 0.94 0.34 0.94 0.35 13,7C0O 4,040 - 9,680
. . the beginning and end of sampling, and ept. . 7.940 0
bon analyzer. This instrument was found . . 17,18 Oct 0.70 0. 17 0.35 0.17 12,450 4,490 - 7,
. . e as a consequence of a source of water 5 ct.a 7.095
to be relatively insensitive to the con- . . 21 N 0.24 0.51 0.37 0.22 9,915 4,670 - 5,245 s
ntration fodi Ived v ni rbon (rainfall or groundwater) within the sys- ov. 5.705 4.310 - 1,395 99
ce ations o ssolve erganic carbo tem. Because of the mixed semidiurnal 20 Dec. 0.21 0.44 0.37 0.14 ’ ’ ’
we encountered. tid d trong meteorological influ 1973
: . . ides and s -
. bAnatlyncal errc;rs e;‘pe”et:ce‘ill: ‘“;; ence in Chesapeake Bay, we found pre- 17 Jan. 0.33 0.37 0.95 0.32 10,550 7,050 - 3,500 16(:3°
(“1 :::n::Zd':':%;“::nm) f]sfsm”:"co“‘;n”a dictions of tide height to be relatively 27 Feb. 0.46 0.61 0.75 0.46 5, 100 3,700 - 1,400 ot
. . X " inaccurate. Beginning and ending tide 22 Mar. 0.33 0.76 0.87 0.46 9,300 4,100 - 5,200 ’
tions for the nitrogen fractions, and . . 24,350 17, 10 - 7,240 710
. heights during our study were seldom the 25 Apr. 1.06 1.01 1.13 0.66 s s s
from 3 to 18% of mean concentrations for 0.97 1.15 0.61 18,790 19,600 + 800 0
the phosphorus fractions. same. As a consequence, there were usual- 24 May 0.88 . <13 . > ’ 10.870 4.507
A | N P ial N ly residuals due to differences in tide 19 June 0.99 0.83 0.99 0.43 14,370 3,500 -10, ’
ctual exchanges of materials on eac height. The averages of beginning and 12 July 0.50 0.43 0.75 0.39 5,510 3,085 - 2,425 0c
sampllng' da'te were initially calculated ending tide heights for all 24 sampling 14 Aug. 0.60 0.75 1.07 0.49 13,940 19, 124 + 5,134 877
:ynm“l“l:l’“llnghth? ayerage: (s:rf};ce and dates were nearly alike however, 0.643 12 Sept. 0.70 0.51 0.89 0.46 9,976 6,038 - 3,938 g
inotcorn\:ar) coflccflgt:‘na:il:ﬁsa:f :ll:e :':latacnri and 0.650 m, respectively (Table 1), so 24 Oct. 0.52 0.62 0.970.39 6,283 A
als by the estimated volume of flouw fo; for the entire study the net residual 20 Nov. 0.85 0.91 0.91 0.46 4,230 6,482 + 2,252 SE
N . due to differences in tide heights 31 Dec. > 0.98 1.22 1.22 0.54 13,161 27,317 +14, 156
each hourly interval. Total exchanges :
idal cycle were determined from the should be near zero. The tidal volume of 1974
per tida ! Middle Creek ranged from 2,000 to about 0.33 0.36 1.03  0.33 9,635 13,976 + 4,341 2,754
differences of quantities or materials 10.000 s . 7 Feb.b . . . 0
. . N s m3 when high tides were below 0.57 0.64 0.93 0.30 4,545 6,188 + 1,643
entering and leaving the marsh. As dif- . 21 Feb.b : : 0
K mean high water (about 1 m on our rela- 0.20 0.27 0.73 0.20 2,199 2,806 + 607
ferences in volumes exchanged on ebb and . . 19 Mar. . : : 0
X X tive scale). We found tidal volumes up 0.28 0.30 0.78 0.28 2,494 3,376 + 832
flood tides occurred, due to differences . . . 17 Apr. . . .
to 27,000 m3 when high tides exceeded 0.48 0.27 0.80 0.27 3,325 1,936 - 1,389 0c
in beginning and ending tide heights, we " pop1e 1) The total net residual 16 May ’ ) ) 8,324 - 2,787 0C
calculated net monthly exchanges of ma- . 6 June 0.89 0.84 0.92 0.49 1,111 ’ ’

flow during the cycles sampled was
36,686 m3 out of the marsh. Rainfall Total
(measured at Solomons, Maryland, about Average
40 km south of the study site) converted

to volume, accounted for 19,381 m3, leav-

ing 17,302 m3 unaccounted for (Table 1). a24 h (two-tidal cycles).

This volume, spread evenly over the bNote no sample during January, two during February.
study period, amounts to a flow of

55.5 m3/h-1, a flow that would be barely
perceptible at low tide. Hourly flows
were frequently from 1,000 to 6,000 m3
at higher tide levels. The 55.5 m3/h-1
could easily be achieved by groundwater
seepage along the landward margin of the
marsh. Large residuals occurred at times
in the absence of rainfall or differ-

terials by multiplying the total monthly 230,024 193,351 -36,683 19,381

tidal volume of the marsh as estimated
from the 24 sampling trips by the time
and volume-weighted mean concentration
of each variable on flood and ebb tides
(see "Results" for further details).
Since the time and volume-weighted mean
concentrations of the variables measured
reflect any errors that might have oc-
curred in estimating or measuring vol-
umes of flow, the first year's data, ex-
cept for March and June, should be
viewed with some caution as flows were
estimated from later data rather than
measured.

The areal extent of all marsh types

0.643 0.650; difference between net residual flow and rainfall
volume = 17.302

cRainfall occurred during preceding 5 days.

. ences in tide height. On August 15, 1972 =
was measured by polar planimetry of =
. . . and January 17, 1973, for example, there it
photographic prints made from negatives R - . =
. . N were virtually no differences between ]
kindly provided to us by the National . . N . A R
. . . beginning and ending tide heights and no o
Aeronautics and Space Administration, N . . H
Langley, Virginia rainfall during the preceding day. On s
gley, g . both occasions, the estimated residual o
out of the marsh was about 4,000 m3. Had
Results w.e measured. rain fal! at the si1udy site Upper Tide Heighiim 1
discrepancies of this sort might have UpperTide Heigh! (m)
- " ted th1 ¢ Jul been explained. Fig. 2. Flow characteristics of Middle Creek at
ows were estimate mon y from u i isti i
1972 to June 1974 ith the}e ce t'nny;l' Velocity measurements were made only ebb tide. 1: 0 to 500; 2: 500 to 1,000; 3: 1,000 Fig. 3. Flow characteristics of Middle Creek at
u w1 X 1 i i i
’ P during March and June in the first year's to 2,000; 4: 2,000 to 3,000; 5: 3,000 to 4,000; flood tide. Volumes marked as in Fig. 2
January and February, 1974, when no sam- M . N -
sampling. To estimate mass flows on 6: 4,000 to 5,000; 7: 5,000 to 6,000; and 8:

ples were taken in January and two in .
dates when no velocity measurements were 6,000 to 7,000 of water per h
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made we constructed two figures plotting
volume flow (m3 h-1) against two inde-

pendent variables: change in tide height, ... concentrations (Table 2) to esti-

and upper tide height during hourly in- mate monthly fluxes of materials (Tabl”
tervals. The flow characteristics during 3) . °

ebb tide (Fig. 2) are somewhat different
than during flood tide (Fig. 3). During
ebb tide, large volume flows occurred at
lower tide heights and with less change
in height than during flood tide. This
was generally a consequence of the fact
that on most occasions there was a net
flow (residual) out of the marsh. The
hourly tide staff, or recording tide
gauge, readings were used to estimate
volume flow for each 1-h interval from
Figs. 1 and 2 on those dates when no ve-
locities were measured. The tidal volume
of the marsh appears to range between
4,000 and 27,000 m3 based on estimated
volumes of exchange (Table 1).

We observed that the general surface
of the marsh was flooded only when tides
exceeded 1 m on our relative scale. This
occurred on only 6 of our sampling dates
(Table 1). On these dates, tidal ex-
changes were larger than those observed
on other dates sampled (Table 1). Exami-
nation of continuous tide records from
July 18 to Awugust 15, 1972 and October
11, 1972 to January 9, 1973 revealed
that 1 m was exceeded on 100 of 228 tid-
al cycles. This proportion was not sig-
nificantly different from one-half (chi-
square = 3.439, 1 degree of freedom) sug-
gesting that 1 m is near mean, or at
least median high water. Confidence lim-
its cannot be precisely placed on the
residual flows, but * 1,000 m3 for lower
tides and = 4,000 m3 for higher tides
appear to be reasonable estimates.

W hile the coincidence of average be-
ginning and ending tides allows the
assumption that all of the residual flow
over the 2-year period was due to rain-
fall and groundwater, the occurrence of
high residuals on individual sampling
dates, coupled with seasonal changes in
mean concentrations of the various param-
eters, introduces a variable bias into
the calculation of fluxes by summing mea-
sured fluxes from the individual dates.
We, therefore, used a different approach
than that used by other workers (see
"Discussion"). The time and volume-

weighted mean concentrations (Table 2)
were calculated by dividing the masses
of the various parameters exchanged by
the appropriate ebb or flood volumes
(Table 1). We assumed that the total
volume-flow measured during the 25 tidal
cycles sampled (Table 1) multiplied by
2.24 (56 tidal cycles per month * 25 tid-
al cycles measured) provided the best
estimates of total monthly flows. The
volumes were 433,106 and 515,254 m3 for

flood and ebb tides, respectively. The
above volumes were multiplied by the

Two major features are apparent in
Table 3; the total amount of materials
exchanged between marsh and estuary was
small relative to standing crops or pro-
duction of the marsh (Hefnle et al.,
1974), and there was no consistent sea-
sonal pattern of exchange during the 2
years. The annual flux of particulate

of the annual production (Heinie et ai.,
1974). Approximately 34% of the flux of
particulate carbon were carbohydrates
(assuming 50% carbon). Net annual flows
of all parameters except chlorophyll a
were from the marsh to the estuary.
There are slight discrepancies in the

gen and the sums of their components.

ation and rounding errors in calculation
and are not large. Multiplication of the
flux of ATP by 250 (Hamilton and Holm-
Hansen, 1967) provides an estimate of
200 kg year-1 of living carbon leaving
the marsh, only 0.61 g m2 year-1. This
estimate must be viewed with extreme
caution because of problems with our
analyses, and should be considered a
minimal value.

Flows of particulate and dissolved
phosphorus were about equal in magnitude
and amounted to 0.138 and 0.190 g m-2
year-1, respectively, from the marsh to
the estuary. The magnitudes of the month-
ly flows of the two fractions of phos-
phorus were never large, and showed no
noticeable agreement with each other, or
with the other parameters we measured.

Only 1,140 kg of the 1,367 kg net
flow of total dissolved nitrogen were
accounted for by the sum of the 4 frac-
tions measured, one of which (dissolved
organic nitrogen) was determined by dif-
ference among the hourly samples. Incom-
plete sampling and loss of some samples
probably caused this, in addition to the
rounding and analytical errors mentioned
above. The greatest amount of nitrogen
leaving the marsh was in the dissolved
rather than particulate form, and about
half of the dissolved fraction was or-
ganic nitrogen. The contribution of to-
tal dissolved nitrogen amounts to
4.14 g m-2 year-1.

W hile the net flow of dissolved nitro-
gen was generally out of the marsh, in-
organic nitrogen, particularly nitrate
and ammonia, was taken up during May,
June, and July. During these months, how-
ever, a large amount of dissolved or-
ganic nitrogen was usually lost from the

carbon was only 7.29 g m-2, less than 1%

net fluxes of total phosphorus and nitro-

These were the result of analytical vari-

D R Heinie and D.A.

Table 2. Time and volume-weighted mean concentrations of particulate and dissolved chemical concen-
trations on ebb (E) and flood (F) tides in Middle Creek. PC: Particulate carbon; PH: particulate ni-
trogen; PP: particulate phosphorus; TP: total phosphorus; TDP: total dissolved phosphorus; CHO:
carbohydrate; Chi. a: chlorophyll a; ATP: adenosine tri-phosphate; TDN: total dissolved nitrogen;
dissolved organic nitrogen. Dashes: no data
Date Tide Concentration (g-iiJ)
PC PN PP TP TDP CKO Crude Sent:n Chi. a TDt: NO02 NO3 NH3 DON ATP
fiber (mj-m3)
972 1o
July E 2.9 037 _ - - 2.33 0.037 - - - - - - - %
F 3.9 0.41 . - - 2.15 0.026 -
Qu E 3.0 0.43 0.00 O.15 0.07 2.25 0.040 0.033 0.45 0.005 0.i093 - 1.9
F 34 0.3 0.09 0.13 0.04 .72 0.037 - 0.037 0.41 0.004 0.113 g4 - 2.0
Sept E 2.1 0.29 0.07 0.10 0.03 .71 0.036 — 0.022 0.42 0.002 0.1005 0.082 0.93 1.7
F 3.2 0.36 0.09 0.12 0.0) 2.44 0.037 . 0.032 0.41 0.002 0.032 0.049 0.35 1.0
Oct E 2.0 0.37 0.05 0.14 0.0) 2.37 0.042 - 0.022 0.44' 0.004 0.062 0.089 0.29
F 3.4 0.44 0.05 0.15 0.10 2.43 0.052 - 0.034 0.45 0.004 0.079 0.0Cl ).l _
Av. E 3.5 0.30 0.14 0.2: 0.C3 0.90 0.023 - 0.004 0.94 0.009 0.452 0.280 0.20 0.6
F 3.4 035 0.19 4.25 0.06 0.80 0.026 - 0.005 1.09 0.007 0.450 0.239 0.39 0.2
Dec E 3.4 0.30 0.18 0.27 0.09 1.68 0.030 72.1 0.002 - - - - - 0.2
F 3.2 0.25 0.19 0.23 0.03 1.58 0.026 74.2 0.003 . 0.2
1973 0.44 0.4
Jan. E 3.0 0.25 0.14 0.22 0.08 2.15 0.049 2433 0.002 1.61 0.013 0.649 0.511 B .
F 3.5 0.27 0.23 0.33 0.10 2.21 0.C56 61.4 0.002 1.49 0.013 0.651 0.569 0.26 0.2
Feb E 2.5 0.32 0.17 0.29 0.12 0.96 0.048 63.3 0.002 2.14 0.013 0.986 0.462 0.68 0.7
' 3.2 0.31 0.20 0.31 0.11 1.13  0.055 69.3 0.003 1.36 0.013 1.004 0.449 0.39 1.1
Mar E 3.1 0.31 0.18 0.23 0.05 1.69 0.050 70.2 0.006 1.52 0.024 0.637 0.211 0.64 0.4
F 19 0.25 0.16 0.25 0.09 1.33 0.038 71.3 0.005 1.57 0.026 0.712 0.230 0.65 0.4
Ar E a.3 0.G7 031 0.44 0.13 2.36 0.0SS 153.2 0.025 0.77 0.019 0.618 0.093 0.03 1.3
! F 4.5 0.50 0.19 0.33 D.14 1.33 0.057 64.3 0.017 0.55 0.022 0.630 0.104 0.10 1.3
May E 2.9 0.40 0.14 0.17 0.03 1.61 0.039 49.5 0.040 0.95 0.010 0..194 0.099 0.63 2.4
F 3.4 0.50 0.18 0.22 0.04 1.44 0.035 68.8 0.010 1.05 0.012 0..244 0.210 0.59 2.4
June E 3.9 0.50 O.16 0.22 0.06 1.70 0.056 63.1 0.030 0.53 0.017 0..184 0.147 0.23 2.2
F 5.1 0.79 0.17 0.25 C.03 3.44 0.076 56.3 0.066 0.75 0.009 0..297 0.212 0.24 5.5
July E 4.7 0.34 0.23 0.37 0.14 2.07 - 92.8 0.024 0.30 0.045 0.371 0.214 0.27 1.4
F 4.0 0.46 0.24 0.36 0.12 2.45 - 38.1 0.026 0.92 0.054 0.461 0.255 0.15 1.4
ug. E 7.8 0.77 0.13 0.31 0.13 2.12 0.065 122.6 0.025 0.42 0.003 0..010 0.130 0.28 3.9
F 7.0 0.69 0.19 0.30 0.11 2.04 0.055 143.1 0.025 0.51 0.003 0.007 0.215 0.23 3.0
Sept. E 4.8 0.57 0.16 0.20 0.04 2.37 - 71.3 0.037 0.73 0.003 0.008 0.044 0.73 1.7
F 4.7 0.52 0.15 0.19 0.04 2.63 . 5.7 0.040 0.70 0.002 0.008 0.033 0.65 2.2
Oct E 3.8 0.50 - - - 2.33 0.045 63.0 0.042 - - - - " 2.8
F 5.0 0.74 - - - 2.70 0.045  84.3  0.056 - * 4.0
Nov E 2.7 0.28 0.11 0.14 0.03 1.44 - 56.6 0.018 1.38 0.016 0.479 0.453 0.33 0.1
F 3.3 0.34 0.13 0.17 0.04 1.23 - 53.7 0.020 0.80 0.014 0.459 0.527 B 0.1
Dec E 0.0 0.43 0.22 0.27 0.05 2.32 o.cso 105.5 0.014 1.33 0.022 0.574 0.317 0.42 _
F 9.3 0.77 0.29 0.41 0.12 2.76 0.114 236.5 0.018 0.87 0.018 0.428 0.352 0.07
1974
Feb. E 6.7 0.86 0.28 0.30 0.C2 2.18 118.7 0.003 1.73 0.018 0.671 0.363 0.72 0.7
F 6.5 1.10 0.32 0.34 0.02 2.15 - 163.1 0.004 1.72 0.019 0.735 0.445 0.52 0.5
Feb. E 2.8 0.32 0.fs 0.20 0.05 1.11  0.054 51.2 0.002 1.51 0.013 0.673 0.141 0.38 0.4
F 40 0.67 0.27 0.33 0.0c 1.39 0.063 104.2 0.003 1.42 0.013 0.720 0.460 0.22 0.9
Mar E 2.2 0.60 0.18 0.25 0.07 126 _ 59.3 0.003 2.16 0.031 1.044 0.667 0.42 0.5
F 4.7 0.63 0.26 0.33 0.07 2.11 - Ul.4 0.004 2.01 0.032 0.965 0.610 0.41 0.5
Apr. E 43 0.35 0.11 0.25 0.14 1.11 0.034 48.8 0.004 1.49 0.019 0.674 0.353 0.45 0.3
F 4.8 0.70 0.12 0.25 0.13 1.10 0.035 69.3 0.005 1.63 0.019 c¢-.678 0.347 0.59 0.3
May E 7.6 0.88 0.24 0.35 0.11 4.20 - 82.3 0.131 0.94 0.012 ¢1.047 0.091 0.79 13.0
F 6.8 0.92 0.19 0126 0.07 2.70 - 73.9 0.177 0.96 0.021 ¢1185 0.C66 0.68 12.8
June E 4.7 0.75 0.15 c¢1.23 0.08 2.06 0.052 74.1 0.067 1.05 0.024 ¢1.353 0.113 0.65 6.1
F S.1 0.73 0.19 c¢.24 0.05 2.59 0.059 92.1 0.036 0.94 0.034 ¢1.333 0.141 0.43 6.6
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Table 3. Met monthly fluxes of materials from Gotts' marsh calculated from mean concentrations PATTERN ® jof PATTERN
(Table 2) and estimated monthly tidal volumes (515,254 m3 ebb, and 433,106 flood). All values

are in kg per month. Net flows out of marsh are indicated by minus and net flows into marsh by plus
signs. Cf: Crude fiber; other abbreviations as in Table 2

Ducc pC PN pr ™ TO? CHO cf Sonton cm. J  Tf1 NG; MG3 Ng DON ATP
1072 -
July _ 108 - 1i.0 _ - . . 523 - - - - - - - - -0.082
CAML .73 - 57.0 - 2.24 _ 20,99 -:a.7: . i - 4.59 . - €979 - "13 .0.344 + Lo: - - “@ . 113
t. 4 304 ¢ A3 * 291 « 0.44 - 247 . 176 . 2,53 _ + 7.523 -0.165 - 1.71 - 21.03 - 15.4 -0.443 Table 4. Seasonal occurrence of patterns of nu-
o=c. « 9 0.0 - 4.:0 - 7.7 - 3.06 - 169 -+ 0. - % 3.390 - 31.d -0.322 ¢ 227 - 19.44 - 15.2 - trient concentration with change in tide height.
ilov. R ~ 3.0% -15.23 1. - 3.7 . R i - 12 -1.605 - 37.37 - 40.76  + L53  _g.022 Patterns 1-5: as in Figs. 4-6; Pattern 6: NH3 as
in Patterns 2 or 3, DON as in Pattern 1. Pattern
De- - 17.95 - 7.39 4 122 - 420 . 501 «0.263 B . -0.0,1
- ° : ’ 7 was like Pattern 4, but ammonia was more con-
107) stant and concentration of nitrate was much high- 20.0
Jon.o .- 30 - 11.9  #27.47  »20.57 ¢ .09 - 151 - 1.00 - 0.165 -181.3 -1.062 - 52.45 - 16.85 -114.1 .9, >12 er. TDP: total dissolved phosphorus; chi a: chlo- 30.0 NH3 NHj
Fteb. ¥ - 30.5 - 0.97 _ 15.16 ~-14.19 6 - 091 _  61C - 0.2(1 =-297.1 -1.063 - 73.20 - 13.53 -131.5 +0.113 roohyll a. Dissolved nitrogen not measured
*ur. - 774 -23.45 . 1023 1322 . 79, -10.17 - 5,290 - 0.976 - 7.9 -1.105 - 19. 5 ¢ 11.01 - 43.3 _g. 033
Ape. 22 cas -2-1.7  -77.44 >3.7) - 6.35 _ 681 -70.6> 71,709 - 5.513 - 23.6 -0.261 - 45T7 - 3.45 « 27.9 _0.107 Month Pat- Remarks
May . 0% 105 e 5.3- 0 0 7.3+ 1.96 - 4.93  # 42%9 | 3..56 - 34.7 #0.044 ¢ 5.72 4 39.94 - 69.1 -.0.197 tern
Juntt ¢ 20Q 4 $4.0 - 3.Bi - 5.09 ¢ 3.7 * £14 4 4.07 10710 *13.027 4 2->.0 -4.SCI  + 3356 F 16.°3 - 14.6  ¢1.243 no.
July - 690 & 4.0 -14.56 - 34.73 -:o0.i€ - 6 - - 9.860 - 1,195 - 65.2 #0.70: 4 0.50 * 0.18 - 74.1 -0.115 2
Aif) - >7 - 97.0 -10.<u . -19.34 . 206 - 5.37 970 - 2.053 ¢ 4.5 -0.246 - 2.12 & 27. J - 23.0 -0.713 w;uly - _
S*p-. . 437 . C3.5 -17.47 _ 20.76 - 3.29 _ 32 - 3,150 - 1.740 - 93.7 -0.690 - 0.C.6 - 8.36 - 94.6 +0.077 Aug. 1 Only NO3 measured, TDP and chi a 0
Oct. 4 ;07 & 62.5 . R - 32 - 4.0 4270 4+ 2.612 - - - - - +0.259 inverse TIME (Hrs.)
Nov. ¢ 3a ¢ 3.0 -0.33 g 149 & 130 « 209 - 3,740 - 0. 13 . -2.;ai - 48.01 - 5.16 - -0.0CY Sept. 5 TDP like NH3 and NO3
D*;.  #1,19C ¢111.9 +12.24 + 56.4  26.21 0 ¢ a.le e, g7~ _ A.S82 .308.5 -1.732 .110.33 . 10. "t -186.1 . Oct. 3 TDP like NH3, chi a high on flood, Fig. 4. Concentration Patterns 1 and 2. Mean con-
1074 low on ebb centrations for hourly intervals (two-point mov-
Feb.  « 637 ¢ 33.3 - S.eS . 7.52 - 1.65 147 $11.630 % 01516 -172.3 -1.046 - 27.41 4 5.69 -145.3 -0.144 Nov. 6 TDP like NO3 ing averages) are shown with upper tide height
Feb.  + @ jj #1253 +:<9.63 Jo.o7 #0023 + 30 - 0.53 #19,75- 4 0.260 -163.0 -1.068 - 37.50 - 23.00 -100.5 +0.181 Dec. - : d'_”i"g the interval. D.O.N.: Dissolved organic
Mar. ¢ .02 - 363 #19.li0 4 1111 - 5.75 = 265 . +17,700 4 0.01S  -242.4 -2.114  -119.90 - 79.40 36.8 -0.D41 1973 nitrogen
Apr. 137 e122.9 - 471 20.83  -1S.04 96 - 2.36 + 4,070 , 0.101 - 1.7 -1.5G1 - 53.63 . 31.57 + 23.6 -0.066 Jan. 1 Weak pattern
My 271 - 5409 -41.37 - 67.73 -26.36 - 9°5 - 210,650 [2.162 - OB.5 +2.912 + 55.%0 - 1331 -112.0 -1.208 Feb. 7 TDP ¥ike NH3 and NO3
Jurm 213 - 48.6 + 5.00 14.56 -19.56 , 61 - 1.24 4 1.710 2.725 -133.3  +2.300 - 11.20 = 2.05 -140.1 -0.285 Mar. 1 TDP inverse to NH3 and NO3
R B . -285 Apr. 6 Weak pattern; TDP like NO3 PATTERN @
N¥it fluc May 1 TDP inverse to NH3 and NO3
f - June 1 TDP and chi a inverse to NH3 and
I+ oor -2,397 - a3.i -45.29 -109.90 -62.38 -1,t11 -23.70 .45,055 +11.060 -1,367 -9.291 -30c.4 -1,2B.99 -696.1 -0.801 NO3
of monthly fluxes divided by 2 July 1 TDP and chi a inverse to NH3 and
NO3
. . Aug. 4 TDP and chi a constant
marsh. The net annual flows of all frac- tern shown by nitrate. Five of the pat- Sept. 3 TDP relatively constant; chi a 5.0
tions were from the'marsh to the estuary, terns are shown in Figs. 4-6. The lack like NH3
in fairly large amounts, suggesting that of strict seasonal consistency of the ob- Oct. _ _ 10.0 NO3
the Patuxent marshes may be a major served patterns (Table 4) suggests that Nov. 2 TDP inverse to NO3
source of mnitrogen for the Patuxent simple and logical explanations such as Dec. 2 TDP like NH3; chi a inverse
River estuary. Total dissolved nitrogen those of Gardner (1975) are not yet pos-
had a net monthly flow from the estuary sible. The observed patterns do general- 1974
to the marsh only during June and August, |y agree with the directions of fluxes Feb. 7 4 TDP and chi a constant NH3
1973. shown in Table 3, and thus reinforce Feb.21 2 TDP like NO3
Concentrations of nutrients, particu- those data. Mar. 1 TDP relatively constant; chi a in-
larly the forms of nitrogen, frequently Pattern 1 (Fig. 4) was the most com- verse to NH3 and NO3
changed with changes in the height of mon, and occurred on 7 of 21 occasions Apr. 3 TDP and chi a like NH3
tide or the direction of tidal flow. In- (Table 4). In Pattern 1, ammonia de- May 5 TDP inverse to NO3; chi a like NO3
terpretation of changes of concentra- creased with ebb tides and increased June 2 TDP like DON
tions with changes in tide height allows with flood tides, nitrate decreased with TIDE HEIGHT
estimates of direction of fluxes that ebb tides and rose abruptly to high con-
are somewhat independent of those in Ta- stant values with flood tides, while DON
ble 3; in fact, substantial conclusions was present in higher concentrations
have been drawn from such interpretation during ebb tides and lower concentra-
in the literature (Gardner, 1975). Six tions during flood tides (Fig. 4). On 5 8 10 12 14 16
distinct patterns were observed for the of the 7 occasions when Pattern 1 was TIME (Hrs.)
abundant forms of nitrogen — ammonia, observed, total dissolved phosphorus
nitrate, and dissolved organic nitrogen (TDP) varied inversely with ammonia and Fig. 5. Concentration Pattern 3. Concentrations

(DON). Nitrite usually followed the pat- nitrate (Table 4). Pattern 1 suggests and tide height as in Fig. 4
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that ammonia and nitrate were being PATTERN © PATTERN ©
taken up by the marsh and that DON and

TDP were flowing from the marsh to the

estuary. Except for March, 1973 (TDP)

and March, 1974 (NH3 and NO3), the

fluxes shown in Table 3 are in general

agreement with Pattern 1. NO)

Ammonia and nitrate varied somewhat
inversely with tide height in Pattern 2
(Fig. 4), which occurred 4 times. High
concentrations of DON occurred during
ebb tides and lower concentrations dur-
ing flood tides. The concentration of
TDP showed three different variations
within Pattern 2 (Table 4). Pattern 2 TIDE HEIGHT
suggests that all three forms of nitro-
gen were flowing from the marsh to the

estuary and agrees with the fluxes in s 05
Table 3 except for ammonia during June,
1974. o 2 6 10 12 0 2 4 6
The third most common pattern (Pat- TIME  (Hrs.)
t Fig. E d f 21
ern 3, '8 5), was observe on 3 o Fig. 6. Concentration Patterns 4 and 5. Concen-

dates when nitrogen was measured (Table
4). Ammonia varied inversely with tide
height while nitrate and DON varied more
or less directly with tide height. On 2
of the 3 dates, TDP followed the pattern
of NH3 and was relatively constant on
one date. Pattern 3 suggests that ammo-
nia was flowing from the marsh to the

trations and tide height as in Fig. 4

estuary in small amounts, since high con-
centrations occurred only on low tides
when volumes exchanged were low, while
nitrate was flowing from the estuary to
the marsh. Little exchange of DON is sug-
gested by Pattern 3. The fluxes in Ta-
ble 3 agree with Pattern 3 for ammonia
on all but one date (September, 1973)
but are the opposite for nitrate on all
but one date (October, 1972).
Pattern 4 (Fig. 6) occurred twice.
Ammonia varied inconsistently with tide
height, the concentration ofi nitrate was
nearly constant, and DON was higher on
ebb tides than on flood tides. The con-
centration of TDP was relatively con-
stant on both dates (Table 4). This pat- Scoured Marsh
tern suggests fluxes of DON from the
marsh to the estuary and lesser ex-
changes of the other forms. The data in
Table 3 are consistent with Pattern 4.
Another pattern was observed twice,
Pattern 5 (Fig. 6). Ammonia varied in-
versely with tide height, while nitrate
was lower on flood tides. The concentra-
tion of DON was slightly higher on flood
tides than on ebb tides. This pattern
suggests that ammonia and nitrate were
flowing from the marsh to the estuary,
while DON was flowing from the estuary
to the marsh. The data in Table 3 are
consistent except for nitrate during
September, 1972, which showed a slight
net flow out of the marsh. Fig. 7. Marshes in vicinity of Jug Bay that were
A sixth pattern was observed twice, extensively scoured by ice. Inset shows locations
in November, 1972 and April, 1973. It of Jug Bay and Gotts' marsh on Patuxent estuary

o
Stable Marsh
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Table 5. Amounts of materials entering Patuxent estuary from
marshes and other sources. All values in metric tons per year

Component Stable Scoured Sewage-treatment
marshes marshes plants
Total phosphorus 5.2 3.4-6.4a 570.5C
(as P)
Total nitrogen 69.3 21.2-42.4a 458. Ie
(as N)
Particulate carbon 114.6 1,907b 8,727d
(combined particu-
late and dissolved)
Dissolved organic 110
carbon (approx-
imate)

aCalculated from a phosphorus content of 0.08 to 0.15% of dry
weight and a nitrogen content of 0.5 to 1.0% of dry weight
(see text)

~Calculated from a production of 1,250 g m 2 year-* and a car-
bon content of dry weight.

cCalculated from Table 7-3 of Anonymous (1974).

dCalculated from an estimated sewage flow of 8.7 x IOIm
day-1, a content of gross organic matter of 55 mg f-1 (Wein-
berger et al., 1966), and a presumed carbon content of 50%.
In reality, only 760 to 1,230 metric tons enter our study
area from upland sources including treatment plants.

was the only pattern that showed higher bon entering the upper Patuxent estuary
concentrations of DON on flood tides from stable and scoured marshes and sew-
than on ebb tides. Ammonia was higher on age treatment plants. While most of the
low tides, like Pattern 3, while nitrate organic carbon contributed from treat-
increased with tide height. This pattern ment plants was respired in the upper
suggests flows of DON into the marsh river [we estimated previously (Heinie
and occurred on the only two dates when et al., 1974) that only 760 to 1,230 met-
this was observed (Table 3). There was a ric tons of particulate carbon enter the
net outward flow of ammonia on both study area from upland sources], the
dates, as suggested by the pattern of phosphorus and nitrogen probably are
concentrations, but nitrate also flowed carried to the estuary.
outward, in contradiction to the pat- The marshes contributed a minor por-
terns (Table 3). tion of the total phosphorus entering

A seventh pattern was observed only the system, particularly in considera-
once, in February, 1973. It was similar tion of upland non-point sources ex-
to Pattern 4, but the concentration of cluded from Table 5, and appeared to ab-
ammonia was more constant and nitrate sorb no phosphorus. The data in Table 5
was higher (about 70 wg-at I-1). The suggest that about 20% of the accounted
data in Table 3 are consistent with this nitrogen budget was contributed by the
pattern. marshes. Note that upland non-point

There were about 3.39 km2 of marshes sources of nitrogen are likely to be
scoured by ice during the winter of 1972— Jarge and the fluxes were estimated from
1973 (Fig. 7). Virtually all of the an- less data than those on phosphorus and
nual standing crop of 1,000 to 1,500 g carbon (Table 3), and might therefore be
m-2 dry weight (Heinie et al., 1974) was less reliable. The percentages used to
removed to the estuary during January calculate flows of particulate phospho-
through March. The annual contribution rus and nitrogen in Table 5 were within
of particulate carbon from this source the range of those reported for live and
is 1,525 metric tons (assuming 45% car- dead Spartina alterniflora by Keefe and
bon) . Table 5 shows the estimated Boynton (1973), and overlapped the range
amounts of phosphorus, nitrogen and car- reported by Valiela and Teal (1974) for



370 D.R. Heinie and D.A. Flemer: Exchanges between Marshes and Estuaries D R Heinie and D.A. Flemer: Exchanges between Marshes and Estuaries an
living S. alterniflora, S. patens, and Di- ble 4) reinforce the estimates of flows and could presumably form levees. The The studies of Valiela et al. (1973)
stichus spicata. The data from Gottslmarsh (Table 3) suggests that serious error fact that the recently formed Jug Bay suggest that salt marshes are capable of
(Table 3) suggest that an additional did not occur. marshes comprised much of the scoured absorbing substantial quantities of nu-
amount of nitrogen in the dissolved form Heald (1969) estimated flux of detri- area suggests they have not yet devel- trients applied during the growing sea-
could be contributed to the estuary from tus from a Florida mangrove swamp. His oped a stable surface. The marshes son. Van Raalte et al. (1974) found that
the scoured marshes. qualified estimate was 370 g m-2 year-1 scoured by ice contributed over half of when free nitrogenous nutrients are pres-
of detritus from a production of 880 g the particulate carbon entering the up- ent, nitrogen fixation within a marsh is
m-2 year-1. Heald actually measured pro- per Patuxent, suggesting that the carbon suppressed. Increases of standing crops
duction of dead plant material, not budget for the upper Patuxent may vary of marsh vegetation were observed by
Discussion areal standing crops. His is thus a much considerably from year to year depend- Valiela and Teal (1974) following fertil-
better estimate of actual net annual pro- ing on the severity of the winters. ization with nitrogen, but not with phos-
Our data (Table 3) suggest that fluxes duction than ours (Heinie et al., 1974), The concentrations of phosphorus we phorus. Production of Spartina spp.
of detritus from stable marshes sub- or that of Teal (1962), or de la Cruz observed (Table 2) were generally higher marshes at higher salinities thus ap-
jected to modest amounts of tidal flood- (1965) [see Keefe (1972) for a discus- than those that Pomeroy et al. (1965) sug- pears to be limited by nutrients, partic-
ing are slight, amounting to less than sion of the relative merits of estimates gested would drive the absorption equi- ularly nitrogen, and these marshes have
1% of the maximum areal standing crops. of production based on areal standing librium between the water and sediments fairly high assimilative capacity for
The stable marshes in the Patuxent are crops|]. The method that Heald (1969) toward the sediments (assuming that most nitrogen applied to the surface, espe-
those having a zone of Spartina cynosuroi- used to calculate export appears not to of the dissolved phosphorus was phos- cially short-Spartina spp. high marshes.
des along creek and river banks. These have included estimates of net flow out- phate) . Our data suggest no exchange of By contrast, Gotts' marsh showed no in-
results are in sharp contrast to results ward due to freshwater runoff. If this this sort, so the sediments in the study dication of nutrient limitation as stand-
from marshes exposed to greater flooding is true, his estimated export of detri- area may be saturated with phosphorus ing crops were equally high on all parts
(Teal, 1962; de la Cruz, 1965; Heald, tus is lower than the real value as con- most of the time. In the shallow marsh of the marsh (Heinie er al., 1974). The
1969), where 20 to 45% of the annual pro- centrations of detritus are higher on and estuarine system modeled by Pomeroy flux of nitrogen from the marsh as total
duction of marsh plants is exported as ebb tides. If evaporation from the man- at al. (1972), phosphate concentrations dissolved nitrogen was 1,367 kg year-1,
detritus. Teal (1962) summed the other groves exceeded freshwater flow, his tended toward 0.1 mg-at m-3, while the an amount equivalent to 4.1 g m-2. If
known losses of net production in a estimates of export may be too high. lowest concentrations of total dissolved the standing crop of marsh vegetation
Georgia marsh and assumed that the re- The relatively poor tidal flooding of phosphorus we observed were 0.62 mg-at (Heinie et al., 1974) had a nitrogen con-
maining quantity is exported. Export of Gotts' marsh may account for the low m-3 (0.31 g m~3, Table 2) in February, tent of 0.5 to 1.0% of dry weight (Keefe
suspended and floating particulate or- amounts of particulate carbon exported 1974. The high concentrations are not and Boynton, 1973; Heinie et al., 1974;
ganic matter from a Georgia marsh was to the estuary. The Georgia marshes have surprising in the light of the large con- VY aliela and Teal, 1974), there was 5.0
measured by de la Cruz (1965). He esti- a tidal amplitude of 2 to 3 m. The Pa- tribution of phosphorus from sewage- to 22.5 g m2 of nitrogen in the dry
mated an export of 21%of monthly pro- tuxent marshes rarely experience an am- treatment plants (Table 5). weight biomass of 1,000 to 1,500 g m-2.
duction during the summer. Taking the plitude of 1 m, even during spring tides. Pomeroy et al. (1969) suggested that The flux was thus between 18 and 82% of
liberty of assuming that the six tidal The relative tide level at which the phosphorus was transported from deep the range of estimates of nitrogen con-
cycles studied by de la Cruz lead to an general surface of Gotts' marsh begins reduced-sediments by marsh plants and ex- tent of the vegetation. Van Raalte et al.
annual average, we calculated that 19 to to flood, 1 m, appears to represent ported to an estuary in detrital form. (1974) estimated that 1.2 g m2 of ni-
29% of the annual net production reaches about mean high water or slightly below. One might thus expect, in a balanced sys- trogen were fixed in unfertilized parts
the estuary, i.e., 292 g m-2. Both the seasonal and quantitative as- tem, that input of phosphorus to the of a Spartina spp. marsh, an amount near-
The concentrations of particulate or- pects of our study may be biased by the marsh might be either a dissolved phos- ly sufficient to account for the stand-
ganic matter were always 2 or 3 times fact that our highest fluxes out of the phorus, that would absorb to oxidized ing crops of 1.5 g m-2 of nitrogen ob-
higher on ebb tides during the studies marsh, and the occasions when a large surface sediments in the marsh, or phos- served by Valiela and Teal (1974) on the
of de la Cruz (1965), in contrast to our flux into the marsh was indicated, all phorus already adsorbed to sediment par- same marsh. Corell (1976) calculated
results (Table 2). Assuming that detri- occurred on tidal cycles that approached ticles which might settle on the marsh. that about 2.5 g m-2 year-1 of nitrogen
tus is 45 to 50% carbon, the absolute or exceeded 1 m on our relative scale. Our studies do not suggest export of fell in rainfall on a watershed in
range of concentrations that we encoun- In the Patuxent, most of the detritus phosphorus as detritus, as the flux of Chesapeake Bay. The watershed he studied
tered (Table 2) was within that found by reaching the estuary from the marshes particulate phosphorus does not agree was within the airshed of a major metro-
de la Cruz (1965). The methods used by has its origin in marshes without levees well with that of particulate carbon in politan area, Washington, D.C., while
de la Cruz to measure flow of water in that are scoured by ice during most win- either magnitude or direction (Table 3). Gotts' marsh lies south of the prevail-
and out of his study creek were not de- ters. Most of these marshes are in the However, the net annual flux of particu- ing airshed of Washington, D.C.
scribed. He appears to have assumed Jug Bay area (Fig. 7). OIld residents on late phosphorus from Gotts' marsh (Ta- Our data (Table 3) do suggest some
equal volumes of ebb and flood in reach- the river indicate that the Jug Bay ble 3) was 0.34 g m2 year-1. If the sum- utilization of inorganic nitrogen by
ing his conclusions. marshes are of recent (within the last mer standing crops have a phosphorus con- Gotts' marsh during May, June, July, and
The asymmetry in tidal flow that we 70 years) origin, and resulted from the tent of from 0.08 to 0.15% of dry weight Awugust, but with concurrent flow of
observed (Figs. 2 and 3) was not unusual deposition of silt around a railroad (Keefe and Boynton, 1973; Heinie et al., larger amounts of dissolved organic ni-
for tidal marshes (Boon, 1975). There causeway (now abandoned) constructed 1974; Valiela and Teal, 1974) and the trogen from the marsh to the estuary.
were no large net differences in volumes around 1895. The marsh at Iron Pot Land- dry-weight biomass of the marsh plants While growth of vegetation is greatest
exchanged from the marsh studied by Boon ing, at the confluence of the Western is 1,000 to 1,500 g m-2 (Heinie et al., in spring and early summer, decomposi-
to the adjacent estuary. Branch with the estuary just above Jug 1974), the standing crop of phosphorus tion of vegetation appears to be more
The estimates of volumes of water ex- Bay (Fig. 7), was extensively scoured in the marsh plants would range from 0.8 evenly distributed in time. Heinie et al.
changed between the marsh and the estu- also. We were unable to determine the to 2.25 g m-2. The flux we estimated (1974) found that the quantity of dead
ary are undoubtedly less precise for the age of the latter marsh. If the low (0.34 g m2 year-1) thus represents 15 standing vegetation decreased substan-
first year of our study (Table 1). The marshes in the upper Patuxent maintain to 43% of the standing crop. Addition of tially between late June and late July
fact that the flows of some forms, par- their profile they presumably will con- the dissolved phosphorus (Table 3) in- in Gotts' marsh.
ticularly nitrogen, showed similar pat- tinue to be a source of detritus for the creases these values, as 0.19 g m-2 Gardner (1975) described enrichment
terns in both years, and that the pat- estuary. There are plant species on year-1 enter the estuary in this form of marsh runoff with ammonia from inter-

terns of concentration (Figs. 4-6; Ta- these marshes that have dense root mats (Table 3). stitial water during low tides. His work,
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