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Abstract. Geomorphic characteristics have been used ad Introduction
scaling parameters to predict water and other fluxes in many

systems. In this study, we combined geomorphic analysis ) ) ) o
with in-situ mass balance studies of nitrate retention (NR)Ecosystem functions, such as nitrate retention, are difficult to

to evaluate which geomorphic scaling parameters best prE,oredict for entire ecosystems due to the complex interactions
dicted NR in a tidal freshwater wetland ecosystem. Geo-Of linked biogeochemical and physical controls on ecosys-
morphic characteristics were measured for 267 individualtem processesBpyer et al, 2006 Seitzinger et a.2006.
marshes that constitute the freshwater tidal wetland ecosysLhe tidal freshwater wetland ecosystem, which is located
tem of the Patuxent River, Maryland. Nitrate retention wasat the interface between terrestrial and aguatic ecosystems,
determined from mass balance measurements conductddts been identified as an important site for nitrate retention
at the inlets of marshes of varying size (671, 5705, and(Simpson eta).1983 Bowden et al.1986 1987). Evaluation
536873 m) over a period of several years. Mass balance©f ecosystem nitrate retention and its distribution within this
measurements indicate that NR is proportional to total wa-£C0oSystem is required to develop controls on eutrophication
ter flux over the tidal cycle. Relationships between estimatedn coastal zonesBoyer et al, 2006 Howarth and Marinp
tidal prism (calculated water volume) for spring tides and 2008 Seitzinger et a.2008.

various geomorphic parameters (marsh area, total channel Tidal freshwater wetlands (TFWs) often contain self-
length, and inlet width) were defined using measurementdormed channel networks that govern water and solute fluxes
from air photos and compared to field data. From these datdnto these systemsMyrick and Leopold 1963 Rinaldo

NR equations were determined for each geomorphic paramegt al. 2004. Tidal channel networks are similar to flu-
ter, and used to estimate NR for all marshes in the ecosystertjal networks; geomorphic relationships among stream or-
for a reference spring (high) tide. The resulting ecosystenfer, length, basin area, and inlet width have been defined
NR estimates were evaluated for (a) accuracy and completdor both fluvial (Horton, 1945 Strahler 1952 Shreve 1967)
ness of geomorphic data, (b) relationship between the gec@nd tidal channel networksX{naldo et al. 1999h Marani
morphic parameters and hydrologic flux, and (c) the ability €t al, 2003. Geomorphic scaling parameters have been used
to adapt the geomorphic parameter to varying tidal condi-to evaluate nitrogen (N) loads and processing in both ter-
tions. This analysis indicated that inlet width data were therestrial watersheds and tidal systems (eSgerratore et a).
most complete and provided the best estimate of ecosysterd003 Seitzinger et a).2009. Previous research on N reten-
nitrate retention. Predictions based on marsh area were sigion in TFW has identified marsh surfaces and near-surface
nificantly lower than the inlet width-based predictions. Cu- €nvironments as important sites for N processiBgwden
mulative probability distributions of nitrate retention indicate ©t al. 1986 1987 Boynton et al. 2008. Normalized ki-

that the largest 3—4 % of the marshes retained half of the totaetic rate constants (kg N'yt) obtained from laboratory or
nitrate for the ecosystem. field plot studies (e.g.Jenkins and Kempl984 Caffrey

et al, 1993 Joye and Paerl1994 have been used along
with marsh surface area measurements and inundation times
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flux, and (c) the ability to adjust the geomorphic parameters

. to varying tidal stages and hydrologic fluxes.
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2 Materials and methods
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2.1 Study regions and approach

4225

' The Patuxent River watershed (2260%nis located be-
tween Washington, D.C. and Baltimore, Maryland (Fig. 1).
Land-uses in the basin include forest (63.5 %), agriculture
(20.3 %), urban (15.7 %), and intertidal wetlands (0.4 %). Ni-

Chesapeake : } :
4 Bay trate loads in the river have decreased in the past several
A decades largely due to reduction in point sources, but are still
32 km significantly higher than pristine watersheddsher et al.

2006. The TFW ecosystem of the Patuxent River has been

Fig. 1. Study area located in the tidal freshwater portion of the up- preVIOu.Sly Identlfleq byBgynton et al.(2009; it extends

per Patuxent River, Marylan@A) Schematic diagram showing the appro'XImater 25 river kllom/eters along the upper Patux-

organization of tidal marshes along the river. Tidal fluxes are con-€Nt River (from 390'N 76°41'W to 38’ 43'N 76” 41'W).

trolled by inlet channel geomorphology (governing nodB).Map This ecosystem is composed of hundreds of individual

of selected marshes for mass balance measurements. Marsh ard@érshes with well-defined tidal creeks and marsh basin ar-

(m?) are as follows: Site 1: 670.6, Site 2: 5705, Site 3: 536873.4. eas. The individual marshes are contained within protected
parkland, Patuxent Wetland Park and Jug Bay Wetlands
Sanctuary (Fig. 1). Plant species that border tidal channels
include Nuphar advena/leteum, Peltandra virginica, Poly-

. ) . gonum sagittatum, Pontederia cordatand Zizania aquat-
to upscale nitrogen retention for entire ecosysteBwy(- ica
ton et al, 200§. Scaling nitrate retention to marsh surface  g4ch individual tidal freshwater marsh in this ecosystem

area requires the following assumptions: marsh surface andonnects to the tidal Patuxent River through a well-defined
near surface substrates are the dominant sites for nitrate '%Alet channel (Fig. 1b). Natural levees border the marsh

tention; N processing rates are spatially homogeneous withify ngary, which prevents direct overbank flooding from the

marshes; and there is synchronous flooding of marsh surfacgs, xent River into the adjacent marsh for most tidal stages.

of equal elevation. Several studies suggest that marsh Maxterior marsh areas are flooded by water that enters through
terials are relatively homogeneous with little spatial varia- 4,6 tigal inlet. and then moves up the tidal network, where

tion in hydraulic propertiesHarvey et al. 1987 Phemister i fi50ds onto marsh surfaceSéldomridge 2009. Fring-
2009 and nitrogen processing rates measured on marsh Corgsg tigal wetlands without channel networks also border the
do not show systematic spatial variabilitggmwell et al,  payent River, but these higher elevation marshes are in-
1999 Merrill and Cornwell 2000. Marsh-scale field studies | qated only during the upper 10 % of tidal or flood stages
of nitrate retention, however, indicate that in situ controls in- (high tide+ high Patuxent River flow). Due to this geomor-
cluding inundation times may be complex and may involve pic arrangement of marshes along the tidal Patuxent River,

parameters in addition to marsh surface area (€gnwell a1 and solute fluxes can be measured at the inlet of each
etal, 1999. Previous work on the Patuxent TFW ecosystem niiqual marsh. Nitrate retention calculated from fluxes

suggests that nitrate retention may be closely related to hyge ¢ Nitrate flux in — Nitrate flux out) measured at chan-
drologic flux in this systemSeldomridge and Prestegaard g jnlets represents the consequences of net nitrate retention

2019 ) ) ] processes within each individual marsh system.
The purpose of this study is to evaluate geomorphic scal-

ing parameters and to estimate total nitrate retention in TFW2 2 Geomorphic measurements and analysis

ecosystems. We obtained N retention data from field mea-

surements of water fluxes and N species mass balance iWarsh surface area, channel length, inlet channel width,
marshes of varying sizes. These data were combined witland channel order were measured from high-resolution air
geomorphic data for all marshes in the ecosystem to develophotos for every marsh and associated channel network in
three equations (one for each geomorphic scaling paramethe tidal freshwater portion of the Patuxent River. Photo

ter) to predict nitrate retention. Criteria used to evaluate ge-sources included United States Department of Agriculture
omorphic scaling parameters for nitrate retention are (a) ac{2006) and US Geological Survey (2002—2005; 2007-2010).
curacy of measurement of each geomorphic feature, (b) relaMeasurements were made from autumn and winter pho-
tionship between each geomorphic parameter and hydrologitographs to minimize measurement error due to vegetation
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Table 1. Geomorphic characteristics of marshes and mass balance measurements for autumn 2008.

Site 1 Site 2 Site 3
Marsh surface area @ 670.6 5705 536873.4
Total channel length (m) 21.6 124.6 1577.3
Inlet channel width (m) 4.15 6.5 41.7
Stream order 2 3 7
Inlet (maximum) depth (m) 0.59 0.79 2.0
Inlet channel area (f) 1.26 25 41.1
Water volume (rﬁ) 353+14 1218+61 16524+ 826
Nitrate retained (mol) 3+03 106+02 1442+6
Nitrate retention rate per area (mott) 4439 1822 326
Nitrate retention rate per volume (umofi) 85+0.6 87+0.02 87+0.1
Incoming nitrate (mol) 9 32 430

cover. Channel order was determined following Hherton 2.3 Site selection for inlet cross section and nitrate mass
(1945 numbering scheme. Measurements of inlet channel balance measurements

widths and lengths from air photos were compared with

field measurements of the same features to determine a(:SiteS for field measurements of channel dimensions, water
curacy of measurement and the resolution of measuremeritux, and nitrogen mass balance measurements were chosen
(e.g., smallest measurable channel width). Marsh surfacérom the geomorphic probability distributions to represent
area for each tidal basin was determined from vegetatior® large range of tidal marsh sizes. Cross section measure-
patterns and associated elevation changes, which were ofients were made on 18 inlet channels, also chosen to rep-
ten subtle on images of the smallest tidal marshes (highfesent the entire range of inlet channel sizes. Cross sections
est elevation). Thus, a subset of the smallest marshes (witlere measured at slack high tide of spring tidal stage con-
areas less than 552')qcou|d not accurately be determined. ditions. Channel depth data were referenced to the high tide
Operator error was determined from triplicate measurementgnarsh platform elevations and tide gauge data.

of each geomorphic parameter. Operator error for channel Nitrate retention measured by mass balance procedures
width ranged from 1.72 % for the smallest measured channeiay be sensitive to tidal water volumes, incoming nitrate
(0.2m) to 1.29 % for the largest measured channel (93.4 m)concentration, and height of marsh vegetation; therefore,
for channel length ranged from 1.5 % for the smallest chan-measurements of individual marshes were conducted during
nel (2.13m) to 0.03 % for the largest channel (3773.1 m); anchigh (spring) tides during the same or sequential tidal cy-
for marsh area ranged from 6.2 % for the smallest measureéles Seldomridge2009. Mass balance measurements were
areas (225.6R) to 0.15% for the largest measured areasmade at the inlets of three individual marshes that were in
(675611.9 ). close proximity to one another with areas of 671, 5705, and

To investigate ecosystem geomorphic characteristics, w&36 873, respectively (Fig. 1c). Additional geomorphic
evaluated cumulative size distributions of the geomorphiccharacteristics for each mass balance measurement site are
data. A cumulative distribution is determined by sorting the given in Table 1. Although mass balance measurements of
data from largest to smallest amount and plotting the cumulanitrate retention were made for varying seasons and tides
tive number against size of the geomorphic characteristic orffrom 2008-2011), only the data for flooding tides of spring
a log—log plot. These distributions were evaluated to deterlidal conditions in early autumn (20 September 2008, 1 Octo-
mine whether they exhibited power law behavior. The proba-ber 2008 and 14 September 2011, 16 September 2011) were
bility that an inlet width (V) greater than or equal t&; can used in the ecosystem evaluation in this paper. In this system,

be written as the exotic submerged aquatic vegetatitydrilla verticillata
influences vegetative flow resistance during spring and sum-

P(W=>=W) (1) mer monthsJenner and Prestegaa@®12, and thus affects
water flux and nitrate retention. The autumn, spring tides rep-

Data exhibit an inverse power law #(W > W) =aW#,  resent a maximum water flux condition, for which we exam-

wherea andp are empirically derived coefficient and expo- ined geomorphic influences on nitrate retention.
nent, respectivelyRinaldo et al. 1993 Scanlon et a).2007).

These distributions of geomorphic parameters were used to
choose mass balance sampling locations, identify missing
data, and assess the suitability of geomorphic parameters for
modeling ecosystem nitrate retention.

www.biogeosciences.net/9/2661/2012/ Biogeosciences, 9, 2B&/12-2012
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2.4 Measurement of hydrologic flux during spring
(high) tides

Hydrologic flux over a tidal cycle was determined by mea-
suring tidal stage, associated channel cross-sectional area,
and velocity at time steps during tidal cycles. Tidal stage
was measured at each inlet. These local tidal stage measure-
ments were referenced to continuously monitored gauges at
Jug Bay Wetlands Sanctuary (Maryland Department of Nat-
ural Resources Eyes on the Bay). Bankfull (maximum) chan-
nel cross-sectional area was measured at slack high tides
during spring tidal conditions. Velocity was measured at
10-12 intervals in the channel cross sections to determine
discharge and average channel velocipy/ Q). Due to the
rapid change in velocity with tidal stage, a relationship be-
tween average and maximum velocity was developed for
each channelGhen and Chiu2002, and from field mea-
surements of maximum velocity, this relationship was used
to determine average velocity for each time step (30 min).
Discharge calculations for each time step were integrated to
determine total water volumé/{) transported over the tidal
cycle. A 5% error was propagated through all discharge cal-
culations; this was determined by considering operator er-
ror in cross-sectional and velocity measuremeStuer and
Meyer, 1992, and error introduced by estimating average ve-
locity from maximum velocity Chen and Chip2002.

Concentration (wmol)
Gauge Height (m)

2.5 Calculation of tidal prism from tidal stage and geo-
morphic data

33 "%\'\‘?‘%"'i;_”% PR
\§|\ ._...

Field measurements of water volum®g,j for spring tidal
cycles were compared with values of spring tidal prism cal-
culated for each marsh:

a Vp =TrAws (2)

1 2 3 4 5
whereV, is spring tidal prism (M), T; is spring tidal range
(m), andAs is waterway surface area fn Waterway sur-
face area was determined from air photos. Local tidal range
(and tidal period) for each individual marsh system is con-
trolled by tidal stage and the elevation of the inlet channel
relative to the marsh platform. For the smaller channels, inlet
depth limits tidal stage and inundation time. Maximum chan-
nel depth for each inlet was determined from the inlet width
(W) to inlet area A¢) relationship, and assuming triangu-
lar geometry that was indicated by field measurements. The

Time (hours) relationship of spring tidal prism to geomorphic parameters

(inlet cross-sectional area and marsh surface area) was also

Fig. 2. Examples of water chemistry measureme(#g. Constant  examined and compared to field measurements of spring tide
concentrations on incoming tides at Site 1 on 24 September 2008yater volume.
(B) Nitrogen concentrations and tidal stage for the ebbing tidal cy-

cle at Site 1 on 20 September 2008. The nitrate concentrations de2 .6 Field mass balance measurements of nitrate reten-

crease with the dropping tidal stag€) Data for the ebbing tide at tion over spring tidal cycles
Site 2 on 1 October 2008D) Data for the ebbing tide at Site 3 on
1 October 2008. Water sampling for N species (MHN, NO»-N, NOs-N) was

conducted over spring tidal cycles. This maximum flooding

Biogeosciences, 9, 2662672 2012 www.biogeosciences.net/9/2661/2012/
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condition was chosen to provide comparisons with labora- 103
tory conditions of marsh surface flooding, which produce
maximum nitrate retention rateR¢ddy et al. 1984). Water
samples for the outgoing tidal cycle were measured in con-
cert with gauge height and velocity measurements. Samples
taken during flooding tides indicate that concentrations of N
species remain nearly constant on the rising stage (Fig. 2a);
therefore, sampling schemes were adopted that included only
a portion of the flooding tide to obtain average incoming con-
centrations, along with the entire falling tide at each chan-
nel inlet sampling (Fig. 2b—d). Water samples were taken at 10° . , ,
30 min intervals and filtered in the field with 45 um syringe 102 103 104 10° 10°
flllter_s. The samples were .|mmed|a.tely fro;en .and analy;ed B fosh Sirefhce Avea(me)

within several weeks for dissolved inorganic nitrogen series
(NH4-N, NO2-N, NOs-N) using standard photometric meth-
ods and ion chromatograph$¢lorzang 1969 Keefe et al.
2009). Analytical error of+2 umol, determined by the me-
chanical specifications of the equipment, was considered in
all nitrate retention calculations.

Nitrate was the only form of nitrogen that shows signifi-
cant variation over the tidal cycle, and is therefore the focus
of this study (Fig. 2b—d). Nitrate retention was determined
by subtracting the outgoing flux of nitrate from the average
incoming nitrate flux for each tidal marsh for each time in-

crement: 10° 10! 102 103 104

NR =) [0 (Ni¢) — Now))] 3) Channel Length (m)
10°

10? A

101 "

Cumulative # of marshes

102 ]

Cumulative # of lengths

where NR is nitrate retention (molg; is discharge (Is1);
Ni( is initial [NO3-N] of tidally introduced water (pmol),
and Ny is [NO3z-N] of outgoing tidal water at time in
pmol. One of the advantages of using mass balance cal-
culations of nitrate retention is that it provides measure-
ments of nitrate retention for individual marshes for a given
tidal cycle, time of year, and initial nitrate concentration. No
assumption is made of nitrogen retention processes within
each individual marsh, although previous work suggests that
marsh surfaces are primary sites for nitrate retent®el-( 10° : , O
domridge 2009. 107! 10° 10! 10°

Nitrate retention data were compared with both measured Channel Width (m)
water volumes over a tidal cycle and marsh area to deter-
mine whether nitrate retention could be expressed as simpl€ig. 3. Geomorphic data for the tidal freshwater portion of the
functions of either parameter. These results then guided th&atuxent River(A) Cumulative number of marsh areas less than or

e , ; - ~0.54 2
development of relationships between nitrate retention an@dual to indicated valueW = 47123A77>% n = 142, R“ = 0.96).
geomorphic parameters. (B) Cumulative number of channel lengths less than or equal to in-

dicated size § = 222411078 ; = 242, R? = 0.90). (C) Cumu-
lative number of inlet channel widths less than or equal to indicated
value (V = 13323W 959, = 267, R2 = 0.92). Standard error is
less than size of data points.

101 ]

Cumulative # of widths

3 Results
3.1 Cumulative geomorphic distributions

The data in the cumulative distributions can be described agvhereN is the cumulative number of marshes with ased.
inverse power law functions (Fig. 3). The power law for the The power law for the cumulative number of channel lengths
cumulative number of marsh surface area is is

N =47123A7%% =142, R?=0097 (4) N=22241L"°78 =242, R?=0.90 (5)

www.biogeosciences.net/9/2661/2012/ Biogeosciences, 9, 2B5/12-2012
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107 photo data is 2+0.05 m; this lower boundary was validated

by field measurements.
106 d
; 3.2 Relationships between geomorphic variables
10° 1

Inlet width measurements from air photos were the most ac-
curate of the three geomorphic parameters (within 1% of
measured values). Visibility of small inlets on photographs
provided an almost complete inventory of inlet channels;
therefore, the number of marsh inlets was used to define
missing data for the other geomorphic parameters. Compar-

104 ]
103 ]
102 ]

1
e " i i . X ison of the number of inlet widths measured with channel
10 10 10 10° 10° length and marsh area measurements indicated that 47 % of
- Channel length (m) the total number of marsh area measurements (for the small-

est marshes) and 9 % of the channel length data are missing

NE 106 | = from the measured populations, although the width of the
§ © %o associated marsh inlet was identified. Relationships among
s the geomorphic variables were examined and are shown in
%:g Fig. 4; several of these relationships are given below:

2 L=134A%3 =142, R?=0.79 @)

7 W =024%65 ,—142, R2=047 @8)

=

whereL is the channel lengthy is the inlet width, and is

the marsh surface area. Missing values for marsh surface area
” - ' ; < : and channel length were estimated from their relationship to

10 10 19 10 10 marsh width (e.g., Eq. 8).

Channel width (m) Stream order was evaluated for each individual marsh

channel network; maximum stream order for each marsh was

105 { C é El i determined, and the relationship between stream order and

marsh area is shown in Fig. 4c. Stream order depends upon

10% . the choice of ordering system, the resolution of aerial photos

. and maps, and often fails to discern characteristics between
103 | % . network structuresirchner, 1993 Rinaldo and Rodriguez-

° Iturbe, 1998; therefore, it was not used to model ecosystem
102 - nitrate retention in this study.
3.3 Relationship of spring tidal volume to geomorphic

10t ' ' ' ' ' ' : parameters

1 2 3 4 S 6 7/

Channel Order The relationships between spring tidal prisip) and both

_ _ _ _ _ _ marsh surface area}, and inlet channel cross-sectional area
Fig. 4. Geomorphic relationships of channel order, inlet width, (A.) are shown in Fig. 5. The relationship between bankfull

and total channel length to marsh surface area of tidal freshwaijn|et cross-sectional area and inlet width was developed from
ter marshes along the Patuxent River estughy. L =1349%3 o e oo olinlets (Table 1: Fig. 5a):

(n =142, R2=0.79). (B) W =0.24965 (, = 142, R2 = 0.47). » 71g. 58):
Standard error is less than the size of each data g@hBox plot Ac=020w*, n =18, R?=0.88 9)

of marsh surface areas for each stream order. . . . . .
This relationship was used to estimate average and maximum

inlet depth for each channel, which can be expressed as el-
whereN is the cumulative number of channels with lengths evation relative to mean lower low water (Fig. 5b). The re-

> L. Finally, the power law for the cumulative number of lationship of calculated spring tidal prism to inlet channel
inlet widths is cross-sectional area (Fig. 5¢) is

Vp=0.0044192 =142, R%?=065 (10)

The field measurements of hydrologic volume over a tidal
where N is the cumulative number of inlets with a width cycle are indicated in Fig. 5¢c as the three solid squares that
>W. The smallest marsh inlet width measured from air plot near the central tendency of this relationship.

N =1332w %% =267, R?=0.92 (6)

Biogeosciences, 9, 2662672 2012 www.biogeosciences.net/9/2661/2012/
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102 10° —
10° @
10! - 104 -
E 10° |
< 10° |
100 4
10! o T (calculated)
100 a V. (field)
o T, (study sites)
10! 10°! - - '
10° 10! 102 10* 10° 104 10° 10°
Channel width (m) Marsh surface area (m”)
106
105 4
g 10°
% E 10° 1
o =102
2 S 10
A 3 10!
<
bed- ¢
- : - - - i[ie - \ -
Y 10 20 30 40 10° 10! 10 10° 104
Distance across channel (m) Channel length (m)
]03 c 106
10 1 10° -
o 10! 10* 4
< 00 10° -
< i 102 i
10!
102 ©  Calculated .
®  Field 10° 1
107 - 10!
10° 10" 10* 10° 10* 10° 10° 10! 100 10! 102
3
T, (m’) Channel width (m)

Fig. 5. Calculated spring tidal prism for tidal freshwater wetlands. Fig. 6. Relationship of calculated tidal prism 8) marsh surface

(A) Relationship between inlet width and cross-sectional area.area,(B) channel length, an¢C) inlet channel width. Field mea-

(B) Inlet channel cross-sectional areas plotted relative to the elesurements are shown as black squares; gray diamonds highlight pre-

vation of the marsh platform. Inlets with widths 16 m experience  dicted tidal prism for the corresponding study sites.

the entire spring tidal range, whereas tidal range in the smaller inlets

is constrained by inlet elevation, so that they experience a portion

of high tidal stages(C) Relationship between inlet cross-sectional tidal stage are also indicated on these diagrams. These rela-

area and tidal prism (Eq. 10). Squares indicate field measuremenjonships indicate significant scatter between each geomor-

of spring tide water volumes for the three sampling sites. phic variable and tidal prism. In addition, there are system-
atic differences between the tidal prism estimates of water
volume and the field measurements for all three geomor-

The calculated tidal prism was expressed as a power funcphic parameters (Fig. 6). These systematic differences sug-

tion of each of the three geomorphic parameters (marsh aregest that the tidal prism method underestimates the amount

channel length, and inlet channel width; Fig. 6). Field mea-of water carried into small tidal systems, but overestimates

surements of tidal water volumes (tidal prism) for the samethe amount carried into large tidal systems.

www.biogeosciences.net/9/2661/2012/ Biogeosciences, 9, 2B512-2012
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104 Tgble 2. List _of equations qlescribing geomorphic, hydrologic, and
biogeochemical relationships.
10°
i Geomorphic-hydrologic
2 107 1
B Vi = 7.81408 n=3,R*=1
£ 107 1 S Viw=1815L091 ;=3 R2=0.99
% 10 | Viw=4463w16 =3 R2=098
10°! Geomorphic-biogeochemical
= NR=0.0045/}1 n=13,R?=0098
10~ ' ' ' ' ; NR=0.0384061 =6, R2=0.96
0 10° 182 188 1o* 10¥ 108 NR = 0.092.0-97 n=6,R2=0.96
3 NR = 0.25w 17 n=6,R%=0.92
V,, (m”)

Fig. 7. Relationship between net nitrate retention over a tidal cycle

and water volume. Data are reported for the three sampling sites f°§ured spring tides (Table 1). The constant ratio of NRTa-
various tides in 2008, 2010, and 2011. Nitrate retention is a simple[)Ie 1: Fig. 7) for varying values of incoming nitrate concen-

function of hydrologic flux that varies over 5 orders of magnitude. . L o
Seasonal multi-year data for spring (high tides) follow the relation- tration suggests that retention is not limited by the range (23

ship: NR= 0.0045v 11 (n = 13, R2 = 0.98). to 57+ 2 umol) of initial, incoming concentrations measured
' for this study.
3.4 Mass balance results of nitrate retention 3.5 Comparison of ecosystem calculations of nitrate re-

tention and evaluation of geomorphic parameters
The autumn data mass balance measurements of nitrate re-
tention for each of the three marshes are shown in Table 1The relationship between water volume and nitrate retention
These data indicate that the ratio of nitrate retention to warelationship (Fig. 7) and the field-based relationship between
ter volume is constant for a given set of conditions. The datayater volume and each geomorphic parameter (Fig. 6) were
(Fig. 7) indicate a nearly linear relationship between watercombined to determine an equation between each geomor-
volume and nitrate retention for spring (high) tides, which phic variable and nitrate retention (Table 2). These equations
aligns with the multi-year data for the entire growing season:were then applied to the entire population of each geomor-
phic variable (Fig. 3) to estimate total nitrate retention for this
11 ) TFW ecosystem (Fig. 8). Estimated total nitrate retention for
NR=0.0045Vy", n=13, R“=098 (1) the geomorphic parameters varied considerably; the estimate
based on marsh area was only 44 % of the value estimated
from inlet width data. Nitrate retention for the reference
spring tides (autumn 2008 and 2011) was 193844.6 mol
NO3-N based on marsh area data, 2719631.2 mol NO3-N
based on channel length data, and 32611358 mol NOs-
(12) N based on inlet width data. When the channel length and
marsh surface area data were adjusted to account for missing
where NR is nitrate retention (mol, is the integrated av- measurements, fthe totgl nitra_te retention Was_closerto th_e es-
erage nitrate concentration (mol) on the incoming tidés timate based_on inlet width (Fig. 8). Theto'_cal nitrate retention
the integrated average nitrate concentration (mol) on the outPased on adjusted marsh surface areas is.22544.6 mol
going tide, Vi, is the volume of water flux (), and is the ~ NOs-N, and for adjusted channel length is 2882 31.2 mol
concentration of retained nitrate (mol). Wfn = Vout, which NOs-N. o . ) .
is the case for tides with minimal water storage or evapotran- 1he distribution of total nitrate retention among the in-

where NR is nitrate retention (mol) arid, is the tidal vol-
ume water fluxed through the inlet channel mouth®)m
When the exponent of 1.1 is rounded to 1, the trend is lin-
ear and can be simplified to

NR = a‘/in _bV0ut= CVW

spirative losses, the equation is simplified to dividual marshes as a f_uncfcion of channel Width and marsh
surface area is shown in Fig. 8b—c. As a function of chan-
NR=(a—bh)V =cV. (13) nel width, the 8 widest channels (3 % of total; ranging from

43.86 m wide to 93.39 m wide) are responsible for 50 % of
The relatively constant incoming nitrate concentrations werethe NR. As a function of marsh surface area, the 11 biggest
used to evaluate total nitrate flux into the tidal marshes (Taimarshes (4 % of total marsh area) are responsible for 50 % of
ble 1). These data indicate that approximately 30% of thethe NR; in sum these marshes cover 3 227 93 ®napproxi-
total nitrate flux into the marshes was retained for the measmately 80 % of the TFW ecosystem. Therefore, these largest
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marshes (top 4 %) represent a larger proportion of the total

. . 6000
marsh area (80 %) than of total nitrate retention (50 %).

E
@]
£ 5000 |
. . .5 4000 A
4 Discussion =
2 3000 -
4.1 Geomorphic data and relationships a2
Q:) 2000 A
In this study, the inlet width data were accurately measured = 1000 1
from imagery data, relatively easy to field verify, and pro- %
vided a nearly complete database that could be used to eval- 2 0 -
uate the quality of the other geomorphic databases. All of Area  Length Width
the geomorphic parameters exhibited power law behavior of 100 | d

cumulative data. Distributions were confined to 3 orders of
magnitude for inlet width (Fig. 3), which suggest that mini-
mum channel size may be affected by external controls, such
as vegetation growthHickin, 1987 Rinaldo et al. 1999a
Montgomery 1999. The upper limit of inlet size defines
the maximum size of a tidal marsh that can be sustained in
this systemJdenner2011), which is likely controlled by tidal
stage and available space along the river width.

Although total length of the main channel network pro-
vides a measure of the conduit that conveys nutrient-rich wa-

10! 10° 10! 10?

Cumulative % Nitrate Retention

ters into marsh interiorgMyrick and Leopold 1963 Fagher- .

azzi et al, 1999 Rinaldo et al. 19991, this geomorphic Ghinnel. Width fm)
parameter was also difficult to measure, particularly for large, 100 C ]
complex marshes. In this study, the geomorphic system was g
composed of individual marshes arrayed along the length of 80 1 o)

the tidal Patuxent River, which is not directly analogous to
the geomorphic organization of a large tidal system (&g.,
naldo et al.2004. In this study, we found that total channel
length was more closely related to tidal prism than marsh wa-
tershed area, which is the opposite of the result obtained by
Marani et al.(2003 for a large, complex tidal marsh.

Previous studies have identified marsh surfaces as impor- ag ; . ;
tant sites for biogeochemical cycling (e.@owden et al. 102 103 10 10° 106 107
1986, and marsh area has previously been used as a scaling 9
parameter to extend laboratory measurements of denitrifica- Marsh Surface Area (m")

tion rates to field settings. Previous studies indicate that ml'Fig. 8. Total ecosystem nitrate retention calculated from each of the

crotopography can greatly 'nlcrease the overall area aya'lablﬁ]ree geomorphic variable§A) Nitrate retention estimated from

for NR (Wolf et al, 2011); this study suggests that micro- marsh surface area data is 178& 44.6 mol NOs-N, from chan-

topography is only one of the difficulties presented in usingnel length is 279 + 31.2 mol NOz-N, and from channel width

marsh surface area as a scaling parameter. Non-synchronoiss396116+ 1358 mol NO3-N. Stacked white bars indicate addi-

flooding of surfaces of similar elevations as a function of tional retention calculated by adding in the missing geomorphic

travel time from the tidal inlet is an important issue in this data, which were predicted from geomorphic relationships to in-

system. let width. (B) Spatial distribution of nitrate retention as a function
In this study, each freshwater tidal marsh was connecte@f channel width; the 8 largest channels are responsible for 50 % of

by a well-defined inlet channel to the main Patuxent Rivertotal retention(C) Spatial distribution of nitrate retention as a func-

estuary. Thus, the inlet channel cross section area and tid ilon of marsh surface area; the 11 largest marshes are responsible

! . or 50 % of total retention.

hydrodynamics control the amount of water, sediment, an

solutes that move into the marsh&afherazzi et 311999.

Using channel width as the geomorphic unit for scaling pro-

vided the highest estimate of ecosystem nitrate retention omorphic parameter is also easily adaptable to other tidal

(Fig. 8), because every inlet channel, and thus every marshonditions through the relationships between channel width

system, was included in the ecosystem evaluation. This geand hydraulic parameters (depth, velocity, area, discharge;
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Myrick and Leopold 1963 Marani et al, 2003. Additional high elevation surfaces. Previous studies suggest that small
hydraulic measurements are necessary to constrain predicnarshes with high surface area to volume ratios are the im-
tions of water fluxes with seasonally varying vegetation con-portant sites for nitrate retention (e.§impson et aJ.1983
ditions, and will be explored in future work. Thus, for this Groffman 1994 Boynton et al.2008. Although we also ob-
tidal freshwater wetland ecosystem, with the simple arrangeserved the largest surface area to volume ratios for the small
ment of the marsh inlets along the sides of the estuary, inlesystems (Table 1), it is the volume of water that limits the
width provides the most complete and accurate data for estinitrate retention in this system, not the area to volume ratio.
mating tidal water volumes and nitrate retention.

4.2 Hydrologic controls on nitrate retention 5 Conclusions

Tidal marshes are self-organized systems in which the marsfi€ appropriate geomorphic unit for scaling an ecosystem
area coevolves with hydrologic flux to form the channel net- function must be chosen based on both underlying controls
work system Bak et al, 1988 Odum 1988. This self- (e.g., water volume), and also on data availability and ac-
organization of tidal marsh networks generates systemati€uracy of measurement. For this study, field measurements
relationships between geomorphic characteristics and hyf in Situ nitrogen processing rates on multiple scales were
draulic characteristics (Fig. 4a, b). Mass balance studies indi€cessary to determine the appropriate scaling parameters to
cated a nearly linear relationship between water volume an@Stimate ecosystem nitrate retention. We suggest that mass
nitrate retention for spring (high) tides (Eq. 11), which sug- balance measurem.ents mlght be approprlf?\te as fundamen-
gests that nitrate retention is limited by hydrologic flux in @l Steps to determine scaling parameters in other systems.
this system $eldomridge and Prestegaa@011). This re- Although the results qf th_|s study appear to be re_lated to
lationship between hydrologic flux and nitrate retention re-th€ geomorphic organization of TFW along the main estu-
lationships was similar for different seasons and tidal stage&"y: @nd thus might not be directly applicable to other tidal
(Fig. 7). These data suggest that, although marsh surface arégshwater wetlands, the integrated mass balance and ge-
may be the dominant site for nitrate retenti®eitzingey ~ ©MOrphic approach should be applicable to other ecosys-
1988 Cornwell et al, 1999, the ability of water to move tems. In addition, any other ecosystem function that is linked
through the system, even for the highest tides with mini-t0 hydrologic flux, such as sediment transport and deposi-
mum channel flow resistance, is the greatest control on nitrolion: allochthonous organic carbon retention, and perhaps
gen processing. Marsh areas that are available for processlfate retention, can be analyzed using this approach. This
ing have limited activity due to limitations in water reaching Study presents spatially-distributed estimates of nitrate reten-
these sites. Nitrate retention includes a variety of processelion for one representative high tidal stage. Additional work
such as denitrification, biotic assimilation, burial, and/or re- IS necessary to determine hydrodynamic and other data re-
cycling. These processes are seasonally variable and may I&!ired to evaluate nitrate retention for temporally varying
controlled by factors such as temperature, the availability ofconditions (e.g., seasonal and tidal variations in hydrody-
organic matter, amount of oxygen, nitrogen availability, and "@mic and nitrogen processing).

composition of the microbial community (e.dSgeitzinger

1988 1994 Cornwell et al, 1999 Wallenstein et a).2008. xnowled i<Jeff o I and Mike O H
Although these controls may be seasonally important, resultégi:tovli’aiogzgfn U?li\:gsi . Ocr:f]wl\iar el‘Zn d éeiter\':fg?sénvi?c::_
from this study suggest that nitrate retention in these fresh- Y y y

. . mental Sciences provided lab assistance and advice that greatly
water tidal wetlands is strongly correlated to water VOIumes'improved this project. This research was conducted under an award

Evaluation of additional hydrodynamic data is needed to US&om the Estuarine Reserves Division, Office of Ocean and Coastal

geomorphic data (inlet width, inlet area) to predict tidal vol- Resource Management, National Ocean Service, National Oceanic
umes, and thus nitrate retention for other tidal stages an@nd Atmospheric Administration.
seasons.
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