Nutrient Budgets and Mansgement Actions in the Patuxent River
Estuary, Maryland

W. R. Boynton', J. D, Hagy’, J. Comwell’, W. M. Kemp®, 8. Greene’, M. Owens’, 1,
Baker’, R Larsesn', A, Voinov', and T. Horton'

*University of Maryland Center for Environmental Science, Chesapeake Biological
Laboratory, Box 38, Solomons, MD 20688; * Environmental Protection Agency
Laboratory, 1 Sabine Island Drive, Gulf Breeze, FL 32561 ;7 University of Maryland
Center for Environmental Science, Horn Point Environmental Laboratory, Box 775,
Cambridge, MD 21613; * 6633 Oek Ridge Drive, Hebron, MDD 21830

Decomber, 2005



Acknowledgements

We acknowledge the following colleagues and institutions for their assistance in
completing this work., Lewis Linker, Gary Shenk and Kate Hoplang, US EPA
Chesapeake Bay Propram, provided estimates of diffuse source nutrient joads for several
portions of the Patuxent basin and answered many questions. Tk, Nauth Panday and sta(f
at the MID Dept Environment provided satrient pomt source and river ares and volume
data. K. Mikits and K, V. Wood assisted with data compilation and analyses. This work
was stimalated and partly supported by a grant from the Integration and Analysis
Network {IAN) af the UMD Center for Environmental Science. Funding from the NSE
Programs (DEB-0412113; DEB-0212636) and the Maryland Chesapeake Bay
Biomonitoring Program (RAT-6/01-117}) also supported this cffort.



Introduciion

Duging the past several decades global use of phosphorus () and matrogen (N} has
increased at an alarming rate and is expected to forther accelerate in some parts of the
workd, The quantitative extent of nulrient production {Vitousek ef al 1997) and use has
been determined for many areas of the globe {e.g., Zheng et al. 2682; van Kpmond of 4l
2802} and estimates are now available concerning the magnitude of nufrient discharges to
estuaring and coastal ecosystems at global {Krocze and Sciteinger 1998), national
(Howarth et al. 2002) and regional scales (Van Breemen et al, 2082). The detrimental
eoological effects of nutrient enrichment have also been examined for a variety of coastal
scosystems {Carpenter ef al. 199%; Conley 2000; Rabalais 2002). A report by the
Nationai Research Conneil (2608) found nutrient over-enrichment to be the greatest
poilntion threat faced by coastal marine environments, A NOAA assessment concluded
that some 4{1% of coastal waters of the USA. exhibited advanced indications of marient
stress (Hricker ef abl 1999 While there is  rapsdly accumulating body of knowledge
concurning mutrents in estuarine and coastal marine waters, most of this information
tends o be focused on particular issues rather than integrated at the ecosystem level
where the relative importance of many processes can be compared, evalnated, better
understood and uzed in management desisions.

A decade ago we used whole-system nutriend budgets as a quantitative framework
to examine N and P in the autrient-enriched Patuxent River estaary, a major tributary of
Chesapeake Bay. Our goal was o examinge the magnitude of marient sources, internal
merient storages and losses and mutrient expert Fom ihe estuary {(Boyaton et al 1995).
Results indicaied that the Patuxent had moderate and high N and P loads, respectively,
compared o other coastal and estuarine systems, Further, we found that relatively Htle
N (~25%) and virtually ne ¥ passed ont the mouth of the estusry and most of the N
export was in dissolved or particulate organic forms rather than as corpounds directly
available to plant communilies. Denitrification in sub-tidal sedimvents and long-ierm
sediment burial of particulate N and P were important internal oss terms, the formera
conxnen. feahizre of many estuarizs but the later important only in sediment-rich coastal
plain ecosysterns sach as the Patuxent {Nixon of al. 1996; Boynton and Kemyp 20653},

Some portions of the budget were better evaluated than others and several
potentiaily itnportant Hems were either neglected, because Hitle or no data existed, or
were entirely excluded because our biases and conceptual mode] of how things worked at
the time did sot include these processes. Tor example, we used input datz from only twe
refatively dry years; there was no assessment of inlerannua} variability becanse sufficient
data were not avaifable. The entire tidal estuary (e.g., tidal fresh, oligohaline and
msshaling repions) was ireated as a single unit so there was no spatial resofution. The
budgets alse considered only total nitrogen and fotal phosphorus, nutrient exchanges with
the Chesapeake Bay were estimated by difference (Le., land plus atmospheric inpuis
minus iernal losses), and the extensive tidal marshes of the Paluxent were considered to
be peutral with regard o marient processes.

Ii: the iervening vears several things have led us to re-examine nutrient budgets
for this estuary. Firsy, there is now a substantial time-series of nutrient inpats fom point,
diffuse and atmospheric sources and this record includes wet, average and dry vears.
Asseciated with this input record are measurements of water colam nutrient stocks,



phytoplankion primary preduction and biomass, zooplankton and benthic invertebrate
hiomass and sediment murient releases. Many of these messurernerds were made at
monthly or finer thne scales. Seasonal, as well as ingerannual, vatability can now be
gxamined. Second, several now data sets have been developed; burial rates of N and P iy
sub-tidal areas and intertidal marshes have been estimated (Merrill 1999; Greene 2885a)
and denitrification rates have becn measured in marsh and sab-tidal estuarine sediments
wsing a more reliabic technique (Kana et al. 1994, 1998). Third, the net Buxof N and P
between the ofigohaline and mesohaline portions of the estuary and at the amnction of the
Patuxent with the Chesapeake Bay have been estimated using 4 box-mode! (Hagy ef al
2068) thus making it possible to have an estuarine mutrient budget with independent
measurements for all major input and outpud torms {Nixen ef ad. 1996}, Fially, during a
decade long pericd, a nuirient managemend plan, foeused on point source nalrient
reductions, was implemented in the basin. During the mid-1980"s phosphorus was
removed at all major sewage frestment plants and by 1993 nitrogen was also being
removed, only during warm seasons, af ail the major treatment plants ('Elia ef al,
2603), Thus, this estuary was subjected 0 4 major, system level management action.

The overali objective of this work is to produce & more thomughly evaluated
budget for N and P in this estoarine system.  'We have the relatively rare opporfunity to
assess how well we did the first time around. We also have the opportanity {o examing
issues related to imierannual variability i nutrient inputs to an estuarine system and the
manner i which estaarine processes respord 1o these variations in inputs. Finally, we
can examine the effects of mator management actions on the N and P budgets of & large
coastal plain estuary.

Bescription of the Patuxent Basin and Estuary

The Patuxent River basin encompasses 2264 kas of fangd, 133 ki of tidal waters
and 29 km® of tidal marshes {Table 13 Fig. 1). The Patuxent ranks sixth in drainage
hasin size, sixth in estuarine volome and seventh i freshwater inflow among the
ributarics of the Chesapeake system (Cronin and Pritchard 1973). While it is fiar
smailter than several other tributaries, i s still among the largest of the 60 tributaries that
are part of the Chesapeake Bay compiex and it is among the better known and studied
becanse of s long history of management debate, court cases and eventual menagement
actions aimed at waler qualily and habitat restoration {Malore et al 1%93; Elia et al,
2003; Kemp ¢t al. 2005).

Several large land use changes occurred in this basin during the 370 vears singe
Furopean settfement and thess are snmmarized here becanse they played 2 prominent role
in the current muivient ecology of the estuary, During the late 16007, land use changes
began in the Patuxend basin to sapport agricuitumi activities, especially lobacco
production. Untif the mid- 1 700 s, traditions] “hill and hoe™ type agriculture remained
dominat, a form of farming thal was charactertred by low erosion rates, retention of soil
fertility and rotation between short production periods {6-8 vears) foilowed by long (20
vears) fallow periods {Walsh 2001}, However, after 1780 apricultural practices shified
from traditional metheds to newer “high farming” techniques developed in Europe and
ermbraced by many large landowners in the United Slates. Land was plowed deeper,
stumps and roots removed, fallow periods redeeed, marginal lands brought into



production and plowing mainly directed down contours, rather than across, to ease the
sirain on plow animals (Walsh 2001). By the carly 1804's some 40% of Southern
Maryiand land was cleared and by the late 1800"s up to 8% of the Jand had been cleared
{(Cooper 1995}, Earle and Heffman (2001) vividly deseribed agriculiveal changes in
the Pataxent basin and the huge cffects these had on land fertility, drainage paiterns, rural
geonomics and soi} erogion rates.

Dircet measurements of ecologival conditions in the Patoxent watershed and
extuary during these early periods do not exist, but other sources provide useful
information. One of the earliest observations concerns filiing of tidal river channels with
soils eroded from surrounding lands asseciated with changes in farmolng practices. As
carly as 1780 some of the small, upper cstuary potts of the Chesapeako had shealed to the
point where commercial vessels could not operate, Middleton {31953} lists Mattawoman
Creek and Port Tobacco on the Potemac River, Elkridge on the Patapsco and Upper
Martboro on the Patexenl as among those affected. These ports had water depths of
abowut Om ot seitlement but these were reduced to less than | m by the late 1706(°s, Until
1815 a customs office operated at the Port of Queenstown on the Patuxent {river km 79,
adiacent to the present town of Upper Mariboro, MDD} where ships of 300 tons and drafis
of 3.5 m came to trade. During the War of 1812, British war ships operated in the
Patuxent ag far upstream as the current town of Notinghans {river ki 04, Khan and
Brush, 1994} and unti] the 1730%s barges operated 32 km upstream of Queensiown in
support of an iron works (Donald Shomette, pers comm ). Since 1850 forest re-growth
was & maior ecological feature of the basin, a pattern thet persisted until abost 1085,
when lorested Jands again started to decline as land was converted fo urban and
residential uses,

We also bave lirmited descriptions of water guahity from & century betore direct
measurements were initisted. Mr. 1. Hungerford, a Baltimore lawyer, owned a plantation
that bordered the lower Patuxent estuary. Fscaping fom & cholera epidemic in Baktimore
during sunemer 1832, Hungerford spent fime at the plantation and published a book that
contafited the following descriptions of the mesohaline estuary (Hungerford 1859}

O i the bright rivers that flow into it (Chesapeake Bay) there is not one which excels

the Clegrwater (Patuxent) in the purity of ity waters”
crd

“So transparent are ity welers that far out from shore you may see, in the openings of the

seq-weed forest, on its botiony the flashing sides of the finmy tribes as they glide over the

pearly sands"

e

While such descriplions are gualitative, the message is evident; the estuary was clearer
than i bas been in recent decades {Stankelis ¢f al 2603).

Two palececological studies have also been conducted in the Patuxent and these
provide more quantitative indications of past ecologicat conditions. Brush and Davis
{1984} examined sediment cores coliected from the tidal-fresh, oligohaline and
mesohaline portions of the estuary and concluded there was Hitle compositional change in
digtom and macrophyle community composition for 300-1600 years prior to Eoropean
settfement. During the post-settlement period, when Tand was being sapidly cleared,
torbudity-intolerant distom and macrophyte species disappesred from the upper portions



of the estusry, but similar changes were not ag evident in mesochaline areas. However,
foliowing increased fortilizer use and sewage treatmenl plant discharges, submerged
macrophyte comnunities alse disappeared from the meschaline porlion of the estuary
during the late 1960's (Stankelis ef al, 2003).

in » more recent stady, Khan asd Brush {1994) obtained several cores ffom the
tidai-fresh estoary and adiacent marshes (river kim 73} Analyvses of these cores indicated
that the estoary in this region was deep enough for ocean-going vessels during the 1600
but began filling following initial Jand clearance. Lrosion rates were very high during the
mid to late 1800°s (7-8 times ke pre-settiement rates), during the peried 1490-1910 and
again during rapid wrbanization of the upper basin {1909-1980). A importan! conclasion
fron: this work was that the marsh edges adjacent 1o the tidal river were only about 100
yvears old. Supporting this conclusion, Flemer ef al {1971) carlier examined 1S
Creological Survey and Marviand Geological Survey maps of the upper Patuxent from
1964, 1938 and 1949 and found a high degree of consistency i the areal extent of
marshes (~19 km™) during this halfcentury pericd. McCormick and Semes (1982)
reported very simifar areas of tida! wetlands for more recent times, Thus, these marshes
appesr fo have been an extension of the channel Hilling processes that occumred doring the
previous two cenluries. 'We have emphasized 2 some length land sse and sedimentation
patierns in this estuary because tidal marshes and abundant supplies of fine-grained
sedients play central roles in the conternporary natrient dynamics of this estuary,

Human population in the Patuxent basin was abowt 30,600 (13 people k) in
1988, 'The basia remained very rural mngil about 1968 when rapid population growth
bepan, a trend thal continues 10 the present (536,000; 235 people k'™, Table 13 During
a recent 10 year period (1985-199%) population increased by 36, 14 and 50% in the
wpper, mid and lower baging, respectively. Population density i 1995 was highest inthe
upper basin (356 people km ~°) and less than half that in the mid {154 people km ) and
rwer (157 ?eepiﬂ km "2} hagins. Populatien densify i mid-Atlanti basins averaged 317
people km ™, very simifar 1o the upper portion of the Patuxent basin, but much higher
than the mid and lower basins {Basta of al 1996),

The dominant land ase in the Patuxent basin remains forested lands (44%) and the
percentage of forosted lands docreases from the lower 10 upper basin, Urban and
apricultaral lands ogcupy about the same preportions in the vpper and middle sub-basing
(20-30%} while agricuitural lands fépresent a smalier proportion of land use in the lower
basin. Recent land use asscssments have indicated thal forested and apricultural lands are
errrently decreasing and are being converled mainly o residential and grban uses
(Costanza et al. 1995).

The Patuxent River and estuary are about 170 kan in total fenpth and the lower 95
km are tidal (Fig. 1}, The apper portion of the tida! estuery (vkm 40 -95} is narrow (50 -
306m), very turbid {Kd =3.8), vertically well-mixed with a tidal range of 0.3 - 1.0m and
aversge depth of 1.1 m In addition, this portion of the estuary is flanked by extensive
tidal freshwater and salt marshes with ratios of marsh area to river distance ranging from
0.430 0.8 kn’ k™ of river. The Jower estuary {rkm 40 to mouth at Chesapeake Bay) is
much wider {1 — 5 km), deeper (z = 3.4 m), clearer {Kd = 0.9} and seasonally wraiified.



{paceptual Framework for Nutrient Budgets

In an earhier evaluation of nutrients for the Patuxent River estuary, a conceptusl
mode] was used to guide development of N and P hudgets (Boynton e al 1995 A
more detailed conceptual model was developed for this evalustion but stidl represents a
compromise between ¢urrent understanding of major inputs, exports, storages, infernal
losses and cycling of N and P and the temporal and spaiis] avallability of data with which
to cvaluate model terms {Fig. 74

The dmainape basin was Feated as three distinel units {upper, middle and lower
basins}, with the upper basin draining into the upper estuary but having no estuarine
walers within that unit of the model, The estuarine area of the basin was divided into
apper and lower portions corresponding to the tidal fresh/oligobatine and mesohaline
zones, respectively (Fig. ). This model considers four classas of nutrient inputs, Give
loss terms for N and three for P, eight storage categories, three matrient cycling pathways
ansd fiwo net mdrient transporl terms.

The four classes of nutrient inpats, shown along the le® and top of the disgram,
inehsde point, diffuse, septic and atmospheric spurces. The atmospheric term only
inchsdes deposiion of N and P to surface waters of the upper and lower estuary,
strspheric deposition of N and P to the watershed s included in the diffase sowce
terms, Point sources wese alf municipal sewage discharges. Diffuse sources were
estimated at the head of tide (unction of upper and middie basin} based on extensive
monitoring of river Sow and nuirient concentrations; diffuse sources from the middie and
iower basins were gstimated using a land-use model. Septic sources were estimaled
separately based on population living in non-sewered homes, MNitrogen fixation was not
directly evaluated in this budpet but was probably 2 smali source, as seems 1o be the case
in most nutrient-rich, temperate zome ¢stuarine systems (Howarth of al, 1988}

Loss terms in both upper and fower ¢stoarine segments include burial of N gnd P
i sub-tidal and tidal marsh sediments, denitrification. in sub-tidal and marsh sediments,
fisheries harvests (recreationa] and commercial vields) and net rangport of N and P at the
downstrearn boundary of the two estuarine segments. ' We recognize that the fisherics
harvest term is incomplete; this terra should include accurnulation of N and P in fish that
migrate into the esivary when individuals are sraall, grow rapidly during summer and
ther migrate from the system i the fall. However, satisfactory estimates of fish stocks
and migrations were nol available to atternpt this esleulation,

Major nutrient pools and several nudrient cycling processes were included in this
analysis to allow estimates of turnover times and evaluation of the relative importance of
“aew" versus "reeyeled” nutrients. The evaluation of nutrient cvcling terms is not
corgpiete because activities of water colnmn bagtenia, microzooplankton and soft-bodiod
zooplankion were not incladed, again because data were not available.

The conceptaal model of the metrient budget can also be expressed as differential
equations for TN and 19 as follows;

GTN/E upper — {iﬂ{} + iud + im o imp -+ }md & Imb} - {{q;{[ib + Lun}{;“ + }:.a]_;b + Luﬁa - Lu_{')
" Tuf
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where: 1”5 are input terms; L5 age loss terms and T's are transport terms. The specific
taput, loss and transport terms are defined in Figure 2. In this analysis dTN/dt and
dTE/dt were agsamed to egual zere when averaged over several years.

Pata Sources, Methods, and Compuiations

Nutrient Sources

Iaputs of N and P included atmospheric deposition directly 10 surface waters of
the estuary, point, diffuse and septic sources. Input data, it most cases, were available on
a monthly bagis from 1985 — 2066, In some instances the input record ended mn 1997,

Atmospheric Deposition: Estimates of wet nitrogen loading to the surface waters
of the estnary wilized dia collected at the Wye, MDD sample site (38° 54° 477, 76°
00 09"} of the National Atmospheric Deposition Program {NADP 2001). NADP
reported monthly volume weighted mean conventrations of NH and NG and
monthly total precipitation {cm}.  Concentrations of organie nitrogen in rainfall
coilected al two locations in the Chesapeake Bay region ranged Fom an average
of 9.1 gM o 21 M (Scudlark et al. 1998; Jordan ef al. 1995}, Insaufficient data
were available to compute seasonal deposition estimates; annual average
concerdration and average rainfal {~100 om} were wsed to produce annaal wet
fall organic N. Estimates of HNQ/N(, dry deposition were from the 1993.1997
Wye, MDD AirMoNs dry study ( NAD? 2601). These data were modified I two
ways, First, the HNOj deposition velociy over seil was rednced by 2 fictor of
three $o represent over-water deposition velogity, This modification resulied in
over-waler deposition velocity that was similar 0 those seporied by Valigera
{1998). Second, the original data were reported for one to three week intervals.
These data were Hinearly interpolated to daily ioads and then summed to monthly
loads. Ammonia dry fluxes were based on datz collected locally between March,
1997 and May, 1999, Generally there were | to 3 observations por month
{L.arsen ef al, 2001). Atmospheric deposition of ¥ 15 not nearly as important as it
is for N, Accordingly, we put less cffort irte making estimates and it also appears
that there are fower estimates 1o consider, In the previous nutrient budget P inputs
from the atmosphere were estimated o be 1.3 and 5.3 mg P m-2 month ', for
inorganic and lotul P, respectively (Baynton el al, 1995} and ihese were based on
estimales reported by Smulion et al.(1982) and Wies and O"Melia (1989). Hu
of ad (1998} reported P concentrations in rainwater collected from Long Island
Sound to range Fom below detection to 43 ug I, The latter value is comparable
) those reported by Smullen ef al (1982) and we used the older valoes,



Chesepenke Bay Program (2001} and details concorning these data arc
gorgtgined in Wiedeman and Cosgrove (1998). In brief, all major point source
discharges to the Patuxent were from municipal sewage treatment plamts, Gf the
34 plamts discharging to the Patoxent, ten had daily discharges in excess of
million: gatlons per day (3800 m’ d) and were classified as major discharges,
These discharges represented 97.2% of the total point source flow. Nine of the
major plants werg located above the head of tide (Hot) and one, the largest, was
located st below HoT, Monsthly data were available from 1985 — 1999 and
ineluded flow (a7 5 and Joads (kg d°'y of ammonium, nitrite, nitrate, total
nirogen, dissolved inorganic P and {otal P,

Diffuse Sources: Diffuse source loads of N {ammordgn, nitrite, nifrate, organic
aifrogen and total nitrogen), P {dissolved inorganic phosphorus, organic
phosphoris and fotal phosphoros) and tolal suspended sediments (TS8S8) were
estimated by the Chesapeske Bay Program using Hydrologic Simulation
Prograz-Fortran {F5PF), a widely used watershed model The simulation time-
step in the model was hourly bat data used in this analysis were sumined io
monthly time intervals and covered the period 1985-1997. Details concerning
the development and current configuration of this model are provided in a series
of techmeal papers and reports {c.g., Dondgian ef al. 1994; Linker ¢ al 1996;
Linker et al 1999: Linker ef a1 2601; Shenk and Linker 28015, In brict, HSPF
is a continuous, physically-based, lomped parameter mode! that simulates
hydrology, sediments and nutrients {or other pollutants} in soils and streams. The
version of the model used by the Chesapeake Bay Program has nine different
tand-uses, incloding conventionsl-tilled cropland, conservation-titled eropland,
cropland in hay, pasture, pervicss urban land, impervious urban land, mixed open
space, forest and animal waste arcas.  Each land use has #ts own anit model which
is simulated as a single acre unit and the sesults mudtiplied by the number of acres
of that type of land use draining o & specific river segment. Inthe case of the
Patuxent, diffuse sowrce loads were estimated for fhree basin segments including:
1} the basin: above HoT'; 2} the ¢coastal plain portion between the head of tide and
Benedict, MD, an area that includes the upper estuary and aimost all of the tida]
marshes: 33 the smalier lower basin which surrounds the main mesohaline portion
of the estuary. The USGS has maintained & flow and water quality monitoring
station at the head of tide since 1978 (Langiand et al. 2003). While the
watershed modet produced load estimates for the upper basin, we chose o use the
USGS estimales because they were a more direet estimate of loads. Finally,
rtrients derived from septic systems were pot inciuded in the watershed model
Septic system derived P was considered o be negligible, Nitrogen was computed
hased on the fraction of the population in the middie and lower basin served by
sephic systems, the average N excreted per person and the amount of N that
actuslly reaches & stream segment {estimated al 40%,; Shenk, pers conun,; Maized
et 4l 19973




Nutrien! fransport between Estuarine Zones and with Chesapeake Bay

Physical exchanges of TN and TP between the upper and lower ostuary, and
hetween the Jower estuary and Chesapeske Bay, were computed using a sall-and-water
balance model {Hagy et al. 2009). This model compuies advective and dispersive
wansport of water and salt fom a systern of equations describing continuBy of each for
defined regions of the gstuary. Assuming that the dissolved and suspended particulate N
and P are transported in the same manner as sall, the foxes of N and P can be computed
as the products of physical transport and corresponding constituent concentrations
{Hagy 1996). Physical exchange between the tidal fresh river and the upper ostuary is
dorninated by seaward advection, but also inciudes a diffusive exchange flux. Thus, the
net flux from the river to the upper estuary can be computed as

ooy — Ei,ﬁ‘(‘fs - cﬁt}
where ¢, is the freshwater isput from the tidal fresh river to the upper estuary, £, is the

diffusive exchange between the upper estuary and the tidal fresh river, and ¢, and ¢, are
the concentrations of N or P in the tidal fresh river and upper estuary, respectively. An
entical advection and diffusion equation was applied 1o exchange between the upper
estuary and lower estuary (Hagy ef al 2008). Two-layer gravitational cireulation
dominates the net horizontal fransport within the lower estuary and between the lower
estuary and Chesapeake Bay (Hagy ef al. 2000), Therefore, the net exchange between
Patuxent River and Chesapeake Bay was computed as the difference between the
landward and seaward advective transport, This ks

e, — U0,
where (J, and (), are the rates of advection in Lhe surface Jayer from the lower Patuyent
River into Chesapeske Bay and in the bottom layer from Chesapeake Bay inte the river.
The values o, and o), are the concentrations of N and P associated with advecting water,

The box model and resulting N and P fluxes were computed by month for the
composite average years within the pre-BNR {1985-199¢01 and post-BNR (19931999}
periods. Seasonal and anoual average transport was computed from the monthly means,

Internal Storages of N and P

There were four categories of internal N and P storages evaluated in this budget=
arxi these inchuded water column (disscived and particuiate), surficial sediments
{particniate in the surface 1 cm of sediments}, macrobenthic infauna and zooplapkton, In
each case estimates were made for the upper ard {ower estoary, Seasonal cstimates were
alse made for all catogories except sweficial sediments where there were ot enough
megsurements 1o justify such an estimate. In addition, seasona] estimates were fistther
categorized into pre and post-BNR periods for water column nutrient and rooplankion
siocks; Hnited data precluded making such estimates for sediment and macroinfaunal N
and P sforages.

Quality Menitoring Program (2001} and consisted of vertical profiles of
dissobved and particelate N and P compounds (NOs, NGy, NiL, BON, PN, PO,
1DOP, PP} eollected 16-20 thnes per year fom 1985 2000 = 13 locations slong



the main axis of the estuary,  Average volume-weighted concentrations for the
apper and lower esteary were obtained using an interpeiation algorithm developed
by Hagy (19%6). All suhseguent seasonal and pre and post-BNR averaging was
completed uging the vohume-weighted values,

Sediments: Storage of particulate N and particulate £ in the surface | om of
sediments was based on samples collecied using a box vorer {Boynion and
Rehiand 2081) and from sowrces listed in Boyston et af {1995). Values of %N
and %P from the upper and lowey estuary were converted fo mass per area using
measured sediment dry weight per volurme values.

biomass was estimated using data collected by the Chesapeske Bay
Zoopiankton Monitoring Program {2661}, Samples were collected via stepped
obligue tows using 2062 vm mesh paired bongo nets. Samples were maindy
coliected monthly between 1985 and 1999 at 2 site in the tidal fresh portion of the
upper estuary and at a site in the middie of the meschaline estuary. Numerical
abundances were converted 1o biomass using conversion factors provided in
Chesapeake Bay Zooplankton Monitoring Program (2001} and Jorgensen vt
al {1991}, Conversion of dry weight biotmass 10 N and P were hased on
comversion factors given in Walve and Larsson (1999},

Macrofaung: The N and P storage associated with macrobenthic biomass was
estimated using data coliected by the Chesapeske Bay Benthic Menitoriang
Program (200%). Saroples were collected at sites spaced throughout the estuary.
Several sampling devises were used depending on waler depth and bottom
stibstrate but al! samples were sieved through 0.5 mm sereening and preserved in
buffered formatin. Mean biomass {ash-free dry weight; AFDW) was computed
by month and seasonal averages computed from the monthly means, Beeause
there was & great deal less benthic sampling during the posti-BNR period we did
not compule pre and post-BNR means. Thas, scasonal and annual means inclede
the period 19835-1999, We assumed that agh-free dry weight was 309 carbon.
Perceat N and P of AFD'W Were estimated to be 15% and 0.62%, respectivety.

Water Column Uptake, Zooplankton Excretion and Sediment Recyeling of Nand P

There were three categories of N and P uptake and recycling evaluated in this

budget and these included water column uptake of N and P by phytoplankton, net
sediment releases of N and ¥ and mesozooplankton excretion of N and P, In each case
seasonai and annual {pre and post-BNR} estimates were made for the upper and kower

egtuary,

Zooplankton Monitoring Program (2601) for 1984-199% from sampling
stations located in tida! fresh and mesohaline portions of the estuary,

The sampling stratepy changed during the course of the monitoring
pragram fom strafified tows to & single obligue tow, it was determined that



there were no clegr differences in the abundance patierns based on sampling
procedures. Zooplackton abundances were epumerated to specics and were
separated by Hfe stage for some of the taxa. When e stages were prosent,
average adundances were computed by life stage to account for differences in
the sires of the different life stages.

Nitrogen {NHa} excretion rates were conpated using the following
equations { Mauchiine 998}

log E = {~0.009417 + 0.8338}log ¥ -+ {0.02836T - 1.3665)
O

where E=excretion rate {pg NH:-N copepod™ hr'), W=mg dry weight copepod”,
and Te=water temperatiure (°C). Dyy weiglits were obtained from literature
sources (Heinle 1966; Jorgensen et al 1991 Chesapeake Bay Zooplankion
Monitoricg Program 2001} Monthly average water temperatore for each
station was computed from the Chesapoake Bay Water Quality Monitoring
Program (2001,

Monthly mean abundanees and NH; excretion rates wers computed for
the pre-BNR {1984-1990) and post-BNR years {1993-1999) In the post-BNR
vears, zooptankion abndance was not estimated for Jemeary and Feburary,
Therefore, for the purposes of computing seasonal and anmuat means, the
Jauuary and Feburary data for the pre-BNE vears were used in the post-RANR
years. Excretion rates per unit volume per hour were converted 1o arcal rates
using a mean depth of 2 m for the upper esteary and 5 m tor the lower estuary
and 24 hr day™,

Sedimen Recveling: Dats used to esfimate N and P releases from sab-tidat
estuarine sedirments were oblained from Boynten aad Rohized 2001 and fom
eathier work reporied by Boyaten et al (1982a). Mosl measarements of
seciment nutrignt fluxes were oitained from shipbeard incubation of intact
sediment cores; some values from the upper estusry were based on in-situ
chamber measurements {Boyaton o af 1982a}, Sediment flux data were
averaged by month and then used 1o estimate annval average fuxes for the upper
and fower estuary. Data from Pecember — March were mited for the npper
estuaty amd not available for the lower estnary. Lower estuary sediment fluxes
for N and ¥ for those months were estimated te be zere.  Because only summer
data (June - September) had been routinely collected (198520007, only sammer
season pre and post-BNR values were compuied for the upper ad lowey estusry,

measured rates of primary production and Redfield sioichiometry. Primary
production data were obtained from the Chesapeake Bay Phytoplankion
Menitorisg Program (2001}, Raies were estimated using the C-14 technique
with incubation {4 ln) in shiphoard constant Light incubators. Volumetric rates
were converfed to areal rates by assurning that the single measured volumetric
tate was Pue. and that production decreased inn a Hnear fashion to the depth of



1% lighl. The euphotic depth was based on secchi disk measurements.
Extrapoiation of hourly rates to daily rates was accamplished by mmltiplying
houtly rates by 80%% of the daylight hours o the thme of measurement. Finally,
N and P uptake were estimated by assuming Redfield proportions of 166:16:1
for C:NCP. Measurements at these sifes were routinely made 1016 times per
yeay fom 1986 — 1999, Upper and lower estuary N and P aptake rates were
compuled lor seasonal and anmea! pedods during both the pre and pest-BNR
petiods.

Internal Losses ol N and P

The data sources for Internal losses of N and P consisted of a combination of new
data collected in the Patuxent and other literature soorces, Specifically, we depended on
measurements of marsh nutrient buris! from the work of Merrit (3994), Merril and
Cornwell (2000} and Greene {2005a). Marsh denfirification measarements were from
Merrill {1999} and Greene {2005a). Subtidal N and P buris] rates were estimated from
new meastrements of *' *Ph-based sedimentation rates From cores collected in 2000, and
estuarine denttzification rates were from messurements also made i 2004,

determined from flux cores using time courses of N, changes based on Na:Ar ratio
changes {Kana et al. 1994; Owens of al. submitted). At 6 sites in May and
Pecember of 2008, we examined fluxes in dupheate cores fitted with magaetic
stirrers, Flux cores (7 om inside diameter) were incubated st in sifu teroperatures
for ~& hours; saroples were collected for dissolved gases using 7 mi. ground glass
tubes with Hg used as a preservative. Sampies were anaiveed using a membrang
inlet mass spectrometer, with O and No ratios 0 Ar measored (ie. Kana and
Weiss 2004}, The slope of the N concentration versus time, mines that of control
cores without sedbnents, was used {0 estimale denitrification rates, Inthe case of
tidal freshwater marsh sediments, similar cores {10 cm inside diameter} were
coltected, fooded with smbient river water, and denitrification measured as with
subtidal cores {Merriil 1999; Merrill and Corypwell 2000, Greene 20052l

Benthos geavity coter, extruded into 2 om segments to 10 om depth, 5 om f
segments from 16-30 om depth, and 10 om segments fo the bottom of the core
{75-110 cm). The snalysis of “°Ph, total P and total N followed that of Comwell ‘
¢t al. {1996). Sedimentation rales were calculated via regression of cummlstive

tnass versus excess TP, Marsh cores were collected using a MacAuley or f

Russian peat corer to minimize compaction and ntrient burial calenlations were
simifar to those of the subtidal cores {(Merrill 1998). A total of 29 marsh cores
were ¢ollected throughowt the marsh ecosystem, inchuding several trapsecis fiom
the marsh bank to the upland area. We groaped the mtrient burial rates on the
basis of the vepetation community (Merrill and Comwell 2000; Greene 2005a). f

_f
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Resylts and DHsenssion

Nulirient Inputs

imter-Anntial Variability

We begin by examining TN, TP and DIN and DIP loads from all seurces to this
estuarine svstem on an anmual fime scale for a 13 year period {1985-1997). TN and DIN
loading rates ranged fom 4300 to 8600 kg N d7 and 3200 to 5500 kg N d7, respoctively,
and averaged 6200 and 4300 kg N d” (Fig. 3). Annually averaged DIN loads were
correlated with TN loads (©"=0.71; p<0.01) and represented an average of 69 % of TN
loads during the study Pcrimi TP and NP leading rates ranged from 207 to 690 kg P ¢
and 113 fo 414 kg P d7, respectively, and averaged 433 and 242 kg P d? during the same
period (Fig. 3). DIP loads also closely tracked TP loads (£°=0.92; p<0.01) and
represented an average of 53 % of TP lcads. Inter-aunual range in loads, both total and
inorganic, was ghout a factor of two for N and 3.5 for P, Similar levels of variability
have been ebserved in other large basins of the Chesapeske Bay (USGS 2064}, Such
lovels of inter-annual variability exceed the ampaal lead reductions (~40%) that lecal,
state and federal agencies are trying to achieve in this estuary.

Redationships to Regional Climate Conditions

A portion of the variability in sutrient loading rates was asseciated with
variability in local weather conditions {Fig 4). Annual average river flow at the bead of
tide {foT) ranged from 5.5 to 17.5 m” s and averaged 10.3 m* 57 during the 25 year
peried flow has been gauged at this site (1978-2003). On a seasonally averaged basis,
tiver flows were generally highest during the winter and/or spring and considerably lower
during summer andfor fall. However, during two drought years {1992 and 1995} river
flow was low afl year while during 1996 flow remained relatively high ali year, During
1989 flow was lowest during the winter and highest during spring and summer, altmost a
complete reversal of the most common pattern.

Typically, N concentrations at HoT were highest during winter and spring {100-
206 oM} cotnciding with periods of highest flow and generally lower in summer and lall
(25-75 ub}y. Thus, Joads tend fo be higher in wet vears, especially when river flows are
highest in winter oy spring. Hagy ef al (1998) reconstructed upper Patuxent River TN
and TP boading rates at HoT for the period 19606-1997 and found a strong relationship
between river flow and loads with the slope of the TN and TP refationships to flow being
180 kg N &0’ ¢ and 65 kg P 3V’ 57, respectively. ‘EN and TP loads for the cntire
basin exhibited the same general relationship although there was more scatler, Higher
and lower foads were clearly ssseciated with wetter and dner years, respectively.

Later in this analysis the impact of institeting biological nitrogen removal {(BNR)
during warm portions of the year at all major sewage (reatment plants in the basin i
examined. LUpgrading planis to BNR was initisted in the carly 199473 and was compigted
by 1993, In subsequent analyses the vears 1985-1990 and 1993-1997 were considered to
be from the pre and post-BNR periods, respectively, Four of the six pre-BNR vears were
refatively dry {average river flow = 8.8 ur’ ™) while during the post-BNR period wetler
conditions prevailed for four of the five years {average river flow = 13.0 o’ ¢°; Fig. 4).

To place the effect of inter-annuat climale variability in perspective, loading rates
gf TN, TP, DIN, and TP fon: all external sources were summed for each year and the



yeurs with the highest and jowest loading rates identified {Table 2} Results indicate both
the importance of local climate variahility and the impact of management actions on
mutrient loading rates. Specifically, the lowest loads for all nutrient groups occurred
during 1991, a dry year. Highest loads for all mitrient greups, except DIP, ocowred
during wet vears (1989, 1993, and 1996}. Highest DIP loads sccurred during 1985, &
relatively dry year, bt this was the last year in this record before P was effectively
removed fom major sewage discharges throughout the basin, Thus, for this compound,
management actions at sewage treatment plants were evident at the scale of whele
estuary P mputs. However, the highest and lowest loading years for TN ocearred afier
and before implementation of BNE, respectively, clearly indicating the importance of
sources other than point sources in the TN budget at the scale of the whole estuary,
Additionaily, lowest TN and DIN loads were observed during 1991, prior io
implememation of BNR. However, there was & clear reduction in both P and N toads
from the upper basin {above Ho'T), where 9 of the 1 major sewerage treatment plasis are
located, atter implementation of P and then N removal from discharges. Thus, af a sub-
basin scale, load reductions in both nuirient groups were evident,

In an carlier n nﬂmeﬂi budgi,t al‘.lﬂ}}”‘iib Bﬂyntﬂn ef al {1995) assembied nutriont
mnpat data (TN and TP} for 18 estoarine sites. That effort was expanded and Inpat daia
ﬁ:rr 34 sites are shown in Fugum 5 Annual loading rates mnged fom 1.1 to 188 g Nm?
vi'and from G110 32 g P m? yr whyﬁctmwfi?ﬂmuiﬂﬁf&ﬂ‘ﬁmdi?
respectively. Ofthe 34 sﬁcs 6 hﬂd TN loading rates in excess of 56 g N w™® vr'', 15 had
loads less than 10 g N m™” yr'and 13 locations had loads between these extremes, Loads
of both TN and TP to the Patuxent River estuary were moderate compared to other sites,
Inspection of the midti-year dats for the Patuxent River estuary provides a clesr
indication that many of the poiats shown on the dlagram mighs be better represented as
¢lowds of points, i such data were availabie. Mulli-year TN and TP input datz for whole
estaaries are not very common so fhere remains uncertainty about the magnitude of inter-
ansmial scales variabiiity, but varigbility may be large. For example, wet and dry vear
inpat data were available for the Guadaloupe estuary and TN and TP foads varied by
factors of 3.7 and 2.5, respectively. Similar values for the Patuxent River estuary were
2.0 and 2.6 for TN and TP, respectively. TN and TP loads to Kaneohe Bay were adjust®l
downward by factors of 2.0 and 4.5, respectively, due to management actions related to
Sewage diversions.

The bokd line in Figure 5 represents the Redfield ratio expressed on a weight
basis {N: P = 7.2:1), In this sclection of sites, N: P mtios of inputs ranged from 2 fo 38,
About & quarter of these locations (9 of 34} had load ratios that were considerabiy lower
{<3.0) than the Redfield ratic while 50% {18 of 34} had ratios egual to or higher than 0.4,
Boynton ef al (1995} sugpested that point source dominated syslems would favor kywer
ioad ratios because of the abundance of P relative to N in sewage and the opposite in
diffuse sources, However, it is clear that this is not always the case. For exampie,
Himmerfjargen bad a very high load ratic {38} even though point sources were the
dominant nutrient sourees becanse P {and not N) was removed fom treatment plant
efluent. A similar siteation was also present in the Back angd Potomac Biver estuarios




where N: P ratios were elevated but point sources {with P removal) were a component of
netrient inputs.

it woukd be useful to be able to compare nutrient loading rates from different
estuarine ecosyvstems and come fo some conchusions regarding water quality and habiat
conditions. In such a simple conceptual moded, those systems with low mpets would
have olipotrophic characteristics {e.g., seagrasses important, limited phytoplankion
accumulations, absent or rare HABs, weil-developed microphytobenthic and
macroinfaunal commanities) while thoese with the highest Joads would have eutrophic
characteristics {e.g., large phytoplankion biomass accumnulations, HABs, hypoxiafanogia,
degraded benthic conenunities). To a limited extent this may be true. For example, those
systems with very high nutrient loads {e.g., Tokyo Bay, Back River, W, Scheldt) have
severe water guality probioms while those with low loads (e.g., Maryiand coastal bays,
Buyzards Bay) have fow symiptoms of eutrophication. However, there are numercus
exceptions and these indicate there are other important processes influencing trophic
condition besides loading rate {Vollenweider 1976; WuHY ¢t al. 199, Loading rafes to
the Baltic Sea are relatively low (Larsson et al. 1985) but persisient stratification and
very long water residence times produce Iarge velumes of hypoxicfanoxic water,
Conversely, TN loading rates to Mobile Bay and the Potomae River estuary are shnilar
but only the Poiomac has severe indicalions of eutrophication, possibly because of much
greater depll, longer water residence (itne and seasonal stratification. However, the
selection of estuaries presented here was based on availability of nutrient load data and is
very diverse, including coastal waters, estuaries, fords and lagoons. 1t anighi be argued
that putrient loads from more sinslar or localized groups of systems might be more
preseriptive. Nedwaoll et al (2002 organized inorganic N and P loads to 93 estuaries of
the United Kingdom and found severgl significant relationships between loads and
biclogical responses in adiacent coaslal waters. However, even in this relatively
focalized analysis there was substantial unresolved variability, apain indicaiing nfluence
of other fhetors,

{ompenents of Nitrogen snd Phosphorus Loads

Atmospheric Deposition
An annual time-geries of total attmospheric nitrogen deposition was constructed

for the years 1983-1999 {(NADP 2601). In this time series TN was composed of wet
deposiion of NH; and NO;, dry deposition of HNG; and NOs, and net dry exchange of
NH/NH; (Fig. 6). Atmospheric deposition ranged from about 575 to 1125 mg N m™ g
arud was generally higher in wet vesrs (e, 1989, 1994) than in dry years (e.g., 1985,
1987, 1992) but there were exceptions where dry or wot year deposition remained higher
(e.g., 1987} or lower (e.g., 1998) than expected. Ovezall, TN inputs from atmospheric
deposition varied by about a factor of two, in the same range as for TN ading from all
scurces. Monthiy TN deposition rates ranged from about 30 o 120 mg N m™ monih?!
snd were higher during late spring and summer than during fali and winter (Fig, 7). This
paitern s signifieant because the generally much larger diffuse source inpuis are at a
minimum during summer and fail In addition, much of the atmospheric N deposition
going directly 1o the surface waters of the estuary is in a chemical form directly availabie
1 phyioplankten (Paert 19%7), The dominant form of N deposition was NI, + NOz in



wet fall, comprising aboul 67% of the tolal followed by organic N (17%) and all
measwred forms of dry f2ll N (15%; Table 3).

Little information was available concerning atrmospheric P deposition in this
pegion, but indicated that loading rates were a small portion of total P mputs to the
gstuary on both seasonal and annual time scales,

As expected, direct N deposition to the surface waters of the estuary was largest
in the Jower estusry where estuarine surface area was also large and minor in the upper
estuary, Inthe lower estasyy annugl loads of stmospheric deposition averaged about 360
kg N day™ and were larger in spring and surnmer than in fall and winter, As we will
sheyw later, direct atmospheric deposition during sammer was a significant source of N io
the lower estuary.

‘The full contribution of aimospheric deposition 0f N o the estuary is greatly
underestimated when oaly direct deposition to the surfice waters is considered.
However, this approach has the advantage of being readily and more directly estimated
from a variety of concentration measirements and rainfall. However, regional
assessments of nitrogen additions and losses fiom landscapes have become mire
common and seme have focused on estimating the portion of N losses fom landscapes
coming from atmospheric deposition of N {Hoewarth et al. 1996; Jaworski ot al, 1997}
In the case of the Chesapeske Bav basin Fisher and Qppenheimer (1991} and more
rocently Castro et af (2083) estisvated about 25% and 22%, respectively, of atmospheric
N deposition to the landscape makes it to estuarine waters. No estimate is availabie for
the Patuxent bazin, However, if the most recent estimate of 22% is applied o the
Pahizent basin, about 990 kg N m” day" would reach estuaring waters as a component of
diffiese souree loading. This turns o to be 2 substantial portion of the fotal diffuse
souree load.

Point sources of N and P were substantially reduced due to sewage treatment
plant modifications, with first P removal (1986) and then seasonal N removal (1993).
Point souree loads of TP declined from about 250 kg P day ¥ before upgrades 1o abowt 50
kg day " following upgrades (Fig. 8), TN sewage loads prior to seasonal N removal
varied between 1200 - 1900 kg day ™ and were reduced to anmial averapes of about 708
kg day . During the post-BNR periad TN Ioads were higher during winter {900 - 1000
ki N day ') than during saramer periods {506 — 660 kg N day ; Fig 8).

During the pre-BNR period N and P loads did not vary appreciably during the
year as migll be expected for sewage {reatment plant operations having rolatively
constant daily inputs and discharges (Table 4). However, during the post-BNR period
TN and PN loads exhibited considerabie scasonal change with summer and fii loads
about 30% lower than winler and spring loads duc o the higher N-removal efficiencies at
higher temperatures. There were very sinall variations in P loads among seasons of the
year.

One strong distinguishing feature of point source N and P loads concerns the
distribition berween disselved inorganic and total N and P, For sewage N, 92% and 82%
of the load was DIN during the pre and post-BNR periods, respectively, The romaining
N was mainly dissolved orpanic nitrogen. Sewage P was 78% and 80% DIP during the
pre and post-BNR periods, respectivelv. While point source N and P were not the single



largest sowces of N or P to the estuary, the fact that most was in chemical forms divectly
avaifable to plant communities enhances the impostance of 1his source.

Diffuse Sources

The substantial inierannnal variability in foading rates is largely the reslt of
nteranmia] changes in diffuse source inpuis of N and P (Fig. 3). For example, annual TN
loads from the middle basin ranged from 760 to 3469 kg N day ¥ and averaged 1716 and
2659 kg N day " for the pre and post-BNR periods, respectively. For the same region, P
loads ranged from 37 to 415 kg P day " and averaged 114 and 284 kp P day ~ during the
pre and post-BNR periods, respectively (Fig. 9). Tn general, higher and lower loads were
associated with wet and dry years, respectively, although there was substantial variability
aot accounded for by climate conditions alone. Presumably, the time of year when Hows
were high or low, intensity of tain events, large storm events and changing land uses and
practices ali played a role in detennining annpat loads. In any case, diffnse source losds
of N were the largest single sowree both before and afier BNR implementation; diffuse
souarces of P were stightly smaller than point sources before P removal af point sources
was imeplemented after 1985,

The propostion of diffuse source loads as DIN varied from 44 to 85% of TN and
averaged 67%, weil less than {or point sources. The same ratio for P from diffuse sources
was about 60%, again mach less than point soarce P.

There was a consistent seasonal pattern of diffisse souree inputs, as might be
expecied based on river flows which were generally highest during winter-spring and
lowest during summer-fall. For example, TN loads at HoT averaged abowt 2380 kg N
day 7 during winter-spring and about 1450 kg N day”’ during summer-fall in the pre-
BNR vears. During the generally wetter post-BNR years these averages were 2780 kg N
day” and 1200 kg N day 7 for wintey-spring and summer-lall, respectively. Thus, there
is # substantial difference in the seasopality of nutrient inputs from this important source
compared 1o direct abmospheric deposition and poist souwrces.

Septic Sources
At the basin level, N and P estimated to come from sepiic systems was smadl (<

5% of total N inputs to the middle basin and < 2% of total N loads #o the lower basin)
ared has nof changed much during the pre and post-BNR periods {(Table 53 Howover, in
a few heavily developed residential areas sdiacent to tidal crecks, septic system N
appeared o be an important locat source (Barnes et al, 2004). Seplic system P was
assuiped to be effectively bound to sub-suriace soils and ot contribute to diffuse source
P loads.

Annual average inputs of TN and TP from all external sources were compiled for
the pre and post-BNR pericds (Fig. 16} and severa! important findings emerged. First,
improved treaiment of poing source discharpes had a substantial efectonboth N and B
loads entering lhe estuary from the upper and middie basin, For cxumple, TN and TP
loads from point sources located in the upper basin decreased from 1577 o 744 kg N day
T and froem 124 to 57 kg P day 7, respectively, Smmlier reductions were also observed in
the middle basin where point sourees of TN and T¥ decreased from 744 1o 454 kg N day -~



" and from &0 10 50 kg P day 7, respectively. Overall, point sources represented 37 % of
TN and 46 % of TP inputs during the pre-BNR period and were reduced to 18 % of TN
and 19 % of TP during the posi-BNR period. Thus, due to the changes In sewage
trestment plant operagions, there were substantial changes in the relative maportance of
sonmees. Secondly, direcl atmospheric deposition of N and P to the surface waters of the
estusry were relatively small during ¢he pre and post-BNR periods (TN~ 79%; TP~ 7-
1%} as was TN derived from septic system drainage (~5%). The largest inpuls of TN
and TP were from diffuse sourees during both the pre and post-BNR perdods. ITN and TP
from diffuse sources represented 51% and 48% of total inpats during the pre-BNR period
and 70% and 17% during the post-BMNR period. The post-BNR period was wetter than
the pre-BNR period and this is reflected in substantial increases in dilfuse sourec loading
duning the latter period. In fact, tolal bading of TN and TP to the estuary was sbout 6%
and 43% larger dizring the period following sewage freatment plant improvemends, again
emphasizing the importance of diffuse sewrces in this systens.

Major Storages of N and P

Four N and P storages in the estuary were evaluated, inciuding water cohumnn
dissolved and particulate nutrient stocks, macrobenthic invertelrate and
mactozooplankion hiomass and surficial sediment stocks (Table 6}, Detalied seasonal
and spatial distributions of N and P coneentrations in the water column have been
described for this estuary elsewhere (Mihursky and Boynton 1978; Kemp and
Boynton 1984). Tn bricf, TN concentrations were higher in both the upper and lower
estuary during winter-spring than summer-fall and were 20-30% higher in the upper than
lower estuary during ali seasons (Table 7). On an annual basis, about 50% ofthe TN in
the water coliemm was DIN, miostly nitrate, in the upper estuary while about 26% of TN
was DIN, again mostly nitrate, in the lower estuary. There was a decrease in TN
concentration in the upper estuary of abont 30% between the pre and post-BNR periods
and a much smaller decrease in TN concentration in the lower estuary (—790). At the
scaie of the full estuary the average annual tolal mass of TN in the water column was
about 580 and 520 x 10° kg N during the pre and post-BNR periods, respectively. There
were aiso clear spatial and seasonai differences =1 P concendrations in the cstuary. TP
concenizstions tended to be higher during summer-fail than during winter-spring end only
about 20% higher # the upper estuary compared 1o the lower estuary. In addition,
dissotved norgenic P (1P} was a smaller fagtion of TP than was the case for the ratio
TN:IHN, comprising about 20% and 30% of TP in the upper and lower estaary,
respectively.  Af the scale of the fisl} estuary the tolal mass of TP in the water column
was about 48 and 36 x 10° kg P during the pre and post-BNR periods, respectively, a
decrease of about 25% following implementation of BNR technology {¥abie 6).

Monihily estimates of benthic invertebrate biomass ranged from 4 fo 19 gAFDW
m” in the upper estuary and fom about 1 to 16 gAFDW m? in the lower estuary and
averaged 12.5 and 4.2 gAFDW 7, respectively (Fable 8). In both the upper and fower
estuary biomass was highest doring spring and lowest during fall and winter scasons.
When these snmual average biomass estimates were converted to N and P equivalents,
there were 119 x 1 kg N and 5 x 10° kg P in the system associated with benthic animal
biomass. This represenied only about 4.4% and 0.7% of the N and P in the system
(Table 6),



While clearly an impottant parl of pelagic estaarine foed webs, macrozooplankion
gontained & very small faction of the N and P in the system. ﬁm:rage anaual N and P in
macrozooplankion stocks amounted to 4.9 x 107 kg N and 0.83 x 19° kg P or about (.2
and 0.1% of the toial N and P, respectively {Table ),

Most of the N and even more of the P in this system were contained 1o the
sediments {Tahie ¥). We have somewhal arbitrarily used only the upper 2 em of the
sediment colume in this analysis but we did this to inciude only the relatively recently
deposited N and P. 3 a deeper sediment colusun were used, an oven higher percentage of
N and P wiould be associated with sediments. Average surface sediment N content
averaged .35 and 0.51% of sediment dry weight in the upper and lower estuary,
respectively, and sediment P content averaged 0.125 te 0.093 % in ihe same areas. About
5% of TN and sbowt 3% of TP i the systor were in sediments {Table 6). We dud not
have a {ime serfes of sediment composition data sufficient to consider either scasonal or
e and post-BNR changes these feafures.

One simple way of relating autrient stocks fo nutriont dynamics of the whele
systern is to compute srnover times for N and P stocks. If al nutriens storages are
combined {Table 6} and divided by average annual Inpats {Fig. 3), turnover times of
ahont 1.2 and 4.2 years rosult for TN and TP, respectively, Thus, if we have considered
storages cotrectly, especially the very large sediment storage, il appears that there is not a
huge reservoir of matrients i the system compared fo new inputs of N and P. 1f we delete
sediment storage of TN and TP from turpover computations, seasonal-scale tumover
simes resalt 3.3 years for both TN and TP This obsepvation is consistent with other
rutnent-related measurements such as primary production rales, algal biomass
aceumulation, volumes of hypoxic/anoxic water and sediment-water nutrient and oxygen
exchanges, all of which respond on seasonal or even shorter time scales to changes in
nutrient defivery rates (Bovaten and Kemp 20085 Hagy of 2l 2004; Kemp ef al. 28035;
Fisher ¢f al. 2005). Thus, it also seems reasonable to expect rapid responses of such
pracesses as thase indicated above 0 either inoresses or decreases in mutrient loading
rates associsted with continued development of the drainage basin and effoctive
management actions, respectively.

One striking aspect of this evaluation of nuirient stocks is that most of the N and P
in this moderately eutrophic estuary is contained in sediments and is dofnital organic
matter in the case of N and particalate inorganic material in the case of P, A very small
fraction is in living biota, | seerss likely that the fraction contained in living biota was
once smsch higher for several reasons. First, it appears that benthic infaunal biomass hag
been substantially reduced from earlier levels. IVEHa ot al. {2803) make reference o the
substantial commercial fishery, especially for ovsters and crabs, which once flourished in
this estuary and is now Jargely absent, Compared o benihic biomass estimates
assembied by Herman ot al, (1999), Patuvent values were 2 1o 3 times lower than those
abserved at simnilar fevels of primary production in other estuarme systems. Second,
StankeHs of al, {2003} assembied available data concerning seagrass communities in the
Patuxent at present and as far back in time as the late 1930°s. It is clear that seagrasses
were & large feature of the Patuxent and represented a substantial storage of sutrients in
Hving tissue. Ok records from the Academy of Nataral Sciences of Philadelphia
£1965-1975) alsa mndicated that epiplytic and benthic diatotns were a significant feature
of the Patuxent but these autotrophs have Iargely been lost in recent decades. 'The status



of fish stocks, both commerciat and forape, are S less clear although long-term residents
uniformly insist thai fish were fir more abundant prior to the 1970°s. These observations
suggest that the partitioning of N favored fiving as opposest to detrital storages prior 1o
the estuary becoming euvtrophic. If any of this is true, it would seem like these longer-
lived N storages would represent a nutrient buffer, restricting nutrient recyciing to rates
below those associated with very rapid bacterial remineralization of labile subsivates
commonly observed under present conditions.

Nutrient Trangport

Box medels (Hagy ¢f al. 2680) were constructed to compate monthly average
physical fransport of pitrate plus nitrite, ammontum, TN, DIP and TP for the pre and
post-BINK periods. Nutriest transport was evaluaied at two Jocations in the estuary. The
first was at 2 location between the nasrow, shatlow, furbid and verticaily weii-mixed
upper cxtusry where |t joins the wider, doeper, clearer and seascnaily stratified
mesohaline portion of the system (Fig.11). About 50% of the tidal marshes of the
Patuxent are located upstream of this focation. The second site was at the junction of the
Patuxcr estuary with Chesapeake Bay. These locations were chosen, in the first case, 1o
ohiain closure of the budget at a location between very different portions of the estuary
and, i the second case, to have an export/import estimate for the whole estnating system.

Transport fiem Jpper to Lower Estuacy
Draring both the pre and post-BNR periods there were very strong seasonal

patterns in DN and TN fransport between the upper and lower estaary {Fig, 1ia}
‘Transport was highest during winter and carly spring, intermediate during fall and carly
winter aad lowest diring summer, generally fllowing seasonal pattemns inriver fow and
arabient matrient concentrations. ¥ is inferesting, and discouraging from a management
vigwpeint, 1o note that both TN and DIN transport estimates were higher during the post.
BNR winter seasons than during pre-BNR winters. This iikely reflected the fact that the
nosi-BNR pericd included several years characterized by particularly high river flow
(1993, 94, 96, 98) and only two low Bow years (1995 and 1999}, In contragt, flow was
below average during owich of the pre-BNR period. Morcover, BNR does not routinely
reduce N loading from sewage treatment planis during cold seasons, During summer,
when BNE was active and river flow differences were less dramafic, reductions in N
Joading to the lower estuary were substantial, Seasonal average DIN loading for summer
ane £ali decreased by 4636 and 50%, respectively. Decreases in TN lbading were smafler,
but stili substantiai ai 33% during summer and 21% during a1l However, annual roean
13N and TN loading to the lower estuary decreased by only 6% and 3%, respectively,
foilowing adoption of seasonal BNR techaclogy.

There were also clear scasenal patterns evident for P wansport between the upper
and lower estuary. Again, rates were highest during winter and spring and jowest during
summer and fail. For the most part, pre-BNR rates were Jower than post-BNR. rates,
again probably because of higher river flows and more diffuse souree inputs from the
fandscape during the wetter post-BNR pericd. There were almost no differences in
armal average DIP and TP inputs to the lower estaary between the pre and post-BNR

periods.



Exchange at the Seavward Margin

Nutrient exchange at the seaward margin of the estuary was more vatiable than
transport between the upper and lower estuary {Fig. 11b). This reffects the fact that the
net direction of this transport depends only on the difference in N concentration in the
seaward {ouiward) flowing surface water and the landward (inward) fowing botlom
water. The net N or P tzansport resulis from a relatively small vertical concentration
gracient, which can easily change.

On an antuzl average basis, DIN was imported from the Bay to the Patuxent
Guring both pre- and post-BNR periods, while TN was always exporied fo the Bay.
Inflow of DIN was grester in the post-BNR period by 582 kg 4, increasing from an
anmual average of $36 10 718 kg d”. This increase was about half the size of the
decrease in DIN input (10674 ke d) from fandside point sousces due o BNR
iplementation, leading to a smaller than expected reduction i overall DN input fo the
Iower Patugent estuary. N export from the extuary during the pre-BNR and post-BNR
period averaged 1250 and 869 kg &7, respectively, and contrasted sharply with DIN
exchanges. TN was consistently exported during the pre-BNR peried and exports were
fargest during spring and fall. During the post-BNR period TN was exported as weli bt
al a lower rate (R70 kg N &'y and there were periods during spring and fall when TN was
imported into the cstuary. Both TP and THP were exported from the estuary during
almost all months of the year, Asmual DIP export averaged 105 and 40 kg P 4" dering
the pre-BNR and post-BNR periods, respectively. During both periods, exports were
highest during kate swmmer and fall. TP exporls averaged about 125 kg P d during boih
pre-BNR and post-BNR periods. However, seasonal patferns were guite different,
Exchanges were variable during the pre-BNR period and monotonic, with & suramer
maximum, during the post-BNR period.

There are currently three estimates available of nulrient exchanges at the mouth of
the Patuxent River estuary (Table 18}, The first was generated by subtraction of internal
kosses of TN and TP from all terresirial plus direct atmospheric inputs of N and P, the
second was compied from a coupled hydrodynamic/water quaality model and the third
was based on the box model computations deseribed above. Hstimates of TN export were
remarkably similar, ranped from 0.21 10 0.45 kg N x 10° v, and sll were direcled from
the wtuurg to the Bay. The ranpe in estimaies of TV exchange was larger (- .06 10 0.05
kg P 1 10°y7) and one estimate indicated a smal import of TP fom the Bay to the
estuary. On the one hand it is comforting to largely 3¢ convergence of these estimates
indicating export from the estuary 1o the Bay bat # remains difficull fo judee the accuracy
of'these estimates, Several of these estimates were made using date from the same years
bat the fwo estimates based on box model compatations were made using data sveraged
for multipie years. Nixon ef af (19864} indicaled that making estimates of net nuirient
exchange at the mouths of estuaries is extremely difficult largely because of large bi-
directional water Sows and small apd variable nudrient conceptration gradients associated
with these water flows.

Ecosystern Level Hxport Comparisons

The current estimates of nutrient export from the estuary can be compared fo total
sutrient npats frorn all external seurces and from this some understanding of mutrient
retention versus export characteristics of the estuary can be developed, Using export



estimates based on box model computations, gbout 20% and 13% of TN was exported to
the Bay during pre and post-BNR periods, respectively. In the case of TP abowt 34% and
23% of total inputs were exported 10 the Bay. For both sairients, export was not 4 rajor
pathway of loss, especially not for N. To provide some perspective we can compare
these levels of export 10 those summarized by Nizon et al (1996} for a selection of
estuaries and lakes. They reporied a strong invverse relationship between percent of
nutrient inputs exported and the log mean of estuaring water residence time. This strong
relationship suggests thai if estuarine conumunities have Tine 1o process nutriems, they
witl, in effect reducing the mutrients exported as a function of the time available for
matrient wptake, sinking to sediments, burial or denitrification. Thas it sppears estoaries
can act as either “pipes” where transport rather than transformationdoss is the dominant
process or as “sinks”, largely as a fanction of how long water remaing in the systern.
However, the Patuxent appears 1o remove subsiantially more mulrients than expected,
based on water residence times. Some of this difference may simply be the resnit of
accumniated errors in developing these budgets. Hoewever, it Is interesting to note that
the Patuxenl is & “sediment-rich™ and eutrophic systom; there are both abundant
particalate natriends and sediments to facilitate burial. Of the estuaries examined by
Nixon et af (1996} only the Chesapeake systems bad substantial burial losses, probably
because of these features and moderately long water residence times, In addition, the
Patuxent aisc has subsiantial areas of tidal marshes in the upper estuary and these
rmarshes have been found to sequester both N and P {Merrill 199%; Greene 2005g).
Thas, #&’s possitle that some estnanne features, such as tidal marshes or extensive
seagrass comminities, may further modify nutrient cxport charactenistics (Valicla ef al
10061).

Magnitude of Nuirient Recycling and Nugriers Demand

Recycling rates for N and P were organized for several time periods, seasons and
location within the estuary to allfow for comparizsons between the magnitudes of new
versus recycled mutrient inputs to this esteary and phytopiankionic nutrienl demand
{Dugdale and Goering 19673, Recyoling rates of N and P associated with sediments and
macrozeoplankion ate sarmarized in Tables 11 and 12, respectively, and estimates of
phytoplanktonic nutrient demansd are provided in Table 13, Unforhinately, no direct
eutimmates water columm notrient recyveling associzted with microzooplaslion and
bacterial communities were available.

Armogl averape rates 0f N and P releases from sediments were substantial, being
about twice as large as modal rates summarized for 48 other estuarine systems by Bailey
{2003). This reseit was not swrprising given the euirophic condiion of this estuary {Fig.
5). Sediment releases of N and P were best documented for warm periods of the vear,
However, it stil appears that there was strong scascaalify in flux magnitude with highest
vilues observed dizing summer and lowest values during winter. Fluxes of both N and P
were higher (23-45%} in the upper than lower estuary and this may be reiated to the
supply rate of labile organic matter from the water colum to sedimenis which is
probabiy higher in the wpper estuary, especially during summer {Cawan and Boynton
1996; Hagy 1996}, Ammonium and phoesphate fluxes were also consistently higher
during the post-BNR period, aithough differences were not large {< 30%).



Excretion rates of N by macrozooplankion were based on size/temperature
relationships developed by Manchline (1998). Dominant zooplankton included the
copepods Acartia spp., Euryiemora spp., and Bosmina spp.; Bosmina was enly fourd in
the upper estuary and was extsemely gbundant during the posi-BNR period. As a result
of enbarced Bosming sbundances N excretion rates in the apper estuary were 2 to 12
tirnes higher during the pest-BNR period than during earfier years or during any time
period in the lower estuary (Table 12). In most cases N secycling by zooplankton was
highest during either spring or swmmer and much iower during fall and winter. We were
not able to find & suiuble sizefternperatore relatiouship 1o estimate P excretion by
zooplankton.

Phytoplankion primary production rates ranged ﬁ'ﬂm 191 10 582 g C iyt
during the pre-BNR period and from 172 to 458 g C i v during the post-BNR period
{Fable 13). Rates estimated for the mesohaline region were high refative to
measgremenis available for many other estuarine systoms (Bovaton and Kemp 2005,
Rates were highest in the mesohatine region, intermediate in the tidal freshwater region
and lowest in the oligohaline areas. it is probabie that the extreme tarbidity (secchi disk
depth ~0.3-0.5 ) associated with the oligohaline region acts to Fmit primary production
mates (Hapy 1996}, Puring both pre and post-BNE periods and in all salinity zones, rales
wete hiphest during summer, owest during wimer and intermediale during spring and
fall,

The purpose of developing estimates of murient recyele and phytoplankion
produactivity was to exirapolate these values (0 the scale of the whole estuary and
compare the relative importance of new nutrient inputs 1o recycled mutrients and to
phytoplankion murient dernand (Table 14). Inputs of new DIN were highest during
winter associated with kigher river flows and Jowest during sammer, these scasonal
differences were much larger for the Jower then upper estuary. In addition, now inputs of
I3IN and DIP were ot substapiatly different during the pre and post-BNR periods.

Recycle of DEN in the upper estuary was smalier than new inputs, especially
during winter, when new inputs were about 6 tines larger than recyeie rates. [n contrast,
DIP secycle rates were larger than new inpuis, especiaily during sammer, and were aboaut
rwice new inputs on an annual basis. Fxcept for the winder period, both TN aad 1P
recyciing rates were higher during the post-BNR pericd. While we do not have
experimental evidence to explam these differences they are Hkely dog to wetter
conditions that prevaited during the post-BNR period (Fig.4). Wettler conditions iead to
higher inputs of mutricngs, larger phytoplankton ¢rops, and, skimately, more organic
matter avaitahle for recycling from sediments {Cowan and Boynton 1996}, Finally,
exlimated phytoplankion sutrient demand was simifar to nutrient regyele rates and always
mach smatier than the combined zates of new inpats plig merients supplied via recyeling.
This result is not surprising since this zone of the estuary almost never shows any nutrien
Hrnitation but is oflen severely light limited {Fisher et al 1999).

in contrast, recycle of DIN in the lower, mesohaline estuary wag larger than new
mputs, except during winter. Summer recyeling rates, argely fom sediments, were
ghout 7 times larper than sew inputs of DIN, DIP recycle rales were also much larger
than pew inputs, even during winter.  Both DIN and IHP secyeling rates were higher
dusing the post-BNR period and the reason is probably the same as suggested above,
Finally, estimated phytoplankton nutrient demand in the mesohaline estuary was abways



greater, or muich preater, than nutrient recycle rates evaluaied hore and always exceeded
the combined rates of new inpuis plos puirients supphied vis the two recycling pathways
evaluated. [huring the pre and post-BNE periods recycie plus new inputs of DIN and DIP
supphied an average of 312% and 41% of phytoplankton demand. respectively.

There was & large discrepancy befween phytoplankton nutrient demand in the
meschaline region and the supplies of nutrients from bhoth external sources and the two
recyele pathways evaluated. The most obvious missing sowrce is aatrients reeycled in the
water column by bacteria and other micrebeterotrophs, a pathway we could not directly
evainale because such measurements have not been made in the Patuxent. However, we
can make some crude estimates based on water colemn respiration measurements
coupled with Redficld ratios of respired material. Boynton ef al {1982a) and Mikita
(2682) made a series of plankton community respiration measurersents in the mesohaline
estunry. Respiration rates in the lower estuary ranged fom about 0.8g C m™ day ~ during
winter to 2.0 g C ™ day ' during semmer. Similar rates were reported by Smith (2006}
for the meschaline portion of Chesapeake Bay. It typical summer respiration rates are
cenverted o nitrogen and phosphorus equivalonts {assuming C:N:P atio of 106:16:1)
and extrapolated 1o the ares of the estuary, this represents N and P recycle mates of about
42,000 kg N day” and 5,760 kg ¥ day” in the Jower estuary. These rates are large
enough to satisfy estimated phytoplakionic nutrient demand when coupled with smaller,
but st significant, sediment matrient reloases.

Several Egeresting point emerge from these whole-estuery computations, First,
new ieputs of N and P daring agy season do not approach phytopianktonic nuinent
demand in the lowser estuary. Even during winter, when inpuis of new N and P are
highest and demand lowest, about 23% of demand is supplied by new nuinents. During
sapmer, and on an annnal average basis, scdiments supply more reeveled Wand P than is
deribved fom new inputs of these compounds bt the sediment source i still much
smaller than estimated plankion demand. Kemyp ef o) (1992) were able to put sediment
and water colomn respiration (a proxy here fr nutrient regeneration) in perspective by
examining the percentage of community respiraiion {water columm plus sediments)
attribitable o sediments as a Rnction of water cohirom depth using date frogs about a
doren estuaries. They found a sharp dechine in the relative inportance of sediment
processes with increasing depth. Using their relationship, and 6m average depth of the
Patuxent, sedbmerts would constitiste asbout 36% of total community respiration, similar
te the percentage of N and P recycled by sedimeats foand in this cvaluation {Tahle 14).
i appears thal even in relatively shaliow cstuaries, sach as the Patuxent, waler cohzmn
marient recyeling dominates N and P recycling.

Internal Nutrient {.osses

Internal nuatrent losses incladed denitrification and burial of particulate N and P
in sub-tidal and tidal marsh habitats. Nutriert losses due to commercial and recreational
fisheries extraction werc not considered here because they were found to be small in an
earlier analysis (Boynton et ab. 1993} and no new information was gvatiable to
substantiatly revise these estimates.

Denitrification rates for sub-tidal areas were based on measwremernts reported by
Jenkins and Kemp (1984}, Twilley and Komp (1987) and measwements made during
ihis study (Greese 2008a; Cornwell, unpublished data). Lower estuary rates ranged



fromn sbout 6 10 50 uMoles N i be'! during spring and from 6.0 to 102 uMoles N m™ hr
' uring late fall. Summer rates in the lower estuary were non-detectable, probably
because of low oxygen conditions and resuliant Jack of sediment nitrification activity
{Kemp cf al. 19980; Ryspaard et al 1994}, A similar seasonz] pattern of denitrification
was evident in the upper estuary. Anml average rates for the upper and Jower estuary
were abowut 38 and 32 uMoles N m™ e, respectively (Fable 15).

Kates of desktrification for tidal nmrsh areas were based on a limited number of
megsurements made by Merrill {1999) and a considerably larger number of more recent
megsurernents made in low, mid and high marsh locations by Greene (20058). Rates
ranged Fom non-detectable during late winter to over 500 uMoles N m” br'! in the high
rnarsh during spring. There was a clear decrease in dinitrifieation rates fram the high to
the low marsh and & general decrcase in rales from carly spring throngh fall. Annual
gverage rates were compited using both temporal and spatial weightings refated fo season
and mursh iy};::m {e.g., extent of high, mid or low marsh areas) and found fo be sboot 11
uMoles N m™ by {Table 15} Most of the tidal marshes of the Patuxent are located in
the upper estuary (~80 %) where al tidal marsh denirification measurements werg
eollected. However, smali tida! marshes are associated with most of the iributary crecks
flowing inte the lower estuary and we used & slightly smatler denitrification estes for
these rmarshes as suggested by the fower rates associated with mid and low marshes
characterizing these smaller mershes. When these rates were extrapolated fo include all
sab-iidal and marsh areas, denitrification removed about 9.91 x 107 kg N yr-) foimn the
systen; sub-tidal sediments removed aboul 60 % and tidal marshes the remaining 40%.

Estimates for sediment deposition rates in sub-tidal areas were based on Pb°™
measurements made by Corpwell (unpubiished data) and sinpiar messurements from
Merrill (1999) and Greene {20085a) for tidal murshes, Largesi sition rates were
found for the sub-tidat apper estuary [2’?&2 2 dry sediment m™ vy} and smailest rates for
the lower estuary (1143 g dry sediment m~ yr™'; Table 16}, Rates were variable in the
tidal marshes but yielded estimates of about 2140 g dry sediment m™ yr'7 when deposition
rates for low, mid and fogh marsh were spatinlly weighied. We assumed these rates were
also characteristic of the smal! marshes in the lower estuary. Sediment PN and PP
concentrations in sub-tidal areas {al sediment depths of 10-13 cm) were higher i the
upper than lower estuary, especially for PP. Marsh values for PP were similar to those
observed in sub-tidal areas of the upper estuary. In contrast, sediment PN values in tidal
wnrsh sediments were about twice those in the ﬁ'iﬂ’}*tidﬁl ateas {Talde 16} Arcal
estimates of PN burial ranged from 2.9 to 12.6 g N m™ yvr™'; burial rates were preater in
the upper thay lower estuary. Burial rates of PP ranged ﬁ'ﬂm G.6to 3.4 g Pmyr and
were much bigher in the upper then lower estuary.

When these ruies of PN and PP burial were extrapolated o include ali subdidad
and marsh areas, long-term burial removed about 0.89 x kg Nyt  and 0.21 x 105k P
VI " frorn the systemn; about 41 % and 59 % of PN was buried in marshes and sub-tidal
qeﬂimea}t respectively. About 30% of PP burial ocowrred in tidal marshes and the rest in
sub-tidal sediments,

While we benehited from having many more observations of these processes than
were available for esrlier nutrient budget snalyses there are cerlainly errors assecisted
with these estimnates of whole systern denitrification and buriad, Uil far more
measurements of both processes are made, not a likely event in the near fisture, rigorous



estimates of error ave not possible. However, we can sompare ocr estimates 1o fhose
made in other esherine and tidal marsh ecosysterns and thereby obtain & qualifative sense
as to whether vz estimates are within the range of others made in siiler environments,
I & recent surnmary, Greene (2005b) assembled a large number of denitrification rate
measurermnesds from a variety of coastal habitals and found abowt 66% of measured rates
were less than 160 uMoles N m™ e’ and median rates for coastal wetlands and estueries
were 71 and 31 uMoles N m™ e, respectively. Rates used for marshes in our analysis
were slightly higher than this median valye and vaiues for sub-tidal sediments were very
close to the median value. Thas, our whole system values reflect rates that bave been
commonly ohserved: in frct, we would not have reached substantially different
conciusions if we bad based our analysis on median lterature values.

A similar situstion exists regarding burial rates. The data set has improved but
there is ample room for fiurther measurement and more formal error analysis. Te lew of
his we have examined burial rates observed in other coastal sy ems (Table 17} and
found rates for PV and PP burial to range from 6t 23 g N’ yiland from 0.1t 2.6 ¢
P m” v, respectively. Again, burial rates used in this analysis were very comparable to
those observed elsewhers, An additional step we fook to help judge the adeguaey of o
measyremenis was 1o organize data concerning sediment sources. Essentiolly we asked,
is there enough sediment entering the system to support the measurad aceretion rates. In
the Jower Paluxent estuary, ke other mesohaline regions of Chesepeake Bay, & primary
souree of fine sediments is from shoreline erosion (Yarbro et al. 1983; Hobbs et al.
1992). In the case of the lower Patixent, Halks (porsonal communication) estimated
shoreling erosion viglded sufficient fine-grained sediments to supporl an average anpual
deposition rate of about 750 g (dry sediment) m™ yr, close to the value estimated using
“18ph technique in the mesohaling region of the estuary.  In the upper estuary we
cembined multi-yoar (1 984-1997) average inputs of sediments at the head of tide with the
same mulii-vear estimates of sediment load from the land-use moded and found that these
sources provided enough sediment o sapport deposition rates of about 2900 g (dry
sodiment) m” ye! in the upper estuary, Again, this spatialiy averaped rate is very similar
to those used in the upper estuary (Fable 16). These considerations suggest that our
estimates of deposition are not wrong by a large margin,

Unfortunately, we have no thne-series of burial or denitrification rates to evahsate
interannual variebibity and this is unforfunste beeause we had such information for
nutrient inputs. Htwould be very ingtructive to see how respensive these impor{ant losses
are relative to changes in inpugs. Tt does seem intuitively clear that burial rates would be
higher during wet than dry years and that this would Jead to ephanced burial of
particaiate putrients. For example, Schubef and Zabawa (1977) found very large
deposition rates in the upper portion of Chesapeske Bay tollowing tropical storm Agnes
in 1972, Khan sad Brush (1994) reporied substantial variation in deposition rates in the
upper Patuxent in response fa decadal-scale changes in jand uses and Reberts and
Pierce {31974} found very large increases in sediment inputs in response to urbanization,
particudarty during wet vears. Thas, it seerms reascnablg that chmate vaniability (e, wet
or dry vears), large storms, and land use changes woald lead to infer-anaval variability i
particaiate nuirient buriz!, but quantification of this remains a challenge.

Simailarty, we suspect inter-annual variability in deniirification rates to be
substamtial, #t is well known (hat demitrification rates respond to changes in nitrate



concenirations at seasonal {e.z., Rysgaard et al 1995} and shorter time scales ({xreene
200543, In the Patuxent estuary, there were large differences in nitrate loads between wet
and dry years (Table 2) and this would presumably enhance denitrification rates in wet
vears, Additionally, wet years produce larger phytoplankton commmnities and possibly
more orgasic matler deposition to Lhe bottom, as has been observed in Chesapeske Bay
{Bovaton and Kemp 20003 Thus, il seems Biely that denunification rates would be
larger during wet than dry years. However, larger supplies of labile organic matter fom
phytoplankton production slso contribute (o hypoxic conditions in deop waters,
particulariy in wet years (Fisher et al. 2005), and this sericusly impedes coupled
mitrifieation-denitrification during sumuner periods (Jenkins and Kemp 1984; Rysgaard
et 2] (1994), Hagy and Kemp (2002} developed a preliminary LOICZ-type budget
{GGordon of al 1996) for the lower Patuxent estuary for a 12 year peried. This approach
yickded estimates of ants nel denitrification and these rates ranged from 24 o 78
umoles m b, spanning the range of rates used i the corrent budget analysis, During
the period of time anatyzed with the LOICZ approach there several wet and dey years;
higher denitzifieation rates were associated with wet vears and lowest rates with drought
years, Thus, while we do not have direct measorements of inter-annual variability,
indirect evidence mdicates that ivternal foss rates {burial and denitrification} arc in
proportiona! o external loading rafes.

Paluxent Estuary Responses o Nutriend Loading Rates

The long-term record of water quality data coliected for Patuxent estupry shows
that water geality, specifically algal biomass and hypoxia, varies predictably on an
intersaunual basis in response to exlernal foroing of (ke system by nutrient loading and
freshwater inflow. The observed patterns of water quakity can also be understood
reasonably well in terms of known and often quantified ecosystem processes, Barlier
research on Patuxeni estuary waler guality (Hagy 1996} also showed that different
regions of the estuary had different seasonzl patlems of water guality and responded
differently to external forcinr. A gualitative understanding of the ecological processes
coniroiing water guality patterns was used to inform the development and interpretation
of simpie guantiative models of ecosystem response (Fig. 12). These models reflect the
sarne general responses observed by Hagy (1996, bui now with greater certamnty due to
the addition of 10 years' additions] data.

Summer alga biomass (chlorophyil-a concentraiion} in tidal fresh surface water
varied within a broad range of 30-6¢ pg I”" during periods of normal summertime
freshwater inflow, During above average summer (June-August) freshwater nflow,
however, algal biomass tended to be much lower, approximately 10 pg 17 (Fig. 12). This
patiern fikely reflects the large forease in flushing of this region as flow increases {Hagy
of, al. 2000}, Low winter biomass may reflect the combination of slow algal growth and
rapid flushing rate which occurs in most winters. Whereas winter average biomass was
nearly always low, biomass increased several-fold in 2602, to 10 pg 17, when record low
fiow occarred in winter-spring. Tidal fresh algal biomass did aot respond discernibly to
the decrease in nitrogen loading at HoT which cocurred in the sarly 1990s. This paitern
Hkely reflects the apparent dominsnce of physicat controls on phytoplankton biomass
over nutrient limitation. In contrast, sebmersed aguatic vegetation increased robusily



after nuirient loadings decreased, perhaps in response (6 nutrient input reductions (Fisher
et al 2085).

Phytoplanktor: biomass and production in the meschaline portion of the estuary
proceeds through several distinet phases during the year. During e winter, nutrient
concentrations are high, while blomass remains low, suggesting Hght limuation
sssociated with short photoperiod and & well-mixed water columm (Hagy 1996, Hapy of
al. 20003, In iste winter to earty spring, a phytoplankton bloom develops throughowt the
well-mixed water column, responding to compensating lght levels. This bloom ysually
concludes in late spring. High algal blomass during sumsner, apparently controlied by
nittrients and grazing, ocouss only in surface waters. Algal biomass declines into fall
until the lowest levels are reached in late fall. Annual mean values for chlorophyil-a in
surface waters of the mesohaline Patuxent estuary were significantly corredated with both
aanual mean total nitrogen {TN} boading (r=0.46) and snnual mean freshwater inflow as
measired at HoT (7=0.59), Average chiorophyll-a values for the mesohaline esiuary
were beller correlated with freshwater fow (Fig. 12} than wilth TN Joading; it is probable
that feshwater inflow correlates with factors affecting delivery of nutrients to the
mesohaline portion of the cstuary. For example, freshwater Bow correlates with both
diffuse nufrient loading from the middie portion of the watershed and downstresmn
transport of nutrients from HoT o the mesohaline estuary. In addition, TN loading
measured at Ho't' was affecied by larpe decreases in point source discharges within the
apper watershed. Within the lower watershed, the Western Branch trestment plant
implemented biclegical N removal, but also increased the quantity of discharge {Fisher
of ak. 20058}, Thus, 1t is very likely that freshwater flow tracks N availability to
phiytoplankton in the lower watershed better than TN loading at Ho't.

Hypoxia and anoxia occar anmsally in mesohaline bottom waters of the Patuxent
gstunnyT, affecting al times nearly ali of the befow-pyenoeline vohume, but psuslly a
staatler volume. Mlagy (1996) observad thar hypoxda asually occurs within an
approximately 20 km stretch of the middle estuary, at the up-stream Hmit of andward
circulation. At thimes, apparent intrusions of hypoxic boftom water from Chesspesks Bay
affect the lower reaches of the estuary as well, dramatically increasing the volume of
waler affected (Fisher et al. 20053, The annual extent of hypoxia during 1986-2004 was
significanily (p<0.01) correlated with freshwaier inflow at Ho't, averaged in any of
several reasonably ways (e.g., October-August, January- Augusty. March-August average
inflow was the best predictor of hypoxic voheme {Fig. 172}, whereas & much weaker
correlation was obtained when the average did not inchude the high-flow period in late
spring, As with algal biomass, averapge TN loading at Ho't did not predict the extent of
bypoxia as weli as freshwater inflow.

Hypoxia in 1987 and 1993 was more extensive than expected from inflow due to
large hypoxic volemes associated with intrusions of hypoxie water from Chesapeake
Bay, Hypoxis was substantially less extensive than expected in some other vears{e.g.,
1996, 1998}, for unknown reasons, Whereas Hagy (1996) exciuded the 1987 observation
before Hiting a regression, to better characterize typical system behavior during 1985-
1992, the addition of 12 years' data renders this unnecessary. The general pattern of
bypoxis in relation to feshwater flow Is now more clearly rendered, as iz the frequency
of years in which hypoxia is umususlly extensive or Himited.



Budget Synthesis and Comparizens with Earlier Budgets

in the previcus sections we described various individuai N and P processes,
transport and storages. In this section we put the pleces tegether in the quantitative
framework of a budget and examine the results of our messurements and current lovel of
understanding.

The anrual scale TN budget appeared to be well halanced with inpats closely
spproximating internal losses plus export (Fig. 13a and 13b). To our knowledge thisis
the first estuaring nutrionl budget where all terms were independently cvaluated; all
previons budgets had at least one termn that was estimated by difference {Nixon et al.
1996} The rather close agreement between inputs and the sum of internal fosses and
export suggests we have caphired most of the significant processes.

In addition to finding clesely balanced budget, there are other importani aspects
that emerge from this badget evaloation. In the case of the Patuxent, most of the TN
inpas is 1o the upper estuary (5389 kg N day-1; ~80% of wial; Fig. 12a). However, i
this portion of the system aboul 47% of these inpuots were lost via long-term burial and
dendirification. Loss processes ocowmring in the adjacent tidal marshes accounted for 64%
of ail losses i this region of the estuary. Inthe upper estuary long-term burial and
denitrification were of about equal importance as loss terms. While this region represents
only 12% of estuarine surface area (25% if adjacent tidal marshes are included) about
45% of alt interna! losses occur in this zone of the estuary, In the lower ostuary Josses
associated with tidal marshes were small because of limited marsh arca in this zone of the
estuary. Dentriffcation and long-termn bursal in sueb-tidal estoarine sediments were again
of equal importance. Of the total awmal TN load to the lower estuary, 73% s lost to
barial and denitrification and the rest, mainly as DON and PON, exporied to the
Chesapeake Bay, Overall, only abowt 13% of the TN load to the entire estuarine sysiem
reaches Chesapenke Bay, The clear message here is that this estuary does not act as a
passive pipe conveving nirogen from the drainage basin to Chesapeake Bay.

The annuai scale TP bodget slso appeared to be reasonably balanced byt nof to the
same degree as the TN budget {Fig. 12bY. Burial of TP in botk tidal marshes and sub-
fidal sediments was particuiarly importsnt in the upper estuary, While the upper estuary
constitules only 23% of the area of the entire marsh-gstuary system, about 61% of ali TP
inguls are buried in this region. Burial also seguesiered a large fraction of inputs fo the
lower estuary {~ %5%). Box model-based cstimates of TP transport o the lower eshrary
are move than fwice that estimated by subtracting internal losses from exteraal inputs
(310 vs 120 kg P day™) indicating possible over-estimales of burial rates, an over-
estimate ol transport or an under-estimate of new TP mputs. The same resalt oecurred in
the lower estuary wherein TP transport 1o the Bay exceeded the residus] obtained by
subtracting iternal losses Gom inputs. However, in both cases, these differences are not
hage and neither changed the direction of transport. it is difficuit to identify the most
prebable source of ervor leading to the discrepancies in the T# budget. Evaluations by
Williams ot af 2063) and Jordan et al 2063) both argue that accurately recasuring TP
inputs to the gstuary s exiremely difficult because such a lerge fraction of P travels
attached to sediment particles, TSS trarmport is responsive 10 rain and storms events and
very transitory; it is guile possible to miss quantitatively important but very short-fived
runoit events, While the aumber of aceretion rate estimates for marshes and sub-lidal



ares has improved substantially since we last prodoced a budget, additional sediment
accretion rate measurements would be asefil to further refine loss rate estimates.

One of the objectives of this work was to compare the earlier budget for the
Patusent {Boynton et al, 199%8) with this more intensive offbrt; in & sense, see if we got #
right the frat fime (Fable 18}, At the outset, il seemed ke this exercise would e
straightforward, bat # turned out to be more complicated than expected. Both
managemenl actions {i.e., mproved treatment of point sowrce discharges) and climate
variabiiity {wetter in recent years) complicated the comparison. Fagats of TN were larger
{~-40%) in the current budpet beconse wetler conditions resulfed in larger diffase source
TN inputs that more than off-set TN reductions at sewage treatment plants. TP inputs,
i cottrast, were smaller (~12%) because decreases in point source T inputs were larger
than the incressed TP inputs from diffuse sources. When these inputs were expressed on
an arcal basis, differences were small and certainly not large enough 1o suggest either an
increased or decreased trophic condition. Internal losses of both TN and TP were
somputed to be lrger (TN by 28 %6, TP by 6 %) in the current budget and this is
consistent with larger Inputs in more recent times. In addition, the earlior budget did pot
inclode tidal marshes while in this effort they appeared 1o be fmpostant sinks for both N
and P. Had marshes niot been inchaded there would bave been a good deal of N and P not
secounted for by the sum of imternal Josses and export, particularly in the upper estuary.
Widlisms ¢t al (2005} reporied that the degree of overprediction of water column NOs
concentralion by a water guality modet for the upper estuary was proportional to the area
of adiacent tidal murshes, The addition of marshes 10 this evaluation clearly nfluenced
the resuits and supporis the ideas expressed by Valick ef 2] (2001} concorning the
importance of exchanges of materials armong adjacent coastal community types. Finslly,
TN exports to Chesapeake Bay congtituted abowt 13 %% of total inpts in both budgets.
While expoert was arpived at differently in these budgets the answer in both is the same;
nof much nitrogen escapes from this estwary. However, there were substanizal differences
in TP export. The earlier badget indicated a net fmport {negative export) of TP
azneumiting to abowt 34 % of total landside imputs of TP, The current TP badget indicates
a netl export, also close to 30 % of landside inputs. Thus, there i a difference in both the
direction and magnitude of TP exchange with Chesapeake Bay.

Management Tssues and Ecosystem-Scale Experiment

There has been considersble efforl expended o reduce nutrient npals, mainly
from point sources, and thereby restore the Patusxent estuary 1o a loss entrophic condition
{Malone et ak 1993; D’Elia et al 2063). However, there has not been a guantitative
evaluation of ali natrient inputs, storages, internal fosses, and exchanges with Chesapeake
Bay before and afler these management actions ocowrred. Nutrient budgets are a nscful
framework for such an cvaluation and we summarize here the main management-related
point derived from this budgeting efforl.

There is clear evidence of nutrient load reduction at the head of the estunry, This
pattern, for both TN and TP, is substantiat (25 % for TN and 23 % for TF) and cansed by
decreased muttient concentrations in point source discharges (Table 4). Load reductions
cocurred carlier for P and were caused by the P-ban in detergents and improved P-
remaval 8t sewage planis. Reductions in N ocomred later, were not as large and were
caused by use of hiological N removal technologies (denitrification) al sewage lreatmment



mlants. These load reductions have been broadly touted ag evidence of progress towards
meoting Chesapeake Bay restoration goals. However, there is no evidence that anmual
time-scale nutrient loads to the much larger lower estuary have declined in response fo
these management actions. Pre and posi-BNR TN and T fluxes from the upper to the
lower estuary were almost identical (Fig, 11). In fact, if TN and TP foads to this
estuarine system were ranked from largest to smallest, the largest cccurred duzing & wet
yeat in the post-BNR period (1996} and the smallest during a dry year in the pre.BNR
period (1991). Thas, diffuse sources, pariicularly those from the middie pertion of the
drainage basir, dominate the nutrient input signatare for this eshuary. Water guality
improvements will not likely cccur untd there are substantiand redactions in diffuse scurce
inputs, Further reductions in N concentrations (10 ~ 3 mg N 1} in point source
discharges are planned: these reductions, i implemented, could reduce N oads by aboul
2025 % to the upper estuary and abput 9 % when all N sources to the estuary are
considered,

There has been a prolonped debate concerning the relative imporiance of Patuxent
basin versus Chesapeake Bay mutrient sources contribuling to the estrophication of the
Patoxent cstuary (c.g., Demetor of al, 1989}, Some agencics claim that Patuxent basin
sutrient redactions would be ineffective because larpe amounis of N and P are imported
from the nutrient enriched Chesapeske Bay to the Patuxent estuary. Several estimates of
ntrient exchange af the mouth of the Pataxent indicate that this is not the case; TN amd
T¥ are exported from the Pataxent to the Chesapaake Bay rather than the reverse (Fig.
11}, Inaddiion, regression models relating murient Joading rates to algal biorass
accamutation and to ypoexic volumes account for much of the variability, sagpesting that
natrients derived from the Patuxent basin are centrally involved {Hapy 1996). Finally,
spring algal blooms and development of hypoxic waters frst ocear within the Patuxent
rather than in the adjacent Chesapeake Bay; there is Hitle evidence for importstion of
these features from the Bay to the Patuxent. Thas, natrient load reductions in the
Pahexent should, i of sufficient sixe, contribnge to a lessening of eutrophic
characieristics.

Nixon of al {1996) comgpiled N and P budgets for about a dozen estuaries. The
magnitade and characteristics of inputs, losses and exporis varied widely, as might be
expected from 2 selection of cstuaries that ranged from shallow lagoons o decper,
siratilied coastal plain estuaries. However, they found a siviking relationship between the
percent of N and P exported and the log mean residonce time of estuarine water, Thus, in
rapidly flushed estuaries a large percent of inputs were exported while in more glowly
flushed systerns a smaller percent of inputs were exported. The Patuxent exported {as a
percent of inpats) even less than predicted by ihe Nixon et ak (31996} analysis. The
praciioal issue here is thut the Patusent does not ragdiy export nutrients. Tn fact, only
about 13 %% and 23% of TN and TP inputs, respectrvely, are exported. Most of the TN
and TP exported are as dissolved or paiculale orpanic compounds, indicating that they
have been transformed fom dissolved inorganic forms during transit through the estusry.
Because of these large internal losscs, the Patusent condributes little to the cutrophication
of Chesapeake Bay and prebably even less than suggested by exporl estimates because a
farge fraction of the TN and TP exported is in forms not immediately utilizabie by
phytoplankien commumilies.



One of the unexpected outcomes of this budget analysis was the impostance of the
tida] marshes as sinks for both N and P. Investigations elsewhere (e.g., Bricker and
Stevenson 1996; Séevenson ef al. 2662 have reached similar conclusions. Marshes
removed about 30 and 31 9% of ali TN and TP inputs, respectively, despite the fact they
are 2 smafl part of the land/seascape (1.3 %) of the Patuxent basin and 18% of the
estuarine/marsh system. Thus, scoreting morshes, such 83 those i the Patuxent, seem o
act as an efficient “ecosysien-scale kidney™ and should continue to be protected for the
many values they provide. However, should the idal marshes of the Patuxent fail to keep
pace with rising sea level, as has occurred in abont 50% of other Chesapeake Bay tadal
marshes {Keamey et 21, 2002), the nutrient buffering effect of marshes would be lost;
further still, eroding marshes could serve as a scurce of organic matier and mutrients,
reversing the cuirent role marshes appear fo play {Stevenson et al. 2002}

There s substantial recyeling of N and P from both the water colomn and
sedimends, especinily during the warm periods of the year, Water columm recycling,
while large, can not support figther inercases in algal biomass but only maintain existing
biomass. Nutrieat releases from scdiments, however, roepresent 2 “new” sonree of
nutricnts to the euphotic zone and can support mereased ajgal standing stocks, There is
field evidenee from the Patuxent and other portions of Chesapeake Bay that deep water
hypoxiciancxic conditions ficilitate efficient reeveling of N and P from estoarine
sediments (Boyaten and Kemp 1985; Cowan and Boynton 1996; Kemp et al. 2005).
We would expect sediment mutrient releases to diminish ander conditions o which
sediments remuin oxidized through the summer months. Under such conditions P
releases would be reduced due to reactions with oxidized fron at the sedimeni-watey
intesface and N releases would also be reduced because coupled nitrification-
denitrification would remain active. Thus, nutrient inpul reductions sufficient to relisve
seasonal hypoxic/anexic conditions might lead to larger improvemenis m waler guality
than expecied because sediment nuirient recycling processes become less eflicient. The
quantitative impact of a drop in sediment nutrient reeycling efficiency is not availabie at
this time. However, we might expect there to be something other than a linear response
to load reductions, possibly similar to the snore complex hysterisis in ecosysierm response
observed in the Polomac River estuary (Jones 2008},

Our analyses indicate that major features of the estuary can be related (o nuirient
foad changes. For example, the voluse of hypoxic water and the size of algal standing
crop were proportional to natrient joading rates, In addition, Hme-series measurements of
community metabolism and sediment relenses of N also appear to be related to nutrient
loading rates {Boynton and Rohinnd 1998; Sweeney 1995} in the Patuxent and
mainsiem: Chesapeske Bay (Boyaton and Kemp 20003, The practical aspeet of these
findings is that these procegses, central 1o water quality, aze very responsive 1o chanpes in
patrient inputs. There does nol seem to be a large mutrient memory embedded in the
sediments or water column of the Patuxent or other portions of Chesapeake Bay
{Boyaton and Kemp 20088). Should subsiantiz] netrient reductions acour, we would
predict measwrable Improvemenis in water quality conditions within a yeas or shightly
longer period,

A ceniral issue concerning eutrophication of the Patuxent concerns how much
mutrient load reduction is needad. The Patuxent is corrently among the aquatic systems in
Maryiand cited as not being in compliance with water quality guidelines; a Total Daily



Maximum Load (TMDL) computation is currently being developed for this estuary.
Much of the TMDL resul will be based on values computed fom coupled land-use and
water guatity models and widl thus be a function of how well those models capture
features of the land and estuary. There are alse soveral approaches lo estimating needed
load reductions based on field measurements; in the long run, use of both approaches
would be usefil. Fisher ef al (2005} examined deep water dissolved oxygen
concentrations m the Patuxent for an 18 year period {1986-2004}. During summer
average OXygen concenirations were below 1 mg I'* for 6 of those years and below 2 my
1! for 10 additional years. During two drought years (1986 and 1997} summer dissolved
oxygen concentration were af of shightly above 2 mg I, Whole systern TN and TP loads
during those years averaged 510 and 313 kg N and P day™, about 80 % and 70%,
respectively, of average loads and 60 % and 45 %, respectively, of loads duriog high How
years. 'I'N input reductions on the order of 1500 10 25080 kg N day” and TP reductions on
ihe order of 106 kg P day” weuld be needed to be consistent with load conditions
associated with deep water dissolved oxypen concentrations at or above 2 mg I, We
recopnize that factors other than nutrient inpws {o.g., freshwater input and resultant
steength of water column stratification, sorm frequency and resultant vertical mixing)
play a role in determining water quality conditions so these values are most usefid g a
first approximalion rather than as firm fargets.  An allernative approach is 10 examine
msirient loading rates when the estuary exhibited fow symploms of ewirophication
{Miharsky and Boynton 1975; Heinle of al 1988). The eartiest boad estimates were
developed by Hagy et al (1998) and extend back to 1960, a period before sewage
treatment plants were a significant feature of the basin (Pemetor ef a1 1989 and befire
inlensive urban/suburban development was initinied in the watershod (P Elia et af 2003).
TN and TP sputs at Ho' T averaged about 1200 kg N dav-] and 224 kg P day-1 during the
decade of the 1960°s, TP loads of the head of tide are now lower than during the 1960%y
by almost a factor of two, However, TN leads st the same location are still a factorof 1.6
greater than the earlier loads, despite BNR technology ot the sewage treatiment plants
locaied above the head of tide. This comparison suggests the need for modest reductions
in TN. Howsever, abowt 7% of the contemporary TN load te the eshaary comes ffom the
basin located downstream of HoT. If we spply a modest diffage TN vield for the Dasin
arca below Ho'l' {areal ratg == 5 kg N ha ye-1} to represent inputs appropriate for the
1960, a total TN load to the estuary of 3100 kg N day™ results. 'This is about half of
average contertporary TN loads and about 36% higher than TN loads estimated for
recent dry vears. While aiso crude, this analysis reaches a conglugion sot dissimilar fFom
the previous one; TN oads need to be decreased on the order of 2500 - 3600 kg N day™
1o be cormparabie to loads associated with far less cutrophic conditions of the 1960°s,

The second estiraate is somewhat larger than the first and thiv mipht refiect the fact that
the first only reguired that deep water dissolved oxygen conditions be ahove 2 mg ™ in
summer while the latter estimate was associated with an ecosystem having a vibrant
spagrass conunanity, well developed benthos and oysier reefs as well as betier deep waler
axygen comditions.

Whatever nutrient inpul reductions are eventually agreed io during the TMDL
process, several things seem clear.  First, TN reduction will need to be substantiad i
reduce hypoxie conditions during normal and wet years and larper stil} 1o resiore other
community components {SAV, benthos) te this ecosystem in addition to improving



oxygen conditions in deep waters. Second, further reductions in point sowee discharges
are technically possible and, if instituted, wili measurably reduce loads. However, most
of the needed reductions will involve diffuse sources and 1o date there appears to have
been little progress in doaling with this source of nutrients,
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Table 1. Summary of pre (1985} and post {1995} BNR human population and 1990 land
uses for thege sub-basins and the fill Patuxent River basin.  Subwbasin divisions are
shown i Fig. 1 Tilled Jand inclndes both conventional and conservation (illage, Urban
inclades both pervious and impervious residential and urban areas, Open Space is non-
agricultoral and non-forest lands (2.2, goif courses). Data are from Chesapeake Bay
Waiershed Model Land Use and Linkages (o the Afrshed and Estuarine Models (2000).

Table 2. Highest and fowest average daily nutrient loading rates, and years when these
were observed, during the 13 year tine-series. All poind, diffuse, direct atmospheric and
septic inpats were incloded. Data sources bsted i Tables 3-5 and Figure 9,

Tabie 3, Lstimate of atmospheric N and P loads directly to the surface walers of the
Fatuxent esteary. 'The upper portion of the table indicates areal N delivery rates hased on
data collected at Wye, MEY (NADP 2001). P delivery rates are the same a3 those used in
Boynton ot al. {1993}, The Jower table provides N and P delivery rates to the upper (Mo
10 Benedict) and fower estuary (Bonedict to estuary mowth) Direct atmospheric
deposition 1o surface walers was not estimated for the region above HoT because of the
very sinall surfice area of the river.  Pre and post BNR periods are not ditferentiated.
Nitrogen wet fall data were averaged from 1984-1999, NH, dry deposition from 1997-
195% and HNO/NOy dry deposition from 1992-1997. Seasonal average totai N
deposition rates do not include estimates of organic N, Units in the upper and lower table
aremzNor P m~ month™ and kgNorP da}f“i, respectively,

Table 4. A sumunary of point sowree N and P loads to the Patusent River alwive and
below the Ho'F. AH entries have units of kg N or P day”’. The pre and post BNR periods
are 1986-1990 and 1993-2008, respectively. The location of HoT and major sewage
treatment plants are shown i Figure 1. 28N = ammeniom, nitrite, and pitzate; TN = DIN
plus dissoived and particulate organic N; DIP = dissolved morgasic phosphorus; T8 =
DIF plas dissolved organic and particulate phosphorus. Seasons were defined as: winter
{Pee-Feb), Spring (Mar-May}, Summer (Jun-Aug), and Fall {(Sep-Nov}. Dala in this table
wete from Chesapeake Bay Program {2001} and Wiedeman and Cosgrove (1998},

Table 5. Estimates of septic system N discharges to the middie and Tower Patuxent River
estuary. Data were from Chesapeake Bay Watershed Mode! Land Use and Linkages to
the Alrshed and Fstuarine Models (20061

Table 6. A surmary of annual average N and P stocks in the upper {tidal fresh and
ohgohaline} and lower {mesohaline} regions of the Pataxent River estuary. Pre and post-
BNR data have been averaged in this summary, All valnes as kg N or Px 10°. Data
sourees and details were provided i Tables 7 - 10

Table 7. Mean seasonal and annual N and P coneemrations in the water column for the
upper and lower Patuxent River estuary durkng pre {1986-1990) and post {1993.2000)



{Nixen ¢t al 1986b), 32 Back River MD (Boyaton et 4l 3998}, 33 Hoston Harbor, pre-
sewage diversion (Nixon et al 1996), 34 Western Scheldt Netherlands (Nixesn-et-al 19963
Loads 1o the Patuxent River estuary for the years 1985 - 1997 are shown as solid squares.
The solid diagenal fine represents the Redfield mmtio of TNITP inputs {weight basis),

Figure 6. Annual time series of TN wet deposition. Data were coliected af the NADY
site at Wye, MD (NADP 2001 ). See text for definition of TN

Figare 7. Box and whisker plot of monthly atmospheric TN deposition rate. Data were
collected at the NADP site at Wye, MD {NADP 2001} and were averaged from 1985 -
1999, See text for deseription of TN components.

Figure 8. Thne series plot of average monthiy sewage treatiment plant discharge, TP and
T'N loads from above He'F in the Patxent River basin. The distinct ascillation in TN
ioad is due to seasonal removal of N via denttrification at these faciltics. Data were from
Chesapeake Bay Program (2001) and Wiedeman and Cosgrove {1998),

Figure 9. Time-series plots of diffuse source TN, DIN, TP and DiP loads from the
middie basin of the Patuxest River estuary. Horizontal Hnes represent average iopais of
TN and TP (solid Bnes) and DIN and DIP {dashed lines} for the pre {1985-1990) and
post-BNR periods (1993-1997). Data were from Shenk and Licker (2001},

Figure 10, A summary of annsal TN and TP loads by source o the apper and jower
Patuxertt River estuary during the pre and post-BNR periods, Data sources were listed in
Tabies 1 — 3.

Figure 11, Estimated N and P transport between the upper and Jower portions of the
Patuxent River estuary (a) and transport between the Patuxend River eshany and
Chesapeske Bay (b). Fransport was estimated vsing the box model developed by Hagy ¢t
aF{2000) and mutrient concentration dats from Chesapeake Bay Waler Quality
Monitoritg Program {2001},

Figure 12, Responses of Patuxent River esteary water quality 1o interanmizz] variations in
freshwater inflow at Bowie, MP. (A) The relationship betwoen ssgmner (une-Augrst)
average sirface water chlorophyll-a at 2 tidal freshwater station (TF1.4) and summer
average freshwater inflow, (B} The relationship between anneal average surfice water
chloraphyll-a and anncal mean chlorophyll-z at a mesohaline station (LEIL1). (C} The
relationship between March-Angust average freshwater mflow and the temporal and
spatial extent of hypoxia (D0O<2.6 mg I'). Regression lines arc jeast squares regressions
with 35% confidence bands for the mean. Al regression slopes are statistically
stggticant (p<0.91).

Figure 13, A synthesis of annnal TN {a) and TP (b) inputs, transport between estuarine
regions, internal iosses and stocks for the Patuxent River estuary. Inputs are multi-year
averages of combined point, diffuse, direct atmospheric deposition to tidal waters, and
septic. Spatial lecalions of inputs {from top to bottom of the diagram} are 2t the head of



tide {(Fo'T), fom the basin region between HoT and Bepedict, MD and from the basin
between Benedict and Chesapeake Bay (Fig. 1). Abbreviations W, Biota, and Seds
refer to multi-year, average annual TN and TP concentrations in the water colurmn,
animal biota and sediments, respectively. Abbreviations M and ST refer to tidal marsh
and seb-tidat areas of the estuary. All flows have units of kg N or P day” and alf stocks
have units of kg N or P x 107



BNR periods. Dala were from she Chesapeake Bay Water Quality Monitoring Program
{2061}

Table 8. Summary of macrobenthic infhunal biormass in the upper and lower portiens of
the Patuxent River estuary. Data were averaged by month for the period 1985-1996 and
then averaged by seasons (Winter = Dec-Teb; Spring = Mar-May; Summer = Jup-Aug;
Fall = Sep-Nov} Percent rétrogen and phosphortus of ash-free dry weight material was
taken to be 15% and 0.62%, respectively. Biomass data were from the Chesapeake Bay
Berithic Monttoring Program (2001),

Table 9. Estimates of annwal average particulate nitrogen (PN} and phosphorus (PP) in
the surface 2 cm of sedimenis in the Patuxent River estuary, Data are from Boynton et al.
{1980, Boynton ¢t al. {1995} and Boynton aad Rohland (1998). There were not
safficiens data available to make pre and post-BNR estimates. Seasons] variations in
surficial sediment PN and PP were small and erratic.

Table 10, Summary of estimates of anmval TN and TP exports Hom the Patuxent River
gstaary to Chesapeake Bay, Negative values indicate nel anmual impost of TP from
Chesapeake Bay to the Patuxent River estuary.

Table 11. Swrnmary of sediment ammonion: and phosphate releases in the eligohaline
and meschaline regions of the Patuxent River estuary. 13ata were from Boyneon ¢t al
(1982a) and Boynton and Rohiand (1998). Data were aot available for the tidal-fresh
portion of the estuary. Mosi data were collected during sammer periods, fewer during
spring and fall and oaly scattered observations during winter. Composite seasenal
patterns of ammeiiyn and phosphale flax indicaied ihat highest values always coowrred
during surmmer. Spring and fall fluxes were about 40% of surmmer values and winter
fhuxes were about ¥4 of summer values. These proportions sre reflected in the table.

Table 12, Summary of macrozooplankton abundance and excretion rates in the Patuxent
River estuary. Zooplankton abundance data were from Chesapeake Bay Zooplandion
Monitoring Program (2001). Macrozeoplankion cxeretion rates were computed using the
relationship developed by Mauchline (1998). Data were not available for the oligohaline
portion of the estuary,

Table 13, A sumnmary of seasonal and snnual primary production estimates from theee
locations in the Patuxent River estoary during pre and post-BNR periods. Data were
eoilected by the Chesapeake Bay Phytoplaskton Monioring Program (2001).
Messurements were based on C' incubations in constant Hght incubators. Volumetric
raics were converted 0 arcal rates by assuming meeswed rate represented Po, at the
surface and production was a lincar fanction of light to the depth of 1% hight penctration.
Euphotic depth was determined from secchi measurements.

Table 14, Whele sysiem seale estimates of nitrogen {N#H, and DIN) and phosphoras
(P0) inputs, recycle rates from estuarine sediments {Table 11} and macrozooplankton
{Table 12) and phytoplankion apiske rates of NH; and POus.  Phytoplankton demund for



i

N and P was estimated using 2 Rediield C:NUP ratico 0f 106:16:1 and primary production
rates provided in Table 13. Surface areas for upper and lower estuary were 26 % 10° and
117 % 10° o, respectively.

Table 15, A summary of nitrogen losges due to depitrification in tidal marshes and sub-
tidal estuarine sediments of the Pathuvent River cstoary,

Table 16. Summary of sub-systemn areas, sediment deposition rates, sediment
composition, and arcal and whele-system annual PN and PP buvial rates for major
subsysterns of the apper and lower Patusest River estuary,

Tabie 17, Estimates of vertical aceretion raies and long-term PN and PP burial sates
measured ina variety of wetlands using radiotracer techriques. This table was adapted
from Greene (2065a).

Table 18, A comparison of carlier (Boyrdon f gl. 1995) and cerrent TN and §P nutsient
budgets for the Patuxent River estuary. In the earhier budget marshes were considered 1o
be neutral regarding TN and TP inputs and losses, export to Chesapeake Bay was
compuied by subtracting internal losses from all external inputs and sasatic INpUts were
included in the diffuse term. Areal loads have units of g N ot P m™ yr.



Table 1. Summary of pre (1985) and post {1 895 BNR human peputaton and 1990 land ueses for three sub-basing andgd the fuil
Patuxent River basin, Sub-basin divisions are shown In Figure 1. Tilled fend inveludes both conventional and conservation flags,
Urban {nchides bath pervious and impenvious resldential and wban arsss, Open Space I8 non-agricultura! and non-forest lande (.4,
golf cowress). Dale are from Chesapeake Bay Watsrshed Mode! Land Use and Linkagos fo the Alrshed and Estuarine Modefs (2000).

Locations  Pop Dansity, indiv k-2 Forest  Tied land  Pasture irban  Opsn Space  Non-Tidal Toaly
PreBNR PostLNR % ant Hay Walors
Upper Basin 257 kL) km2 364 129 54 208 108 7 &0
% 4.0 14.2 10.3 23.5 1.7 0.8
Mddle Bash 135 154 km2 418 137 78 239 8 5 Bat
% 420 14.0 80 2.4 1.8 1.8
Lower Basin 104 157 kil 214 a5 20 V4 32 5 377
o 568 &.n By o 8.9 14
Basin Totals 181 235 k2 893 a0 181 b2a 247 21 22TH

% 44.0 3.0 B0 239 1.0 16



Tabie 2. Highest and lowest average daily nodrient loading
rates, and years when these were cbserved, during the 13
year tme-series. All point, diffuse, direct atmosphere and
septic inpulz wers included, Data sources listed in Tables 3-
8 and Flgure 8.

Loading Averages Loads, kg N or P day”
Cstegory ™ DIk ™ DiP
Highest 8574 8153 158 414
{yoar} 1966 1688 1883 1585
Lowest AZ76 3218 207 113

(yos) R 1981 198t 1H



Table 3. Estimates of atmospharic N and F loads dirgctly to the surface waters of the Paluxent estuary. The upper pardion o
the table indicates areal N dalivery rates baged on data coffected at Wye, MD (NADP 2001). F delisvery rates are the same as
those usad in Boynton &t al. {4895). The lows? table provides N and P delivery rates o the upper {HaT to Benadiot} and lower
eptuany {Bensdict to estuary mouth). Direct atmeospheric deposition to surface waters was not sstimated for the regien above
Pre and post BNR perdods are not differentiated.  Mifrogen wet fall
data wers aversged from 1884.1888, NH, dry depasition from 19871988 and HNOQNO, dry depasition from 1982-1887,
Seascnal avarage totel M deposition rates do not include estimates of organic M. Units in the upper and lowser table are mg M or

P m2menth! and kg N or P day”, respeclively.

HoT because of the very amall surface area of tha river.

X Wet Fai NMx Ciry HENONOS Organic N Totat N P Wit Fali Tetai P
LOGATHON SEASON {NH NG, Deposition Dy Depositon Baposition Ceposition (PO4) Wet Fali
MACP Sie Winter £3.0 1.5 0.5 & 2.0 na na
at Wya, MD Spring 4.7 38 t4.2 i 9.7 na ma
Sk iy %8 8.3 2.8 4F:] 88.2 na E]
Eatt 8.4 a4 8.5 na §3.9 na EyTY
Arn Avg 6.4 kY. 1.8 174 8.0 1.3 5.3
Patuxent N Vet Fall RHX Dry HND3NO3 Srganic N Tota: K Pet Fall Total P
Estunry SEASON (NH, + NG Deposition tiry Deposition Braposition Depasition {PO4) Wt Fali
Benediel  Sonng GER) ) 121 Pt 782
Summer 8.3 5.4 .8 na 83,9
Fali 42.2 51 7.2 ik 54.5
Ann Avyg 8.8 3z Ba 14.8 847 1. 4.5
Banedict o VWinter 1824 428 8.3 ra 28627
Mouth Spring 2126 13.9 &% .8 ] 338.3
Summers 334.2 3.0 47 .1 R 583
Fall 1] 21.8 e Fe 233t
Aan Avg 2424 3.7 d42.8 §3.3 3514 A7 1%.3



Table 4. A sumntary of point source N and P loade io the Paluxent River sbove and beltow the HoT. Al entries have units of
¥g Nor P day®. The pre and post BNR periods are 1586-1880 and 1893-2000, respectively. The losaton of HoT and major

sewage Teatment planis are shown in Figure 1. DIN = ammaoniem, nifrle, and nitvate; TN = DIN plus dissolved and
parficulate orgenie N; DIP = dissolved inorganic phosphorus; TP = DIP plus dissolved organic and particuiate phosphorus.
Seasons were defined as; winter (Dec-Feb}, Spring {Mar-Mav), Summer (Jun-Aug), end Falt {Sep-Nov). Data in this table
weres from Chesapezke Bay Program {2001) and Wisdemant and Coagrove {1998},

LGLATION
Above MaT

Belaw HoT

SEASON
Winter
Bpring
Bumpmer
Fall
Ann Avy

Winter
SpHng
Summer
Fall

Arh Avg

DIN

ProfiNR  Post-BNR

1887
1443
1338
1348
1379

5048
804
674
s
6891

741
B33
457
528
561

a0s
248
81
374
458

PraBNR Post-BNR

1614
1685
514
152y
1877

7a2
763
724
739
744

TN

808
Bi%
&8t
558
T4

B66
298
132
421

Fra-BNE PostBNR

Bat
BE.3
824
84.0
B4.2

437
538
GF2
54.5
52.8

BIP

358
42.7
355
44.0
8.8

43.8
492
50.4
47 3
45.8

TP
Pro-BNR
1318
127.5
t18.1
1264
1239

53.2
813
G4.2

81.3
50.0

Post-BNR
56.4
533
2.5
f4.8
587

48.5
457
B3.3
§6.8
49,7



Table 5. Estmates of septc system N
discharges o the middie and lower Patuxent
River estueary. Data were from Chesapeske
Bay Watershed Model Eanhd Use and Linkages
to the Alrshed and Estuanine Modets{2000).

Time Middie Lower
Fericg Basin Basin
(kg day") tkg day™)
Bre- B
(1985- 1990} 222 72
PEs-BNR

{1992-1987) 258 84



Table 6. A summery of annual syerage N and F stocks in the
upper (tidal fresh and cligohaline) and lower {meschating} regions
of the Patiwent River estusry. Pre and post-BNR data have bean
averaged in fhis summary. All values as kg N or Px 107 Data
soutces and detalls wers provided In Tables ¥ - 10,

Nutrient  Nubrient Upper Lower
Stook T%pn Eatuary Estuary ‘E‘n_tai
W ater ] ] 465 554
Cotumn TR 10 33 43
] 46 123 164
o 2 g 11
Sedimams ™ 480 1580 20 éﬁ
TF 180 470 B30
Fenthig ™ 48 TG 114
Fnwerisbrates TF 2 3 §
facre- TN X 3.88 4 85
Zooplankion TR .13 .76 (.83
Totas TH 2718
TH G7g



Tabis 7. Mean seasonal and annual M and P concenfrations in the water column for the upper sad lower Patuxent River estuary dustng pre {1956
1HA0T and post {1883.2000) BNR perfods. Brata are from the Cheszpeske Bay Water Guality Monitoring Program {2061}

Pr-BNR

Mok
Winter
Bolng

Bumem ey

Fall
A

PostBNR

Menth
Yintar
Epring

Sumrear

Fall
AVE

Nitrages Concentrations, mg N

Lipper Estuary Lower Egtuary
TH MO, W, “Th NG, MH,
2.28 138 022 82 0.18 .04
240 1497 .13 4.8z 027 .08
140 .36 a0 477 .07 {12
183 gz a1 72 {10 008
1.Bf {385 14 {81 15 BUE

Uppar Estuary Ll Estuay
T N2, WA, TH [T WH,
1,88 118 {315 .75 20 0.0
144 G4y {108 ERT:] .30 0.04
{158 018 {108 373 {05 047
108 .24 {108 0.58 .03 0.02
137 DET .10 0.78 ] .04

Pre-BRR

Mk
Winter
Spring

Sarm e

Fell
AVG

Post-ANR

ionth
Winar
Gioring
Sumimer
Falt
AN

Phosphorus Concentrations, mg 2170

Upper Estuary Lower Estuary
T® RO, TP FO,
0.183 C.cas 0050 {603
188 G035 C.O5t 0190
2211 0.054 G074 oze
{.208 B.0dY R I 028
0.203 0.041 0.063 G018
Upper Lstuary Lower Estaary
P POy TR PO,
0448 8025 g.033 8.004
0,153 0.028 0.045 0007
0148 09.045 0.0548 g.e
0.972 0.037 0.052 0418
{188 0.034 Q.07 o4t




Summary of macrobenthic infaunal biornass and N ang P siock in the upper and lower
of the Patuxent Rlver eshuary. Data were averaged by month for the period 19851899
averaged by seasons {(Winter = Dec-Feb; Spring = Mar-May, Summer & Jun-Aug, Falt =
1. Persent nitrogen and phosphorue of ash-free dry weight material was taken {o be 15%
%, respectively. Hiomass data were from the Chesapeake Day Benthie Monltoring
{2001},

Infavnal Blomass infannai N and P Stock
Upper Estuary Lawar Estuaey Upper Estuary Lower Estuary
£ [AFDW) et g {AFW oNm™ gBm’ gNm g Pmt
g1 18 122 0.68% G378 i 1T
154 7.8 2.27 §.084 1.47 048
134 5.5 2m 8.083 .82 634
133 1.7 2.00 0.082 526 a1t

2.8 4.2 187 0.077 083 {026



Table . Estimetes of annuat sveraps parficulate nifrogen (PN) and
phoaphorus PP in the surfece 2 om of sedimanis in the Paluxent
River exfeary. Dafa are from Boynton et al. (1980}, Soynton o af.
{1995 and Boynion and Rohland (1998), Thore were not sufficiont
dela avaiiable fo make pre and posi-BNR estimates. Ssasonal
varations in stefictal sediment PN and PP were sl and erratc

Estunry Sodiment
Region Sediment  Sodimomt Yolume PN Sicck PP Stock
M Tt PP Shwgt gaom’ ghm? g Pmy?
Lower
Estuary .3t 483 0.23 143 4.3
Upper

sty 038 G128 4925 17.5 8.3



Table 1¢. Summary of esfimates of annual TN and TP exponts from the Fatuxent River esttary to
Chesapeake Bay. Negative value indicates net annus! impertof TP from Chesapeske Bay o the

Patuxent River estuarny.

Dbservation TH TP
Sty ! Computation Years kg Nxt0®y ! Pty Source

Patuxent Nutrignt Budget 10851880 0.21 wE O Boynton of &, 1885
{ingaas - internal Losses)
Hydrodynamici ater 1855-1508 £33 &.420 Cereo and Cole (1582}
Gty Modet i Boyrion et sf (1985)
Patuxent Box Modal This shidy

PreBhR 1986- 1580 045 0050

Fost-BNR 1883-2000 052 8048



Table 11. Summany of sedment ammonivm snd phosphate refeases in the sligehating and mesahaline
regions of the Patuxant River estuary. Data were from Boynton et af {19224} and Boynton and Rohland {1908),
Cata were not available for the fitdatfresh porfion of the eslilary. Most data were collected during sommer
pericts, fewer during spring and fall and only scaltered observ ations during winier, Composile ssasonal
patizrng of ammonium and phosphate flux indicated that highest values always cocurred during summer,
Spring and fel fHuxes wers about 4090 of summer veluas and winter fuxes were about 10% of summer vaiues,
These proportions are reflected in the values by the fabis

Qligehaline Meschaiine
- 598 A e hil e ?’hﬁsp hate Ammanium Phosphate
Seasons uMoles N m? a1 cMoles P min? sMoles N m* b uMples Pm?a?
Winter 3 4.1 23 37
Spring 128 i8.3 83 8.8
Summer It4 407 232 222
Fajl b 5.3 83 B9
Arraal 148 19,4 ik 0a
Fost-BNR (1925-1998) B mo i Phosphate Ammontum Phosphate
Seasons yMoias N m* ket ubicles Pment ubtnigs N m? ht Moies P md et
Winter 1% 42 ks 2
Spring 171 18.8 118 3.0
Semmer 428 42.2 298 32 4
Fall 171 18,8 g 130
Anpaal 203 0.0 142 th.4



Tabile 2. Bummary of macrozooplankion abundance and excrefion retes in the Paluxent River
esluaty. Zoopiankion abundance date were from Chesapeske Bay Zooplankion Monitoring
Program (2001). Meacrozeopiankion excretion rates ware compuied using the relaticnship
develyped by Mauchlne {1088}, Date were not available for the oligohaling portion of the eduary.

Tidaliresh Mesohaling
“Zoopianikion Zoopiarkion “Zooplanidon Zooplaniin
Pr-BNR {1988-1990} Abundance NH, Recycle Abundance NH, Recycle
Seasons Number m™ mgNmigi Number m* mg N m2g
Winter izl 1.8 LI 0.8
Soring 27868 8 36283 225
Gummer 4714 1.3 8445 11.8
Fal 5514 2.0 7348 58
Annost 14888 8.7 15233 182
Zoeplan ko 200 Bnkton T 200 AATRIORN Zooplankion
Post-BNR {1885-1989) Abundance NH, Recyde Abundante NH, Recyie
Seasons Number m* my N m2 gl Number m® mg Nm? g
Winter 123713 155 7435 12
Spring 113058 873 40867 317
Surmet 110815 1] 11643 12.3
£l 8212 2.3 8437 4.7
Anmisl 109223 B35 159322 2.5



Table 13, A summary of seasaonal and annual pimary production estimates from
three locations in the Patuxent River esttary during pre and post-BNR periods.
Data were eolleded by the Chesapeske Bay Phytoplankion Menitering Program
(2001}, Measuremenis were based on C' incubations in constant §ght incebators.
Vol malric rafes wera conv erted to areal rates by assuming measured rate
represented P atthe surface and production was g linear funclion of light to the
depth of 1% light penefretion. Euphotic depth was defermined from secchi

measurements,
Pre-BNR {1886-138G) Tidutiresh Oligohaine Mesahaiine
Seasons  © fmgCm’ &'} fmg O mt g} g o )
Winter 30 5 003
Spfing 3t 232 1832
Summer 1655 7 2488
Fall 1147 358 1256
Annusl Average B3 534 T594
Anmual Toetgom® ¥ 313 1871 582
Post-BNR {(1993-1509) Tikifrosft Ciigerkaling Mesohatine
Smasons {mg G’ o) g Cm™ d”'} fmgCm* d°}
Winter &0 554
Spfing 877 383 1885
Stmmer 1332 842 17540
Fall B54 488 1026
Annuat Average T2 472 1254
Annuat Totet @ Gmeyh 265 173 458



Tabkes 14 Whole system scale ssiimates of nlfagen {NH o ard N} ang phommhorus (PO, inps, recyche ratas from eatuarine sadimeants {Table 11} and
masrozouplankion (Tabie 12) and phytopd snkion: Upteke rates of NH, ard PO, Phylopiankion demend for ¥ and P waes astimated using a Redield O:NF rotlo of
106: 1.1 and primary produstion retes provided in Table 13, Surlface aress for upper and lower estuary wera 26 % 167 and 117 % 10 m2 respectivaly.

Upper Estuary, kg {an"1 Lower Est&ary, kg d&jr"
S e e Atram SuiTHnEY Wintet Annsal Summer Winter
Lomposint NH DN o, MM, DIV Fa, NH, BN e, M, BIN 1, NH DI o, NH DN PO,
" Frn BRA [ 59019551
Haw nplts A18F 128 3556 128 gt 125 251 &0 1320 &5 3TeR 2]
Feaycie
AL LS 2532 L &Y i) aa AT o84 F12 1824 =y} 14
Hacrzooplmidon 175 24 - M 47 td P 57 0 &£ 16 ek
Teial 2658 238 03T g8 TOR af SE2E TR 420 1E55 1917 182
Uptaxa
Pt et 3540 453 R4 14 -1284 “iTH ~347 36 ~A 505 G362 SFhES ~21840 -EREE
Poat-BNR £ 199315093
Hew npeta ®TE 243 2541 158 A1FF 188 2478 1140 1136 K] A28 848
Reeycka
Segmrng 895 bl s 11 K & ELES 147 11714 i o) TR e
5 e F et 1382 183 AT L] x| | le3 5 e & 146 ek
Tetal 3248 i B31% 11732 T80 gt 5181 1455 123035 2BB4 T3 it
Liprtaka

Phyleplaidon 2865 ~4E2 -5508 ~THE Rrd=4] -3 S LE I Y G220 BYag 4986 1877



Table 15, Asummary of nitogen tosses dus to denlitification in #dal marshes and sub-tidal

gehiarine sediments of the Pahixent River estuary,

Aren Arnnual Average Total
Eshmanne of Long Danitrification Hate Denirification
Jone fmd * 1P (umed bm2 helys fKg M oyrte

Sub-Tidal Estuaring Sedimants
Upper estlsry 22.3 38 103825
Lower astuany 1114 32 4385617
' Toksf 539642

Tidal Karshes

Upper aatiary 248 111 340377
Lower eetuary B.g Bo 5T 886
Tota 36E263
System Total ELHE

" Fsfimates of sub-fidal denitrificetion rajes for the upper estuary were from Twiley and Kemp (1987}
a8 reparted in Baynton o &, {1885). Lower astuary rates were based on dety from Janking and Kemp
{1864) and Cormwel] {unpidbiished date). Tidal marsh rates of denirification were from Greans (2005}
and were spetally waighted {high, mid and low marshes) for upper estuary marshes bt nat wekghied

for the much smalar towear estuary marshes,

¥ Total danitslfoation was astimated a3 the produst of mash sres and annual average danltrification

Tetg



Tabie 18 Summary of sub-system areas, sediment deposition rates, sadiment composifion, and aredl and wioie svstem annug PN and PP budal rates
for maier subsyatemsa of the upper and iower Patuxant River astuary.

Sedimant Composition? Anrug Total
Sub-Systam Sediment =) PR Burial Rata® Burai Rate?
Loeation Area Deposhion R ate® g imgP R By BN g
™y {gdrysed myr'} gy seiment 1 gy sedrents) i Ty faPm? '} fg My {kgPy}
Upper Estuary
tited marsh 28 2140 8.8 108 126 2.2 287EIE 51232
sub-2idal estuary 223 2722 3.5 1.28 8.8 3.4 252452 187G
ot BRI 21407
Lower Estuary
tidal marsh R 2344 5% 148 1.8 2.2 TaAE3 13257
subAtdal esiuary 111 1143 25 053 28 0.6 3718E  BEYE

tord AHTETS BRIy

System Voipd Bogone Holds

7 Deposition rate egtiamtas fot the tidal mershes wens from P % based messurements made by Merill {1999} and Greene {2005} fowst estuany sub-tidal
dapostion rates wes from PH Pebasad measluraments by Sornwell (unpuldlished date), upper estuany sub-fdal deposition rates ware baged on siverine plus
diffuse source sediment inputs corected for sad ment deposition in adiacent tdal marshes and assuming no sediment ramsport info the ower estuay,

¥ Sedimant composition date were from Mesl (8BS and Greens (2005) far tidal rrarsh habitals, upper estialy sub-tidad sediment PN and PP
soncemirations wera from Boyiton of al {545 and iower estuary dats were from Comwel] (unpidished dada) snd Boynion et & {1985,

* Annuat areal burial ratea were egtimatet as the orodugt of deposition rata imes PN or PP concentration st sediment depth whare nutriert conferimtion
change with further depth in ihe sediment colurtn aporoschad zera, {n ihe fidd marshes this depth was about 20-30 om and in the sub-tide! estuary about
510 om,

7 Total budai rates were ostimatod e the product of areal annu g rates times the ares of tda marsh 2nd sub-fidat estuazy,



Table 17. Estimates of vertica! atcretion rates and lnng-term PN and PP bural rates measured in a variaty of
wetlands using radiciacer technkpes. This table was adapted from Greans (20085}

Vertloal
Tracat Ascretion N Burgt P Burigl
Weatland Type Technigue fram ye-1} Heferancgs
Brackisk
Baratarla Bay, {.A His Hatton et al. 1982
levea 14.0 280 2.4
haskmarsh R 6.0 0.5
Barataria Basin LA s ol Deleune ot af, 1881
7 m indand 135 218 -
45 m intand 7.5 134 -
Choptank Estuary, MD #9pp 3.2 250 2.0 Mertit} 1999
Morie Bay, MD #iph 5.5 1.4 0.3 Merril} 1993
Tidat Freshwater Lo
tuxant Estusry, MD i 8.5 128 2.2 Greene 20052
Otter Creek, MD opg 50 §.8 1.2 Marrili 1599
Frashwater
Riparien Forest, Wi e 5 tg 19 128 2.8 Johnston ef g, 1984
Barataria Bay, LA Hog Hation of of. 1982
lsvag 1688 8.0 14
backmarsh 6.5 8.0 4.5
Evergiades, £1. BiCs 0.3-868 B3-141 011-07  Craft and Richanison 1983



Takle 18. A comparison of earfier (Boynten et al, 1985) and current TN and
TP nukrient hudgets for the Patent River eshuary. in the smstier budoet
marshies weorg considerad to be neutral regarding TN and TP inputs ang
losses, export to Chesapeake Bay was computed by subtracting intema!
lesges from &8 extemal inputs and sepflc inputs were Included In the ditfuss

term, Areal loads have unfts ef g Nor P m*yi,
kg N or P x 10% vy

Ot Eudgat_ _New Budget
b TP TH
MNutrioni Source
Atmospheric 22 ¢ 000 {48 0,008
Point .83 0118 b.44 G038
Biffuse 0.488 £.070 1.68 .124
Sepiic 0.04 8000 .13 4]
Totaf N ¢.195 245 Y ¢
Aol Losd 3.0 i.6 18.2 1.3
Frtamsl Losses
Burial
Marshes .04 {$.600 (.28 o480
Subligaf G492 G250 070 0,207
{emitdfication
Farshes £.06 Q.37
Sulwtidal .54 ) 082 -
Yotal 1,48 G250 205 0.267
Figheries Yields .06 0002 G.06 8,002
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Figure 2.Conceptual model of the nuirient budgets evaluated for the Patuxent River
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Figiee 4, River flow at the head of tide (Bowie, Mi) gage; USGR 2004} averaged by
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{r} Trensptrt bebween Upper ahd Lower PorBons of Patuxent River Extuary
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