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Hypoxia,the conditim of low dissolved oxygens a topic of interest throughout
aquatic ecology. Hypoxia has margalized and potential impacts on biogeochemical
cydes andanimal populationsmanyof which arenegative The extent and occurrence of
hypoxic conditions has been tre rise globally, despitgomereductionsdue tonutrient
management success storiesng-term increasein the volume obottomwater hypoxia
have ben observed in Chesapeake Balghough there is evidence for the occurrence of
low oxygen conditionsistorically in Chesapeake Bay, includidigect observations of
anoxia prior tahe mid-20" centurylargescale nutrientdad increase$yypoxic volume
has increased over the |&6t years Surprisingly the volume of hypoxia obsezs for a
given nutrient loadhas doubled since the mi®80s, suggstingcontrols beyond nutrient
loading
| conductedetrospective data analyses and numerical modstirdes to

understand the controls on and consequences of hypoxia in Chesapeake Bay over

multiple time and space scales. The doubling of hypoxia per unit TN load was associated



with an increase in bottowater inorganic nitrogen and phosphocosicentrations
suggesting the potential for a positive feedback, where hypogdizced increases in N

and P recycling support higher summer algal production and subsegustsimption.

| applied asedimenbiogeochemicamodel at several stations in Chesapeake Baygtwhi
revealed that hypoxic conditions substahtieéducedenitrificationand phosphorus
sorption toiron oxyhydrxides leading to the elevated sedimsvdter N and P fluxes

that drive this feedback. An analysis of @namics during the wintespring indcate

that the day of hypoxia onset and the rate of Mdviely watercolumn Q depletion are
most strongly correlated thlorophylka concentratiosin bottom water; this suggests
that the spring bloom drives early seasord€pletion. Metrics of wintespiing O,

depletion were wtorrelated with summer hypoxic volumes, however, suggesting that
other controls (including physical forcing and summer algal production) are important. |
useda coupled hydrodynamigiogeochemical model for Chesapeake Bagiscower
thatsummeralgal production is necessary to maintain hypoxia throughout the summer,
and that nutrient loathduced increases in hypoxia are driven by elevstgdmer

respiration in thevatercolumnof lower-Bay regions.
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Chapter 1: INTRODUCTIONAND OVERVIEW



Overview

Depletion of dissolved oxygdnom coastal waters iswidespread phenomeno
that appears to be growing globalyiaz and Rosenberg, 2008; Gilbert et al., 2010;
Rabalais and Gilbert, 20Q9)here is considerable interest in this phenomenon because
low oxygen causes physiological stressrhost marine metazoans. Oxygen
concentrations below appr oxi+@6bmMoy2mg0 % s at
1Y) interrupt normal metabolism and behavior of fish and invertebrates causing reduced
growth and increased mortalitpiaz, 2001) Extended periods of hypoxia and relatively
brief exposure to anoxia (zerg)@end to cause mortality fonany marine animals
(VaquerSunyer and Duarte, 2008)ypoxia may also affect predatprey interactions
and food web structures, with low, @ones proiding more tolerant organisms extended
habitat for foraging arldr for refuge from predatio(Decker et al., 2004; Nestlerode and
Diaz, 1998) In addition, low Q@ levels alter the oxidatiereduction balance in marine
sediments and associated biogeochemical processes, including coupled nitrification
denitrification(Kemp et al., 1990and inorganic phosphorus sorption to metal oxide
hydroxide complexe@Middelburg and Levin, 2009; Slomp and Van Cappellen, 2007)

Oxygendepletion occurs at various time and space séalasan imbalance
between biological and physical sources and sinks fomQrvery shallow (15 m) tidal
rivers and lagoons withon-stratifiedwater columns that are enriched with inorganic
nutrients, hpoxic conditions tend to appear and disappear on short (HayssFig. 1.J)
time-scaleqD'Avanzo and Kremer, 1994; Tyler et al., 2008lightly deeper (8 m)
microtidal systems typically experience periodic stratification that may allowdipis

hypoxia to occur on daityo-weekly scalegFig. 1.1) fluctuatingwith changes in wind



driven mixing(Park et al., 2007)n deeper (150 m) estuaries and shelf systems with
stratified waer columns, hypoxia often occurs during much of the summém(g; Fig.

1.1) seasorfKemp et al., 1992; Rabalais and Turner, 2006)much deeper (>100 m)
coastal seas and fjords, strongly stratified water columns result in virtually permanent
hypoxia/anoxiathatmaychangpin size and position with decaestale variations in
circulation(Zillen et al., 2008)

It has been n@e cleathat eutrophication (i.e., anthropogenic nutrient and
organic enrichment of waters) is contributing to the expansion of occurrence, intensity,
and duration of hypoxic conditions in coastal waters worldlaz and Rosenberg,
2008) Dissolved inorganic utrient additions tend to felize growth, sinking and
decomposition of phytoplankton in bottom waters of estuaries, bays, and inland seas. For
many coastal systems in the industrialized regions of the world, there have been major
sociceconomic commitments to remediate hypoxic zoryastducing nutrient loading
from the adjacent catchment and overlying atmosptieesch, 2002; Carstensen et al.,
2006) Although substantial socleconomic investments have been made to reduce
hypoxia in many regions worldwid&ronvang et al., 2005yecent analyses of historical
data from European and North Amenceoastal systems suggest little evidence for
simple and straightforward responses of hypoxia to remediation a@@ontey et al.,
2009a; Duarte et al., 2009; Kemp et al., 2009)

One of the complicating factoms understandingutrophication impacts on
dissolved Qis the significant contribution of hydrodynamic variability te dynamics
In many coastal systems, density stratification is sufficient to create a bottom layer

isolated from surface waters and irdpedownward mixing of @from surface waters,



thereby reducing physical replenishment and allowing depletion of bottom water O
through aerobic respiration of accumulatedanic matte(Kemp et al., 1992)Buoyancy
of the upper layer is increased and stratification is strengthened by seasonal inputs of
fresh wate Boicourt, 1992)and warming of surface watgi@/elsh and Eller, 1991)
Relatively weak stratification in systems such as the Neuse River estuary, Long Island
Sound, and Mobile 8y can be disrupted by typical summer wind evén®@6 Donne |l | et
al., 2008; Stanley and Nixon, 1992; Turner et al., 1987any given year, stronger
stratification, created by larger freshwater input or warmdasewater, is more
resistant to disruption by wind everftsn et al., 2008) Ventilation of bottorawater
hypoxia may involve relatively complex mechanisms, where for example wind stress
induces the shining of density field¢Scully et al., 2005)lateral tilting of the pycnocline
(Malone et al., 1986 xlteration of faifield coastal circulatiofWisemaret al., 1997)or
interaction with springneap tidal cyclegSharples et al., 1994n stratified systems with
estuarine circulation, bottomater G, pools are also replenished by landward transport
of O,-rich water from downstream or offsha@eurcegKemp et al., 1992; Kuo et al.,
1991; Wiseman et al., 2008ecause hypoxia in stratified coastal systésronfined to
the bottom layer, respiration must be fueled by labile organic matter, typically organic
particles sinking from the upper water colu{@hen et al., 2007; Hagy et al., 2005)
Long-term trends and decaedstalecycles in climatic forcing can also exert
control over Q concentrations in bottom waters via changes in tenyresasalinity,
freshwater inputs, and wind str¢gabalais et al., 2009For example, recent increases
in water temperatur@Nixon et al., 2004)which are expected to continue witltieases

in atmospheric C@concentrations, will have direct and indirect consequences for



hypoxia. The direct effects include decreased solubility.ah@ater and enhanced
respiration rates, while indirect effects include changes in food webs redrdtimg

spatial and temporal shifts in species distribution and abundisiagar et al., 2010;

Nixon et al., 2009)In addition, longterm increases in relative sea level occurring in
many coastal regions worldwidElolgate and Woodworth, 2004)ay result in edvated
bottom water salinitie@Hilton et al., 2008)thus potentially enhancing stratification and
reducing ventilation of deep waters. Letggm increases or decreases in freshwater input
caused by global climate chgawill influence hypoxia in many coastal systems by
increasing or decreasing (respectively) the stratification strength and nutrient delivery
rate(Arnell, 1999; Justic et al., 2003)astly, longterm trends and decaestale shifts in
atmospheric pressure fis@nd circulatiorfOgi et al., 2003jnay alter the magnitude and
direction of wind stress, causing changes in vertical mixing angemation of G-

depleted bottom waters in coastal systégwully, 2010a; Wilson et al., 2008)

Although external forcing of physical and biological preessstrongly influences
coastal ecosystem dynamics and hypoxia development, internal ecosystem structure and
associated processes are also important. For example, internal processes regulate key
biogeochemical fluxes, including production and consumpti@rganic carbon and
cycling of inorganic nutrients. These processes, which create positive and negative
feedbacks within the ecological system, can influencdy@amics in coastal water
columns(Kemp et al., 2005Marine suspensiefeeding benthic bivalves can effectively
cortrol phytoplankton growth, especially in shallow coastal sys{@ame and Olenin,
2005; Pms et al., 1998)eading to the suggestion that mussels, oysters and other reef

forming benthic bivalves could potentially regulate phytoplankton sufficiently to reduce



hypoxia in eutrophic coastal syste(hewell and Ott, 1999)Although fieldscale
documentation of benthic grazing impacts mitigating coastal hypoxia is limited, several
modeling stidies have demonstrated potential effective(Basas et al., 2007; Cerco
and Noel, 2007)Bottom water @ concentrations can influence the balance between
decomposition and preservation of organic matter deposited on the seafloor through a
variety of complex interaction®liddelburg and Levin, 2009Numerous experiments
where natural organic matter is allowed to decompose under controlled conditions with
and without @ have beemgenerally inconclusiv@WVestrich and Berner, 1984)owever,
more recent laboratory and field investigations tend to support the idea that
decomposition rates are retarded by absence dti€to a range of mechanisms
including loss of macrofauna activity and sulfide inhibition of microbial metabolism
(Middelburg and Levin, 2009)

Sediment biogeochemical processes, porewater chemistry, and nutrient recycling
are clearly influenced by low water column &d associad sediment oxidatien
reduction (redox) profiles. For both nitrogen (N) and phosphorus (P), benthic recycling
efficiency (the fraction of inputs of organic N and P to sediments that efflux back to
overlying water) tends to increase with decreasing bottatar Q concentrationgTesta
and Kemp, 2012)in the presence of DNH," tends to be oxidized completely to
NOj3 (or to NG and NO) by chemoautotrophic nitrifying bacteriahere asubsantial
fraction of the N@ generated in nitrification is generally reduced in surrounding
anaerobic zones via denitrification to gaseow$dX N,O) - forms that are virtually
unavailable for assimilation by planiSeitzinger, 1988.)Under conditions with hypoxic

overlying water, sediments with low redox levels and high sulfide concentrations favor



dissimilatory reduction of N©@back to NH™ over denitrification(Tiedje, 2087)and
strongly inhibit nitrification(Joye and Hollibaugh, 19953lthough anammox (anaerobic
oxidation of NH to N, with NO,) may occur with anoxia, it is limited by availability of
NO,, and rates tend to be substantially lower than denitrification in roastal
sedimentgRevsbech et al., 2006)hus, hypoxic and anoxic bottom waters greatly
suppress nitrification and denitrificatioates, causing a higher % of total nitrogen to be
regycled to overlying water as NH(Fig. 1.9. Similar dynamics involving hypoxia and
PO, recycling are attributable to totally different mechanigfig. 1.3) Under

normoxic conditions, dissolved BObinds to oxides and hydroxides of Fe and Mn,
forming amorphous soligphase substances that are retained in sedirtfewislich et al.,
1982) In contrast, hypoxic conditions promote reduction of Fe and Mn to soluble states,
thereby releasing bound g The presence of free sulfide, which laagery high

affinity for binding sites on Fe and Mn, further promotes rapid releasé &@ efflux to
overlying watergCaraco et al., 1989)

Many benthic invertebrate macrofauna (e.g., polychaetes, bivalves, amphipods)
which are highly susceptible to physiological stresses or mortality from betimter
hypoxia and anoxiéDiaz and Rosenberg, 19%)dexert strong ifluence on N and P
cycling in coastal marine sediments. Although direct excretion by these organisms tends
to increase nutrient recycling, activities of many species also retard recycling,of NH
and PQ* by enhanced ©advection into sediment porewattacrofauna burrows,
tunnels and tubes that penetrate {01® cm) into sediments are ventilated by natural
circulation and by active animal pumping of overlying wéfdler, 1982) which

stimulates sediment nitrification and strengths its coupling to denitrification by



increasing the effective area of oxnoxic interface¢Pelegri and Blackburn, 199&hd
retards dissolution of FMn-oxide-hydroxide complexes,rpmoting burial of PG
rather than release to overlying wat@viddelburg and Levin, 2009; Welsh, 2008)
summary, hypoxia and anoxia can further stimulate™Ntid PQ™ recycling to
overlying waters byoth geochemical and biological processes

As a esult of such complex bichemicalphysical integrations, lroad range of
possible aquatic ecosystem responses to changes in nutrient loading have been defined
from theory and observatiofhere are surprisingly few documented examples of coastal
hypoxiaresponse to reduced nutrient load{Kgmp et al., 2009however, basic
ecological theoryScheffer et al., 2001; Testa and Kemp, 2Glijgests sevak possile
response trajectories (Fig. 1léft panels). In the simplest case, responses of hypoxia to
loading might be relatively continuous and lin@durphy et al., 2011)where hypoxia
increases andecreases along the same pathway in proportion to ekamgutrient
loading (Fig. 1.4 Alternatively, hypoxia might minimally respond to an initial increase
or decrease in nutrients wuntild,whbre system
relativelysmall changes in nutrient input cause abrupt changes in hyfioxeet al.,
2009) Coastal ecosystesmay, however, follow complex ndimear trajectories
(including hysteresis; Fid..4) in response to nutrient input declines if nutrigmtuced
eutrophication changed the fundamental ecosystem chaiactading trophic structure,
habitat conditions, and biogeochemical cy¢@sarte et al., 20095uch altered systems
may require larger nutrient reductions to return the system to its origina|Gtate and

Gilbert, 2007)



Recent reviews have examined case studies of how coastal ecosystems have
responded to changes in nutrient loading and other external vafiébleg et al., 2009;
Rabalais et al., 2007lror example, improved and more widely applied secondary sewage
treatment in the 1960s through the 1980s led to meghrations discharge of labile
organic matter and reduced inorganic ions to coastal waters in North America and Europe
(Patrick, 1988)As a result, @conditions were restored to ngane-eutrophication levels
(e.g., Fig. 1.4right panel)in many major metropolitan areesBr osnan and OO0 She
Jones, 2006; Patrick, 1988; $aert et al., 2006)For some heavily enriched coastal
systemgAndrews and Rickard, 198Mowever, recovery trajectories exhibited threshold
responses (Fid..4, right pane). In contrast, many larger estuaries where diffuse
inorganic nutrient loads domate, responses of hypoxia to changes in mitleading
have been less cleaklthough major reductions in nutrient loads have resulted in reduced
hypoxia via reductioifFig. 1.4, right panelin nutrientfueled algal biomas@viallin,

2005; Mee, 2006)many partially stratified coastal ecosystems have reported little
changepr even increased hypoxia, in response to reduced nutrient Id&bntey et al.,
2009a; Hagy et al., 2004; Testa et al., 2008; Turner et al.,.2008)

On such system with apparently Alimear responses of hypoxia nutrient
loading isChesapeake Baw large estuary in the United States thedeives freshwater,
nutrient, and organic matter inputs from several rivers, the largest of which is the
Susquehanna. Dramatic ecological changes have occurred in Ched2gedkeing the
past century as a result of nutrient enrichment driven by human population growth and
land-use changes in its watershgemp et al., 2005)Effects of Bay eutrophication have

been compounded by extensive loss of key habitats, including tidal marshes, seagrass



beds, and reefs of the filtdeeding eastern oyster, which harbor diverse animal
populations and act as sinks for suspended particles and dissolved nutrients. One of the
most important ecologically damaging effects of nutrient enrichment in Chesapeake Bay
has been a lonterm increase in the duration and volume of seasonal botiter
hypoxia(Hagy et al., 2004; Murphy et al., 201Because Chesapeake Bay has a large
ratio of watershdi to-estuary area, a deep channel isolated from the atmosphere during
summer stratification, and a long watesidenceime, it is particularly susceptible to
hypoxia and related effects of eutrophicatiiemp et al., 2005)Although incidents of
hypoxia were reported as eady the 1930&8\Newcombe and Horne, 1938lrect
measurements and geochemical indicators suggest that intense and recurrent hypoxia and
anoxia were uncommon before a rapid increase in nutrient loading starting in the 1950s
(Hagy et al., 2004; Zimmerman and Canuel, 208Q}ensive efforts to curb nutrient
enrichment of Chesapeake Bay are reflected in the stabilization and slight decline in
spring nitrogen loading from the Susgaena River since ~1990, which appeto have

been associated with a decline in later summer hypoxic vol(ivhephy et al., 2011)

During this period of declining N loading, howevearly summehypoxia volume has
continued to ris¢Hagy et al., 2004; Murphy et al., 201t¢sulting in an abrupt doubling

of the hypoxia volumeer unit spring N load (see Chapter 2)

Causes forttis shift in hypoxia véume per Nloadng areuncertain, bwever, it
generally coincided with notable changes in several key factors that may have contributed
to the hypoxia increag&emp et al., 2009)Therapid increase in surface water
temperatures (~0°C) that occurred over two decades around {8@kishal et al., 2010)

would be sufficient to reduce,@aturation level by ~ 0.20gl™ and possiblyncrease
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respiration by ~510% (Sampou and Kemp, 1994ljhe relative abundance and filtering
capacity of the eastern oyst@rr@ssostera virginicain Chesapeake Bay have declined

by almost 10€old over the past 150 years due to efighing and two disease dweaks
(Newell, 1988) The droughinduced final decline in ster harvest during the 4%
yearsaround 198%Kimmel and Newell, 200Avas ~10% of this overall drop between
1900 and the present (Fiy5). Recent modelingCerco and Noel, 200&)udies have
concluded that Hold increases in oyster filtration (equivalent to reversing the decline in
the 1980s) would induce a 018y ™ increase in average mBay bottom water @
concentation. The absence of any signal of increased phytoplankton corresponding to the
oyster decline, however, raises some doubt about this explanation for the hypoxia shift.
Other large changes in the Bay, including losses of marshes and seagrass beds, were
important for Bay nutrient budgeisemp et al., 200%however, they are out of phase

with this abrupt increase in hypoxia.

On the other hand, abrupt changes in atmospheric forcing or continental shelf
circulation might be strong enough to alter vertical or horizontal replaeishof bottom
water Q in the Bay. For example, recent modeling and data analysis suggest that sea
level rise tends to cause increases in salt flux and bdégpen salinityin Chesapeake
Bay (Hilton et al., 2008)which could have increased stratification. Other ewaden
suggests an increase in the latitude of the north wall of the Gulf Stream since the 1980s
(Taylor and Stephens, 1998t may have reinforced the trend associated with sea level
rise by causing an increase in salinity at the Bay m@uel and Lwiza, 2008A shift
from negative to positive vaés for the winter North Atlantic Oscillation (NAO) index in

the late 1970sh(tp://www.cgd.ucar.edu/cas/jhurrell/indices.htfig. 1.5) may be related to the
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change in the Gulf Stream ptien (Taylor and Stephens, 199&uch a shift in NAO

might also lead to changes in the prevailing wind direction and intensity during summer
(Ogi et al., D03; Scully, 2010awhich could affect the strength of stratification and
associated ventilation of hypoxic bottom waters in sumAéiough many of the

ecological and biogeochemical factors discussed here may have contributed to the
initiation and redience of this hypoxia regime shift,remains unclear what the primary
driver of the regime shift may be.

Thus, it is clear that many questions remain regardingtemy changes in
Chesapeake Bay hypoxia. It is the aim of this dissertatiaddoesseveral of these
guestions using a combination of retrospective data analysis and numerical models.
Because the dynamics of dissolvegr&sult from a complex suite of controls over
multiple timescales, tools like numerical models are preferred, if notssacg tools to
address these questions.

Synopsis

Chapter 2 Hypoxia-induced shifts in nitrogen and phosphorus cycling in Chesapeake
Bay

We investigated interactions betwdgypoxia and nutrient cycling in Chesapeake
Bay using quantitave analysis of longerm monitoring data covering the periods 1965
1980 and 1982007. The data included vertical water column profiles of temperature,
salinity, NH,*, PQ¥, and Q, as well as rates of total nitrogen (TN) and total phosphorus
(TP) loadng to the Bay from the Susquehanna River. We investigated the hypothesis that
a doubling of the volume of hypoxic §€62.5mol L) water generated per unit TN
load in the past 25 years is related to enhanced \wabemn and sediment recycling of

NH,"andPQ,> under low @, and that this increased nutrient recycling creates a
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feedback that further generates hypoxia. We datlvat bottorwater in the upper Bay

region, where seasonal hypoxia first develops, was enriched jhaH PQ™ relative to

other regions. Evidender the positive feedback effect of low, ©n nutrient recycling

was found in the fact that bottewaterpools of NH* and PQ* per unit TN and TP

loading, respectively, were significantly and positively related to hypoxic volume in
upper Bay regions during June. Similarly, NHools generated per unit TN load were
significantly higher during 1983007, wha hypoxic volume had been approximately
doubled relative toalues estimated fdr9651980. This positive feedback effect on

nutrient recycling may help to explain the persistence of extensive hypoxia in June, even
during years of reduced N loading.

Chapter 3: Spatial and temporal patterns in wintespring oxygen decline in
Chesapeake Bay bottom waters

Although seasonal hypoxia is a wetudied phenomenon in many coastal systems,
most previous studies have focused on variability amttals on lowoxygen water
masses during summer when hypoxia is most extensive. Surprisingly little attention has
been given to investigations of what controls the development of hypoxic water in the
months leading up to seasonal maxima. Thus, we investigapects of wintegpring
oxygen depletion using a 3ear dataset by computing rates of watelumn Q
depletion and the date of hypoxia onset in Chesapeake Bay. On average, hypexia (O
62.5mM) initiates in the northernmost region of the deep, central channel in early May
and extends southward over ensuing months; however, the day of hypoxia onset varies by
> 50 days (April 6 to May 31 in the upper Bay). Watelumn Q depletion rates were
consistently highest in the upper Bay, and elevated Susquehanna River flow resulted in

more rapid @depletion and earlier hypoxia onset. Wirsgringchlorophylta
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concentration in the bottom water was the primary driver of-sm@ual variability in

hypoxia onset and watemolumn Q depletion rates in the upper and middle Bay, while
stratification strength is a more important driver in the lower Baydépletion rates and
hypoxia onset were significantly correlated to early summer hypoxic volumesehrit w
poorly correlated to midummer volumes, suggesting that climatic fluctuations and
organic matter production during late spring and summer are also important in controlling
summer hypoxia. Hypoxia initiated earlier in 2012 (April 6) than recordedaqursly;,

which may be related to extraordinary climatic conditions in the wsggng of 2012

and the carmpver of large organic matter loads associated with a tropical storm in
September 2011.

Chapter 4. Sediment Flux Modeling in Chesapeake Bay: Simuladi nitrogen,
phosphorus, and silica cycles

Sedimemnwater exchanges of nutrients and oxygen play an important role in the
biogeochemistry of shallow coastal environments. Sediments process, store, and release
particulate and dissoldeforms of carbon and nutrients and sedirmeater solute fluxes
are significant components of nutrient and oxygen cycles. Consequently, sediment
biogeochemical models of varying complexity have been developed to better understand
the processes regulatipgrewater profiles and sedimenater exchange. We have
calibrated and validated a sediment biogeochemical model (i.elayes: aerobic and
anaerobic) that is suitable for application as a stdade tool or coupled to water
column biogeochemical molde We calibrated and tested a stahohe version of the
model against observations of sedimemter flux, porewater concentrations, and

process rates at 12 stations in Chesapeake Bay ovel aykar period.
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The model successfully reproduced sedirveater fluxes of ammonium (Nf),

nitrate (NQ), phosphate (P§), and dissolved silica (Si(Okipr DSi) across

environments with different chemical and physical characteristics. A root mean square

error (RMSE)minimizing optimization routine was useditentify bestfit values for

many kinetic parameters. The results of this routine reveal the need for (1) an-aerobic

layer denitrification formulation to accommodate Nf@duction at the oxianoxic

interface, (2) spatial variability in denitrificatiohdat depends on oxygen levels in the

overlying water, (3) a spatialgependent term for solisblute PG* partitioning that

accounts for patterns in Fe availability, and (4) the dependence of DSi fluxes on
solubility and reduced soligolute partitioningelative to P@” . This new calibration
balances the need for a universal set of parameters that remain true to biogeochemical
processes with sHgpecificity that represents differences in physical processes, external

loading, and sediment characteristi€his stanéilone model is rapidly executed on a

personal computer and is wsllited to compliment observational studies in a wide range

of environments.

Chapter 5: Quantifying theeffects of nutrient loading and carbon production on
dissolved @in Chesapeake Bay using a coupled hydrodynamic
biogeochemical model

Dissolved oxygen concentrations in Chesapeake Bay are influenced by external
climatic, hydrologic, and anthropogenic forcing, internal biogeochenmtsictions,

and physical transport. Because observations are often inadequate to understand

interactions among these varied and complex biological and physical processes over

multiple time and space scales, numerical models are needed to simulaprdhesses

towards understanding their effects on dissolved oxygen. Recent modeling efforts have

15



highlighted many of the important physical processes controlling dissolved oxygen in
Chesapeake Bay, but fewer have investigated interactions with biogeodhmonicals.

Thus, we coupled an implementation of the Regional Ocean Modeling System (ROMS)
to a biogeochemical model (RCA) in Chesapeake Bay to understand the controls on
organic carbon production and transport and associated oxygen depletion. Model
simulations were performed for a-@ar period (1992005) and watecolumn state
variables, sedimemwater fluxes, and metabolic rates were validated against existing
data. A series of nutriettbad experiments were run using the year 2000 to understand
modelsensitivity to loads of nitrogen and phosphorus and the spatial and temporal nature
of Chesapeake Bayos r e sRCArrepgresentecbobserwedr i e nt
seasonal and regional dynamics of watglumn and sediment processes, capturing
interannuabariability in hypoxic volumes. Nutrient loading experiments revealed a non
linear response of hypoxia to nitrogen load, with hypexiluimedays maximizing at
nitrogen loads twice that of observed.|€vels were more sensitive to nitrogen loads

than phophorus loads, consistent with the preponderance of nitrogen limitation in
Chesapeake Bay in late spring and summer months. Expanded hypoxic volumes under
higher nitrogen loads were associated with increases in-a@ltenn production and
respiration in sesard regions of Chesapeake Bay during summer (June to August)
months. Analysis of the @ear model run with realistic hydrodynamics and nutrient
loading revealed a similar pattern, emphasizing the role of stimulation of phytoplankton
growth in morenutrient-limited lowerBay regions during summer as a primary
mechanism supporting elevated hypoxic volumes. RGAA is a useful tool for

investigating system processes in Chesapeake Bay and other coastal ecosystems.
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Conclusions

The study of dissolved £in coastal ecosystems is a central problem, due to the
association of @dynamics with nearly all sulisciplines of aquatic ecology and the
varied and complex suite of interactions that ultimately control aquatioi@entrations.
Additionally, the fact tat the negative impacts o, On many higher organisms are
widespread, @is a major target of water quality management in fresh and marine waters
alike. Chesapeake Bay is an estuary plagued by hypoxia and despite a long history of
insightful analyses le@ag to an advanced understanding of controls gm@ny
important questions concerning controls on and effects of hypoxia remain. It is the

purpose of this dissertation to further elucidate these mechanisms in Chesapeake Bay.

17



Figure Legends

Figure 1.1 Temporal distributions of £concentrations in 3 different estuary types: (a) a
well-mixed water column of a temperate estuaith diel cycling hypoxia (Corsica River
estuary) where winter concentrations are higttean summedueto increased solubility,
but also less variable due to reduced biological act{iMigryland Department of Natural

Resourcesyww.eyesonthebay.cogm(b) an episodically mixed water column of a

temperate estualfPamlico River estuaryyhere surface concentrations always higher
than bottom concentrations, but bottom concentrations occasionally are depleted to
hypoxia during calnand/or productive period&in et al., 2008) and (c)a temperate,
stratified estuaryChesapeake Bayyhere surface and bottom concentrations are
comparable during winter, when thater column is well mixedut bottom water
concentrations are nearly zero during summer wheup@kerates are high and physical

replenishment is minimgChesapeake Bay Programww.chesapeakebay.net

Figure 1.2:Conceptual diagram of nitrogen cycling in a coastal ecosystem under

oxygenated (left panel) arypoxic/anoxic conditions (right panel).

Figure 1.3:Conceptual diagram of phosphorus cycling in a coastal ecosystem under

oxygenated (left panel) and hypoxic/anoxic conditions (right panel).
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Figure 1.4Hypothetical (left panel) and observed (righnhpl) relationships between
nutrient loading and hypoxia in three estuaries with different responses.

(a) Linear relationship between loading anglddnditionsin the Scheldt estuary, Xb
Threshold relationship between organic matter loading armb@litions in the Thames
estuary near London, ang (Ehresholdhysteretiarelationship between nutrient loading
and hypoxia in the northwesteshelf of the Black Se&ee Kemp et al. (2009) for an

expanded collection of potential trajectories.

Figure 1.5Time-series (1942007) of @ Susquehanna River Flow at Conowingo, MD,
(b) JanuaryMay NOs’ loads to Chesapeake Bag) July hypoxic volume in Chesapeake
Bay, ) mean annual water temperature at Solomons, anhuary to March North
Atlantic Oscillation,and €) annual Maryland (MD) and Virginia (VA) oyster harvesl.
data are from Kemp et al. (2005), except temperaturg(idatesshal et al., 201@nd

NAO data http:/mvww.cgd.ucar.edu/cas/jhurrell/indices.hyml
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Fig. 1.2
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Fig. 1.3
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Fig. 1.4
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Fig. 1.5
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CHAPTER 2: HYPOXIA-INDUCED SHIFTS INNITROGEN AND
PHOSPHORUS CYCLINGN CHESAPEAKE BAY
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Abstract

We investigated interactions betwdgypoxia and nutrient cycling in Chesapeake
Bay using quantitative analysis of lotgrm monitoring data covering the periods 1965
1980 andl9852007. The data included vertical water column profiles of temperature,
salinity, NH,", PQ.%, and Q, as well as rates of total nitrogen (TN) and total phosphorus
(TP) loading to the Bay from the Susquehanna River. We investigated the hypothesis that
a doubling of the volume of hypoxic §€62.5mol L) water generated per unit TN
load in the past 25 years is related to enhanced \wwak@mn and sediment recycling of
NH,"andPQ,> under low @, and that this increased nutrient recycling creates a
feedback that further generates hypoxia. We found that be#tatar in the upper Bay
region, where seasonal hypoxia first develops, was enriched jhati PQ™ relative to
other regions. Evidence of the positive feedback effect of lpanutrient recyling
was found in the fact that bottewater pools of Ni and PQ™* per unit TN and TP
loading, respectively, were significantly and positively related to hypoxic volume in
upper Bay regions during June. Similarly, NHools generated per unit TN loadr&e
significantly higher during 1983007, when hypoxic volume had been approximately
doubled, relative to 1965980. This positive feedback effect on nutrient recycling may
help to explain the persistence of extensive hypoxia in June, even during yeghsoefd
N loading.
Introduction

Depletion of dissolved oxygen ¢Dfrom coastal waters iswidespread
phenomenon that appears to be growing glol{@ilgz and Rosenberg, 2008here is

considerable interest in this phenomenon because jama@es physiological stress for
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most marine metaams, where @ evel s bel ow ~30% s<625ur at i

mmol L™ or 2 mg %) interrupt normal metabolism and behavior of invertebrates and fish,
causing reduced growth and increased mortéligz, 2001) Extended periods of

hypoxia and relatively brief exposure to anoxia£@ can cause mortality for many

marine animalg§vVaquerSunyer and Duarte, 2008hd may also affect predatprey
interactions and food web structu(@ecker et al., 2004 Consequently, many large

scale, expensive soegconomiccommitments have been made to reduce hypoxia
through remediation of eutrophication.

In addition to the negative effects of hypoxia on organism physiology, low O
levels and associated conditions (e.g., sulfide accumulation) also influence several key
biogeochemical processes within the nitrogen and phosphorus cycles. For nitrogen,
reduced @concentrations limit nitrification and restricbupled nitrification
denitrification(Kemp et al., 1990)Sulfide accumulations under lows @irther inhibit
nitrification and reduce the potential for anamnfdsnsen et al., 2008)hile also
favoring dssimilatory nitrate reduction to ammoniidBNRA) over denitrification
(McCathy et al., 2008)The sum of these effects is reduced removal of inorganic N as
N, andthusincreasedNH," accumulationFor the phosphorus cyclieorganic
phosphorusorbedo metal oxidehydroxide complexeis released under reduced O
(Sundby et al., 1992)hile phosphorus regeneration from organic magenhanced
(Jilbert et al., 2011)As a result of these processes, many recent reports suggest that an
increasing fraction of the nitrogen and phosphorus deposited to sediments will be
recycled back to the water column with expanding hypoxic condifcosley et al.,

2002; Kemp et al., 2005Dne possible consequence is that such increased nutrient
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regeneration from sediments and bottom water will lead to higher availability of N and P
for growth of nutrienidefident summer phytoplanktai€onley et al., 2007; Ingall and
Jahnke, 1994)

There have been few direct tests of this hypothesis at the ecosystem scale based
on observations of nutrient loading and concentrations with metrics of hypoxia and
anoxia. Preious observational and modelisiidies have reported: 1) inverse
correlations betweennd dissolved inorganic nutrient concentrati@@snley et al.,
2002; Savchuk et al., 2008) increased sedimewntater nutrient fluxesinder higher
organic matter loads and reduceg(BEnoksson, 19938) reduced sedimeiN recycling
efficiency (NH;" flux/(NH4 +NO23+N,) flux) under low Q or high respiratiorfEyre and
Ferguson, 2009; Kemp et al., 2008)d 4) enhanced sediment phosphoruwesass under
O, declinegMeier et al., 2011; Reed et al., 201lhyverse correlations between énd
nutrient concentrations may, howeyke misleading due to the tendency of both to co
vary with particulate organic matter (POM) loading to sedimgl@ssen et al., 1990)
Because these interactions form a complete causal loop (nutriepkstoplankton >
POM- >hypoxia- >ecycling- >nutrients), ecosysteiscale data analyses and/or
modeling are needed to elucidate the positaeziback connections between
eutrophication and hypoxia in coastal aquatic ecosystems.

In Chesapeake Bay, timeid-summer volume of hypoxic water has been
correlated with total nitrogen (TN) loadirfblagy et al., 2004and its expansion over the
past 60 years has been linked with the overall eutrophicatithre estuary(Kemp etal.,
2005) It appears that the volume of summer hypoxia generated per unit-spniteg

TN load doubled abruptly in the early 1986tagy et al., 2004)Although a clear
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explanation for thisxpansion has been lacking, recent reports have suggested that a suite
of biological and climatic shifts in the early 1980s may be invo(arphy et al., 2011,
Scully, 2A.0a) One hypothesis states that the expanded volume of hypoxic water in
Chesapeake Bay and other coastal waters may have increased the fraction -of winter
spring nutrient loads that are released back to the water column during s(Kemeret

al., 2005) resulting in elevatedutrient availability, algal growth, POM deposition, and
associated summer,@onsumption. A direct test of this feedback hypothesis is, however,
generally lacking for Chesapeake Bay and other hypoxic, aquatic ecosystems.

The purpose of this paper is to gtity how longterm changes and variability in
seasonal @depletion may have altered summer accumulations of nutrients in
Chesapeake Bay bottewater. We hypothesize that increased hypoxic extent and
intensity enhanced inorganic nutrient recycling ratesediments and stiycnocline
water, resulting in elevated bottewater pools of N and PQ® for a given nutrient
load. We tested this hypothesis by examining concurrent;tEmgtime series of
nutrient loading, concentration, and recycling rates wietrics of hypoxic volume along
the mainstem of Chesapeake Bay.

Methods

We investigated interactions between hypoxia and nutrient cycling in Chesapeake
Bay using quantitative analysis of lotgrm monitoring data covering two specific
periods when thereere sufficient vertical profile data for NH PQ*, and Q. The first
period, from 19651980, includes NI and Q data from various research cruises and
estimates of total nitrogghoadi ng from Susqgquehanna River,

freshwaterThe second period, from 19@2B07, includes routine nutrient and O

29



monitoring data and computatis of both total nitrogeand total phosphorus (TP)

loading from the Susquehanna River. There were insufficient data in the years9B381

to include in ouhistorical analysisThis study was carried out in the mainstem

(tributaries omitted) of Chesapeake Bay, a senulosed estuary in the mfgtlantic

region of the United StateBif. 2.1) Many of the Bayods ecol ogi ¢
features have been aebed previouslyHagy et al., 2004; Kemp et al., 2005)cluding

long-term changes in key chemical, biological, and physical conditions.

TN and TPloading

We used TN and TP loading rates from the Susquehanna River in our analysis for
the two periods othis study (1965.980 and 1982007). Monthly TN loading rates from
1965 to 1980 were obtained frdifHagy et al., 2004)who reconstructed NOand TN
loads from 1942001 from a time series of NQroncentrations and stream flow
measurements in the lower Susquehanna River. No TP loading rates were available for
this period. Monthly loading rates for the 1985 to 2007 period for TN and TP were
acquired from the United States Geological Survey (USGESB}ite
(http://va.water.usgs.gov/chesbay/RIMP/loads.html). USGS nutrient loads were estimated
using a multiple linear regression model based on daily mean streamflow and sub
monthly nutrient samplgd.angland et al., 2006yVhere TN loads computed by USGS
and Hagy et al. overlapped in time, the two estimates were highly correlated and
guantitatively similaHagy et al., 2004)

We focused on Susquehanna River |daefsause this river contributes 65% of the
TN and 42% of the TP that is discharged into Chesapeake Bay on average for the months

of January to May (1983007; USGS data). In contrast to other tributary rivers of the
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Bay, the Susquehanna discharges freshveatte nutrients directly into the main stem of
Chesapeake Bay (our study area). Nutrients from other, smaller rivers must pass through
tributary estuariessgeeFig. 2.1) where a substantial portion is assimilated before

entering the main stem Bé&Boynton et al., 1995)n any case, seasonal and long term
trendsin TN and TP loadingfromh e Bayds next | argest tri buf
James, Rappahannqeind York)are highly corriated with those from the Susquehanna

River (Murphy et al., 2011)Thus, inputs from the Susquehanna River represent the

largest and most direct source of TN and TP to the main stem Bay, and it provides a
consistent index of interannual variation in nutrient loading to our study area.

Watercolumnconcentrations

Vertical profiles of temperature, salinity, NHPQ?®, and Qwere obtained for
the months ApridAugust in the two study periods. For 196%8Q we collated only Nif
measurements from various monitoring and research cruises in Chesapeak@eBay (
Table 2.1for list of data sources). For 192907, we obtained data for all of these water
quality variables from the Chesapeake Bay Program Watditdatabase

(http://www.chesapeakebay.net/data waterquality Jaspxhe latter dataset, profiles

were routinely collected at 20 2dftTabei ons al
2.1), where temperature, salinignd Q were generally measured atridepth intervals,

while NH;" and PQ* were measured at3ldepths for each station-{® m intervals,

Fig. 2.1) NH;" measurements in the recent (19887) and historical (1965980) data

sets were made by using the spectrophotometric phenolhypochlorite niieB%wd 997;

Solorzano, 1969} methodological consistency that permits comparisons of data

between the two periods. FOn the recent data set was determined colormetrically
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using standard methodsPA, 1997; Murphy and Riley, 1964j multiple measurements
were made at a particular statiordatepth within a month (fortnightly sampling was
common posfl985), concentrations were averaged to monthly means.
Stratification

We estimated pycnocline depth for particular regions as the vertical position in
the water column (depth in r, where the guare of the BrunYaisala frequency was at

its maximum valu€¢Pond and Pickard, 1983)
N2(z) =3 3%
S, W
whereg = gravitational constant, 9.81 rif,g}, is the water density at depth (kg’nand

K5 is the density gradient at dehwhich was calculatbusing a 2n window around
uz

z. Density was computedrofonoff, 1985)rom profiles of temperature and salinity data
at I-m depth intervals using the Chesapeake Bay Program Water Quality database.
Interpolations

We interpolated spatial distributiofsr NH,*, PQ¥, and Q concentrations
during the summer hypoxic periods (June, July, and August) of 1985 through 2007 and
for NH," observations in 11 years between 1965 and 1086erved N, PQ¥, and Q
vertical profilesalong the main chann#&r agiven month Fig. 2.1)were interpolated to
a 2 dimensiondkength-depth grid using ordinary krigingMurphy et al., 2010; Murphgt
al., 2011) The statistical package R with the ggo&tkaggRibeiro and Diggle, 2009)
was used for all interpolationas described ifMurphy et al., 2011)The resulting 2D
distributions were assumed to be constant laterally at a given depth and organized to

correspond to tabulated cressctional volumegCronin and Htchard, 1975)
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The interpolated concentration data were multiplied by the -s@sonal
volumes to compute Nf+N and PG*-P pools along the Bay axi$he vertical
dimension of the bottorwater volume for which we computed nutrient pools was
defined ly the distance from sediment surface to the average pycnocline position. The
pycnocline depth was slightly different for the two analyses we performed. In the first
analysis, where we compared the botwater nutrient pools in different regions over
the 19651980 and 1982007 periods, nutrient pools were summed beneath 10 m depth
in water for four Bay regions: between a) 2ZZ8D, b) 156200, c) 106200, and d) 7250
km from the Atlantic Ocean. Although the pycnocline depth varies regionally and inter
anrually (Murphy et al., 2011)we lacked salinity profiles in some of the historic years,
making it impossible to estimate pycnocline depth in each year. We chose 10 m as an
approximate average summer pasitof the pycnocline in this region of the Bay, and
this allowed us to compare the nutrient accumulation in the same volume of water in each
year. Thus, the accumulated pool of NHetween two years was attributable to
differences in recycling processas Inot due to differences the exact pycnocline
position.In the second analysis where we investigated the reggenific relationship
between bottormwater nutrient pools and hypoxic volumes during 12887, we
summed nutrient pools below the regigpecfic average pycnocline depthlagy, 2002)
for 8 regions of Chesapeake Bay (RegioA|IFig. 2.1, Table 2.). Although he mid
summer wlume of hypoxic watein Chesapeake Bayas beempreviously computed
over19502001(Hagy et al., 2004and 19842007 (Murphy et al., 2011 )for this

analysis we computed monthly hypoxic volumes for the years-208% by summing
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thevolume of allinterpolatectellsin Chesapeake Bayith an Q concentratiorx62.5
mmol L 1

The sampling frequency and density for Ni#as lower in the years before the
modern monitoring program {® stations, 185 samples per month pi®85; 20
stations, 76130 samples per month for 1982607). We tested the potential for bias ia th
NH,"-N pools computed from data sets in the-p®85 period by comparing
computations on the full 1985007 data with computations using smaller datasets
generated from subampling at the lower observational densities characteristic of the
pre-1985 dataSubsamplingof the modern observations was achieved by using observed
sample locations (depth, distance from Atlantic Ocean along the central channel of
Chesapeake Bay) from each {11885 year to extract stations with similar locations in the
moderndaa s et . At each 1.85 kilometer segment
sample was taken in the pt885 year, a routine searched for any observation in the
modern data set that was within 3 m depth of each historic sample that section. Once the
routine extracted the appropriate stations from the modern data set, Hsiarspled data
set was interpolated as descrilzdxbve This routine was applied for June, July, and
Augustdatafor the years 1982007 for each historic year (11 years total), résglin 11
new sets of monthly N distributions and Nif-N massesepresentinghe years 1985
2007.We omitted a pre 985 year from the analysistife meanNH,4"-N pools computed
from the subsampled distributions were significantly different from théyfisdampled
distributions énalysis of variance (ANOVA), SAS version 9.2) or where-saimpled

NH,"-N masses were consistently more than 20% different thandaitypled masses.
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Statisticalanalysis

We tested the compiled tirgries of hypoxic volume penit TN load in
Chesapeake Bayrig. 2.2)for a significant shift using a simple changeint detection

routine qttp://www.variation.com/cpa/tech/changepoint.Dtnithe method is used to

identify a single change in a tirseries using cumulative sum charts, or CUMSUM
(Pettitt, 1980with bootstrappingHinkley and Schechtman, 1987his is accomplished
by computing the cumulative sum of the difference between the observed value at a given
point in a time series and the average of theetitimeseries. The changoint occurred
at the point in time where the difference between the maximum and minimum CUMSUM
(Suir) is greatest. Once the original tireeries was tested for the time when a shift in the
mean of the data existed, a bootstragmnalysis was run, where the thseries was
reordered 1000 different ways and the process repeated. The confidence level (CL) is
computed as the percentage of the 1000 iterations whgref $he randomly reordered
data is less thang®in the orighal timeseries. We considered CL >95% to be
significant. We further tested the charfm@nt by summing the squared differences
between the data and the mean of the data for the periods before and after the change
point identified by the CUMSUM approache., the mean square error, MSE). This
approach was performed an additional 8 times by assuming the gba@ingeccurred at
each of the 4 years before and after the actual chamigé The lowest MSE value
represents the last point before the changet.

Wetesedfor differences in the regional mean pools of &N and PQ*-P in
bottomwater near the upward shift in hypoxic volume ughests(SAS9.2). We

selected regions that spanned the seasehgfipxic part of the mainstem of Chesapeake
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Bay during the months when hypoxia is most extensive and consistent. Thus, data were
separated into two groups (196980 and 1982007) and mean comparisons were
conductedn bottomwater poolsn three regions (26250, 1560200, and 10200 km)

for three sumrar months (Tabl@.3).

Because the conditions that generate extensive hypoxia (i.e., elevated river flow,
nutrient load, and phytoplankton biomass) also tend to elevate water column nutrient
levels, we sought a measure of nutrient accumulation that tmeghtked more directly
to hypoxia. Thus, we defined 6énutrient rec
water pools of Ni-N and PQ*-P to winterspring TN and TP load (nitrogen pool per
nitrogen load XIP NL") and phosphorus pool per phosplmiead PP PLY),
respectively, which normalizes nutrient accumulation to nutrient input. We also used
simple linear regressions (general linear models (GLM) proce8&&;92) to evaluate
relationships between hypoxic volume and nutrient recyclingasdit a more spatialy
resolved set of 6 regions-\Mll, Fig. 2.1, Table 2.) than used for nutrient pool
comparisons. The comparisons here were evaluated in temasdp-values.

Results

The July volume of hypoxic water in Chesapeake Bay increasdloy 1950
2007 periodHagy et al., 2004)with a concurrent increase in nitrogen and phosphorus
loading to Chesapeake Bayhe volume of hypoxia observed for a given wirgpring
loading of toal nitrogen (TN) from the Susquehanna River, however, nearly doubled in
the period from 1986 to 2007, at 0.24%@y" (Gg = gigagram), relative to 1958985

(0.14 kn? Gg?). Changepoint detection analysis indicated that this increase occurred
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between 198 and 1986Kig. 2.2) where the changgoint CL was >99% over the 1000
iteration bootstrap analysis.

The ratio of NH" pools in sukpycnocline Bay water to TN load (hereafié®
NL™) also increased over the last 5 decaéfés @.3) This longterm incease ifNP NL
! corresponds to the increase in hypoxia per unit TN load over the same period, as
represented by high&P NL* during June in the 1988007 period relative to the 1965
1980 period (Figs. 2, 3). AlthoudtP NL* is on average higher duriniyet 19852007
period in three regions of the middle Bay in three summer months, this apparent increase
was significant only in June within the most landward region-28®km, Region IH
IV, p<0.05); it is also nearly significant in August in the ZZ&D kn region (\VI) in
August £=0.058, Table2.3). Too few years include measurements of both Nidd Q
to allow direct comparisons of the effect of hypoxia on thesg’ Idatterns.

We did not find substantial bias or large discrepancies in the region&NNH
pools computed in the 198807 period using the full data sets comparedssubpled
spatial densities representative of the p®85 data for 8 of the 11 years (73%) in the
historic data set. The yedat969, 1971, and 197#9ere omittedIn the othe8 cases,
NH,"-N pools calculated from full and ssgampled data sets were highly correlated
(0.72<R?<0.97) with slopes ranging from 0.88 to 1.Hig( 2.4)and no significant
differences in the means for the ssdmpled vs. fullysampled data. We used détam
these 8 years for the rest of the analysis.

Analysis of experimental data collected in recent decades provides evidence for
interactions between nd the nitrogen and phosphorus cycles. Sedinvatdr NH;*

and PQ¥ fluxes, as measured at twatons in mesohaline Chesapeake Beig.(2.1)
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were inversely related tos@oncentrations in overlying watefig. 2.5) Enhancement of
sedimentwater NH;" and PQ* fluxes is most evident below 5fimol O, L™ Y(Fig. 2.5)
and multiple means comparisaoisthe nutrient fluxes in each of the 5 @nges (GLM
procedureSASversion9.2, -:way ANOVA with a Duncapods test
and PQ® fluxes at Q<50 mmol L *were significantly §<0.05) higher than the other
groupings. However, NH fluxes gadually increase with lowered,Qwhile PQ¥ fluxes
exhibited an abrupt jump at:®elow 50/mmol L Y(Fig. 2.5) During May to July,
bottomwater NH" and PQ* concentrations (at-2 m above sediment for the nearby
monitoring station) were significagtand positively correlated to sedimemater NH;"
(R?=0.30,p<0.001) and P¢¥ fluxes (R’=0.40,p<0.001).These sedimenwater NH" and
PO, fluxes under hypoxic conditions (<58nol L™ lin Fig. 2.5)were sufficient to fully
replace sulpycnocline poa of NH," and PQ* in 33 and 14 days, respectively.

Contour plots representing vertical distributions ef H," and PQ* along the
mainstem Bay channel reveal spatial covariance between deplsied €levated
nutrients Fig. 2.6) NH;" and PQ™ concentrations were highest in June in the landward
channel region between 200 and 250 km from the Atlantic; this is the region where very
low O, concentrations (<5@mol L™ § first appear seasonally in Chesapeake Biy.

2.6). By August, bottorrwater with low Q and high nutrient concentrations extends
seaward to Regions VI and VII. Vertically, these waters with high nutrients andJow O
generally extend up from ¢hsediment surface to depths ef8m {ig. 2.6) where the
pycnocline develops each summer, reaching maximum strength iiMurpghy et al.,

2011)
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Vertical NH;", PQ*, O,, and salinity profiles atation CB4.3C (Region V)
during July provide a more detailed picture of physical controls,can@® nutrient
distributions Fig. 2.7) In comparing profiles from July 1998”E'2nghest wintesspring
Susquehanna River flow since 1985) with that of July X89@ar with moderatow
river flow), it is evident that elevated spring flow led to larger differences between
surface and bottom salinity in 1998i¢. 2.7) Computations of stratification revealed
that maximum Kwas 2.3 €at 9 m in 1998 and 1.3st 14 m in 1999Fig. 2.7)

Stronger stratification and a shallower pycnocline resulted in near anoxia at 10 m in
1998, compared to 16 m in 1999, and hypoxia at 8 m in 1998, compared to 10.5 m in
1999. Profiles of Ni and PQ* exhibited patterns inveesto those of § where nutrient
levels were low in surface waters (<10 m), but increased rapidly below 10 m where O
was depletedHig. 2.7) Bottomwater pools of P¢& and NH," were higher in 1998 than
in 1999, associated with stronger stratificatiod a larger anoxic zon€ig. 2.7) High
NH," concentrations existed above the pycnocline in 1998, whil& R@s only elevated
in deeper, anoxic wateFig. 2.7)

Although NH;* and PQ* accumulations and Qlepleted zones were spatially
linked during smmer, these spatial relationships varied seasonally along the salinity
gradient of Chesapeake Bdig. 2.8) On average, hypoxic water extended from Region
I1-1V, andNH," and PQ* concentrations reached their Bajde peaks in this region
(Fig. 2.8) NH," and PQ®* concentrations were both significantly lower in April (<12 and
0.3 mmol L™ ! respectively) when Qwvas near saturatiofrig. 2.8)than peak values in
July and August (ANOVA wittsc hef f e 6s t est |, SAS version 9.

was estalished in June, Nk concentrations reached their seasonal maxima in the mid
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bay, at Regions IV and V, where yHvas significantly higher than landward and
seaward positions ( ANrémaihedvelativdly lof thioeghofite 6 s ) .
the Bay during Aril and JuneFig. 2.8) althoughPQ,* was significantly higher in June
than Aprilin Region ¥V  ( ANOVA with Schef fewasseasr. | n Aug
anoxic in Region IW, PO,> reached its seasonal maximum and was significantly higher
than April and Joe in all Bay regions, while elevated hNHoncentrations persisted,
albeit below the June peaksd. 2.8)

Plots of monthly mean concentrations of\@. PQ* and NH," (19852007, Fig.
2.9)in the mesohaline Region V, reveal thauP@oncentrationsid not substantially
increase as £eclined during April and May. £xoncentrations became hypoxic and
then anoxic from June through August, however, angRGnsequently increased by an
order of magnituderjg. 2.9) In contrast, N concentrations itreased linearly and by
a factor of 4 as @declined from normoxic to hypoxic conditions from April to June;
however, from July to August, NfHdeclined to April levelsKig. 2.9)

Larger hypoxic volumes generally lead to higher nutrient recycht®yNL™* and
PP PLY) in June throughout most of Chesapeake Bé§.NL'andPP PL* were
significantly correlated with the associated regional volume of hypoxia in Regii Il (
NL™, PP PY and I (NP NL™) for the month of June (Tab®4, Fig. 2.10) NP NL™
andPP PL!in Region IV were also significantly correlatee.65 and 0.57,
respectivelyp<0.01) to upper Bay hypoxic volume (Region 1V) in June. The day of year
that hypoxia initiated in Region Il was also significantly correlated WithNL* andPP
PL™ in that region (=0.44, 0.62, respectivelp<0.05). Baywide, correlations between

NP NL*, PP PL! and hypoxia indices were weak during July and August (T2a)e
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Discussion

The discoveryofatwd ol d i ncrease in theeridyos
winter-spring Susquehanna River TN loading after 138&gy et al., 2004has
generated considerable analysis and speculations as to controlling f&toilar. shifts
in the relationsip between nutrient loading and hypoxia have been reported for other
coastal ecosystems, where these ecosystems also appeared to be more susceptible to
hypoxia at a given nutrient log@onley et al., 2009a; Turner et al., 8QCAlthough the
ability to analyze such phenomena over large time and space scales is ofteniata
the availability of longterm observational data throughout the mainstem of Chesapeake
Bay provided an opportunity to investigate such physdialbgicalchemical
interactions.

Hypoxiaenhanced nutrient recycling represents a positive feedback that could
reinforce hypoxia via several biogeochemical interactions. Specifically, nitrogen and
phosphorus entering the Bay each spring and summer arelassiy phytoplankton to
form particulate organic forms of nitrogen (PON) and phosphorus (POP). These
particulate nutrients ultimately sink to be decomposed in bettater and sediments via
hydrolysis reactions involving a sequence of available terreleatron acceptors
(Middelburg and Levin, 2009NH," and PQ* generated by this decomposition and
released to interstitial sediment and overlying water are potentially cycled by sexeral O
sensitive biological and chemical proces@dsCarthy et al., 2008; Middelburg and
Levin, 2009; Sundby et al., 1992yhereby reduced bottemater Q can increase (via
various mechanisms) the accumulation of both,N#thd PQ* in bottomwater pools

(Conley etal., 2002; Ingall and Jahnke, 1994; Kemp et al., 19@0ddition to direct
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effects on biogeochemical processes,-lOwcan indirectly elevate N and P recycling by
imparting physiological stress or mortality on many benthic invertebrate macrofauna
(Levin et al., 2009)which otherwise ventilate the sediments with(\Welsh, 2003)
Macrofauna ventilation delivers,@ sediments to stimulate coupled nitrification
denitrification(Pelegri and Blddurn, 1995)restrictpreferential phosphorus
remineralization under lov@, (Jilbert et al., 2011)and reard the dissolution of oxidized
Fe and Mn complexes that promote burial or immobilization of rsetdled PQ" rather
than release to overlying watéMiddelburg and Levin, 2009hcreased Nif and PQ*
availability then has the potential to fuel increased suiager phybplankton growth
and associated organic matter deposition, beti@ter Q consumption, and hypoxia.
Measurements of sedimewater NH," and PQ* fluxes in seasonaliypoxic
and anoxic regions of Chesapeake Bay reveal relationships between éogd €vated
nutrient recycling. Specifically, as,@eclines in overlying water, rates of sediment
release of Ni and PQ” increase, but the nature of the relationship differs for N and P
(Fig. 2.5) This difference in the two relationships results from dé#fife biogeochemical
controls. Gradual declines i,@nd increases in sulfide restrict nitrificatiQloye and
Hollibaugh, 1995; Kemp et al., 1998nd favor dissimilatory nitratreduction to
ammonium, DNRAMcCarthy et al., 2008)The presence of sulfide, in combination with
low NOs" and NQ" availability, reduces the potential for denitrification and anammox
(Eyre and Ferguson, 2009; Jensen et al., 2008; Rich et al., 2@@8hcert, these various
effects lead to increased NHelease to overlying water. In coast, PQ* remineralized
under normoxic conditions is bound to insoluble oxides and hydroxides of Fe and Mn

(Froelich, 1988and retained in sediments until a k& concentration threshold is
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crossed (@<50 mmol L §, thereby reducing Fe(lll) and Mn(IV) to soluble states and
releasing the accumulated BQo interstitial and overlying watéBundby et al., 1992)
Additionally, the development of hypoxic aadoxic conditions leads enhanced
phosphorus remineralization from organic matter, without an associated affect on
nitrogen(Jilbert et al., 2011Elevated sulfide accumulations agr@ars anoxic levels
further promote rapid efflux of P® (Caraco etl., 1989) Significant correlations
between summer sedimemater fluxes and watesolumn NH," and PQ* concentrations
(data not shown) suggest that such high sediwater fluxes under low £cause
elevated watecolumn nutrient levels.

Patterns obottomwater nutrient pools and @evels are also spatially linked. As
evident in isopleths of mean (198607) distributions of P§J, NH,", and Q along the
Baybs centr al &ib. 2.6) battomweter NH mrgd PQ*u n e (
accumulations are fosed in the northern portion of (2280 km) the hypoxic region,
where Q depletion is most intense. The focusing of nutrients and hypoxia in this time
and place is readily explained. A large fraction of the organic matter produced during
spring is depositd hergMalone et al., 1988Yyesulting in decomposition, nutrient
cycling, and Qdepletion. In addition, stratification tends to be strongedune(Murphy
et al., 2011)leading to restricted eplenishment and nutrient dilution in bottamaters
(Fig. 2.6) Landward, bottortayer transport of @into this regionPritchard, 1967is
also limited by low @ concentrations in seaward source water. Thus, a combination of
physical, ecological, and biogeochemical processes creates an epicenterfhfedced
nutrient cycling in the uppeniddle Bay. As bottonwater hypoxia spreads seaward

during summer, Nk and PQ* pools increase in those regioffiég 2.8)
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Seasonal and regional patternd\id;" and PQ* accumulation differ markedly in
their relationship to @depletion patterns. Although Judaly NH;" and PQ*
concentrations were highest in the rFidy (200 km), PG continues to increase
through August, while N declines (Figs. 7, 8). This is due to a delay inPr@lease
from sedimerd that has been well described, as ions retained in sediments under oxidized
conditions via sorption to Fe and Mn oxyhydroxides are subsequently released in large
guantities with the onset of anoxia during July and Au@Rsed et al., 2011 he reason
for declining NH" concentrations during July and August is less clear. One explanation
for this pattern is that deposition ratdshigh-quality organic matter in July and August
are lower than in spring, which is consistent with the transition from largesifésbg
winter-spring diatoradominated communities to smaller, sloveiyking, flagellated
phytoplankton in summéMarshall and Nesius, 1996\ lternatively, higher water
column nutrient recycling raté&libert, 1982)and a larger contribution of zooplankton
fecal material to particle sinking fluxes in summer, may lead to the deposition of
relatively nutrierdpoor material duringhis time. Regardless of the explanation, this
seasonal asynchrony in N and P cycling contributes to #lmibéd conditions for
phytoplankton production in the mesohaline Bay during late spring and suFistesr
et al., 1999)

Changes in vertical profiles of NHand PQ* under increasingly hpoxic
conditions highlight the potential enhancement of nutrient availability insweéace
waters. For example, in comparing two adjacent years with large differences in
freshwater flow and nutrient load, and consequently, volume of hypoxic water @L.998=

km?® 1999=2.6 k), it is apparent that in 1998, the increased pycnocline strength and
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height in the water column allowed for a sharper decline;iard a shallower depth of
hypoxia than in 1999Fg. 2.7) Moreover, NH" and PQ® concentrations wergenerally
higher at a given depth below the pycnocline, especially Nithere concentrations in
excess of 1@mol L™ *were present above 10 m. Converting Secchi Degth (z
measurements from this station (CB4table 2.} of 2.05 m for July 1998 to arsttmate
of kg (k¢=1.5/z4), the 1% light depth would be 6.3 m. Thus higH,;" water penetrated
into or just beneath surface waters where phytoplankton actively grow during a high
hypoxia year; in contrast, high NHwater did not overlap with the 1% ligtiepthin
1999(Fig. 2.7) Given such elevated nitrogen concentrations at depths above the
pycnocline and within the euphotic zone, surflger phytoplankton production is likely
to be stimulatedFisher et al., 1999)

Although this discussion has thus far demonstrated temporal/spatial synchrony of
hypoxia and NH" and PQ* pools and recycling fluxes, the hypothesized feedback effect
of low-O, conditions on nutrient cycling also suggests that the relative portion of nutrient
inputs that are recycled would increase with hypoxia. A straightforwsrdft€, effects
on nutrient recycling enhancement is to compute boti@ier accumulations of NA
and PQ* (in June, July, and August) per unit TN and TP load in wisipeing. This
metric, NP NL*andPP PL?, respectively, is needed to remove covar@affects, as
high nutrient loads will also tend to increase nutrient concentrations and associated
phytoplankton production, sinking, and @epletion(Malone et al., 1988Elevated rates
of TN and TP loading are associated with high river flow, which also increases
stratification strength and reduces®plenishment to bottoiwaters(Murphy etal.,

2011) On decadal timscalesNP NL"in June was higher on average after 1985
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throughout the Bay and significantly higher in landward regions Z2g 2.3; Table

2.3). Thus, expanded hypoxic volumes were related to elevatgadelimulation ove
this 50year period. AlthoughNP NL™* was also higher in the pe$885 period in July

and August, indicating that hypoxia can lead to elevated nutrient recycling throughout
summer, these increases were not significant (T2B)e

Because temporal gapsthe historical dataseFig. 2.3)limit further quantitative
analysis and historical TP loading estimates do not exist, we focused further analysis on
recent years (1988007) for which there were consistent and extensive data fgr, PO
NH,", and Q concentrationsSignificant correlations between hypoxic volume and both
NP NL* andPP PL* during June in Regions-lll indicate that a larger fraction of spring
nutrient loads are recycled from sediments and accumulate in botten when @
depletion § more severd~g. 2.10) Other potential causative variables (nutrient load,
stratification, algal biomass) showed no relationships to the elevated nutrient availability,
thus leading to a conclusion that hypoxia was the principal causative factor.

Thus there appears to be a positive feedback, whereby increased hypoxia
generates larger summer nutrient pools, which could fuel higher summer algal growth
and subsequent sinking and deposition that sustains more hypoxia for a longer duration.
This feedback ppears, however, to be spatially dependent. The fact that the strongest
relationships between hypoxic volume and eitdierNL™ or PP PL* were for June data
in the uppemmiddle Bay (for both the recent and historical data sets) is likely related to
severafactors. First, June is a time when the annual spring diatom bloom, which is
commonly deposited in this regigHagyet al., 2005)is being rapidly metabolized

(Cowan and Boynton, 1996hereby releasing large amounts of Xlend PQ* from
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organic material. Secondly, stratification is at its seasaai during June, and this
reduces vertical mixing that may otherwise replenigla@ deplete bottorwater
nutrients(Murphy et al., 2011)Third, hypoxic conditions first develop in the upper
regions of he Bay (>175 km) in the central, deep chankal.(2.6) thus exposing these
sediments to hypoxic conditions for a longer period compared to other regions. This latter
point is supported by a positive correlation between the date of hypoxia initiation and
bothNP NL* andPP PL!in the uppemiddle Bay regions (I¥V), where hypoxia
developed earlier wheP NL'* andPP PL* were higherSuch relationships are weaker
in other Bay regions for various reasons. For example, the most landward regions are
often vertically wellmixed (Table 2.} and algal growth is ligHimited in spring(Fisher
et al., 1999)Similarly, lower Bay regionkave relatively shallow depths (F@1, Table
2.1) and low organic matter depositi@Hagy et al., 2005)

An implicit assumption of the proposed feedback effect is thaf Mitl PQ*
can be transported vertically to surface waters to stimulate phytoplankton growth without
an assoaited downward transport of,@ relieve hypoxia. The dominant vertical
transport processes in the thayer circulation of Chesapeake B@ritchard, 1967are
upward vertical advection and upward or downward turbulent mixing, the latter of which
depends on solute concentration gradients. Although vertical mixing in summer would
generate both upward transport of Nidnd downward transport of,(the relatiely
strong summer stratificati on(Saully,20lBa¢ me s oha
suggests that vertical advection would be more important in transporting both nutrients

and Q into the surface layer and would thus fail to alleviate hypoxia.

a7



Computations made with a shialance model in this region over summers of
1986:2006(Hagy, 2002)suggest that upward advective salt fluxes were 1.5 to 20 times
higher than notadvective fluxes (i.e., turbulent mixing). Similar analysis for a Bay
tributary revealed that upward transport of Hom bottom to surfacelayer is an
important nutrient source to surface water phytoplankton during sufiiesa et al.,

2008) Additionally, verticallymigrating dinoflagellates, which can acquirgnents at

or below the pycnocline during night and move to illuminated surface water during the
day(Tyler and Seliger, 1981)epresent a potentially important upward flux of nutrients
in summer. Thus, substantighward transport of nutrients into surfas@aters could

occur without increasing bottomater Q via several mechanisms.

The seasonal timing of hypoxenhanced bottorwater nutrient accumulation
matches the time of year which has experienced the mostinapgése in hypoxic
volumes over the last half century. Previous analyses of hypoxic volumes in Chesapeake
Bay indicated that volumes of hypoxic water in June have increased more thihdtwo
over the last 6 decades (198007), while hypoxic volumes ilate July and August have
shown declines in the last 25 ye@#urphy et al., 2011)Thus, the abrupt increase in
mean summer hypoxia per unit TN lod&dg. 2.2)reflects the large increases in hypoxia
during June. Early summer increases in hypoxia match seasonally with concurrent long
term increases iNP NL* and provide evidence for the largeale enhancement of
nutrient recycling associated with increased hypoxia. Although, this increase in hypoxia
been linked with increases in stratificatigMurphy et al., 2011and shifts of summer

wind fields(Scully, 2010a)our analysis suggesthat enhanced Nffand PQ*
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availability under elevated hypoxic volumes could also have supported an increase in
hypoxia per unit TN load.

Although similar largescale enhancements of nutrient accumulation and
availability in response tlow O, condiionshave been reported in the literat(kéeier et
al., 2011; Mort et al., 2010; Van Cappellen and Ingall, 1L994) present study
demonstratethe regional importance of these feedbacks over longer time periods.
Considering the potential importance of such feedbacks in relation to coastal
eutrophicatior{Conley et al., 2002; Eiola et al., 2008pmparable studies in other
systems would furthemproveunderstandingf the linkages between nutrient cycling
and Q depletion.In cases where such links have been made, hyjoctieced shiftsn
PO,> and inorganic N availability have reportedly also altered the competitive balance
among phytoplankton speci@gahtera et al., 2007 hus, feedbacks between hypexia
induced nutrient recycling and phytoplankton growiily be more complex than posited

here.
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Table2.1: Monitoring station details in the modern (198807) Chesapeake Bay ProgrMaryland Department of Natural
Resources datase®eeFig. 2.2 for map with station locations within Chesapeake Bay. Surféiogtyses 19852007 mean and

hypoxia metrics over 1988007.

TG

Station Latitude Longitude Total Surface Hypoxia presentRegion  Pycnocline Distance from
depth (m) salinity (19852007) depth(m) Atlantic (km)

CB2.1 39.440 -76.025 6 0.48 no I 259300
CB2.2 39.347 -76.175 10 2.25 yes I 259300
CB3.1 39.248 -76.238 10 4.49 yes Il 5 241-259
CB3.2 39.163 -76.306 10 6.54 yes Il 5 241-259
CB3.3C 38.996 -76.359 26 9.13 yes 1] 7 222-241
CB4.1C 38.826 -76.399 33 10.77 yes v 12 185222
CB4.2C 38.646 -76.421 28 11.82 yes v 12 185222
CB4.3C 38.555 -76.428 28 12.15 yes Vv 12 139185
CB4.4 38.415 -76.346 32 12.90 yes Y 12 139185
CB5.1 38.319 -76.292 36 13.55 yes Vv 12 139185
CB5.2 38.137 -76.228 33 14.08 yes VI 12 93-139
CB5.3 37.910 -76171 29 14.38 yes VI 12 93-139
CB5.4 37.800 -76.175 34 16.46 yes VI 12 93-139
CB5.5 37.692 -76.189 21 16.71 yes Vil 8 46-93
CB6.1 37.589 -76.162 13 17.55 yes Vil 8 46-93
CB6.2 37.487 -76.156 14 18.06 yes Vil 8 46-93
CB6.3 37.412 -76.159 16 18.61 yes Vi 8 46-93
CB6.4 37.237 -76.208 13 19.82 yes Vi 6 1846
CB7.3 37.117 -76.125 12 21.88 no IX 7 0-18
CB7.4 36.996 -76.020 13 25.21 no IX 7 0-18
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Table2.2: Sources of historical NAdata used in this analysis. Included are the analytical methods usedtiocdataset, as well as

sample frequencies and dates of cover&gereference list for full citations of data reports.

Years No. of samples Source

Website for data and metadata

19641979 1710

19691973 1237

19681980 1293

19681980 10,073

19771978 380
1979 308
1980 1462

19852007 155,120

Chesapeake Bay Institutatabank
compilation ofcruisedata, 19491982

Historicalreview ofwaterquality
andclimatic data from Cheapeake

http://archive.chesapeakebay.net/data/historicaldb/nutr_cbi_databaakattn
ftp://ftp.chesapeakebay.net/Historical/Nutrient/cbpbay sum.txt

http://archive.chesapeakebay.net/data/historicaldb/nutr_hist -#&486m
ftp://ftp.chesapeakebay.net/Historical/Nutrient/cbpwils_sum.txt

Baywith an emphasis on enrichment,

19361974
Waterquality andnutrientdata from

http://archive.chesapeakebay.net/data/historicaldb/nutr_steBatGém

Upper Bay and Maryland Tributaries ftp://ftp.chesapeakebay.net/Historical/Nutrient/cbpstor2_sum.txt
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Table2.3: Mean NH* pools (18 kg) in bottomwaters (+SE) in 4 regions of Chesapeake Bigjifeated by km from Atlantic
Ocean) where data were available befdfe{) and afterd=22) 1985 in the months of June, July, and Augusalues for

means comparisonstests) are included. Significant differences in meanN¥pools indicated bydid text.

€g

Region Period June July August

200250 km 19651980 284.6 (51.]) 382.1 (59.5) 237.3 (51.4)
19852007 430.3 @0.9) 451.0 (30.2) 373.4 (32.6)
p-value 0.04 0.275 0.058

150200 km 19651980 329.1 (63.5) 399.9 (55.8) 259.7 (67.7)
19852007 431.3(30.5) 416.6 (62.1) 318.5 (31.5)
p-value 0.119 0.788 0.412

100200 km 19651980 699.5 (142.5) 797.3 (107.7) 539.5 (151.1)
19852007 792.9 (59.9) 761.2 (59.5) 602.7 (59.0)
p-value 0.482 0.750 0.651

75250 km 19651980 1190.5 (229.8) 1385.6 (187.5) 931.4 (245.5)
19852007 1382.5(86.8) 1385.8 (94.85) 1146.7 (100.5)

p-value

0.340

0.998

0.361



Table2.4: Regression statistics, p-value) for Type 1 linear models of hypoxic volume atid NL* andPP PL* by region in

Chesapeake Bay for years 198307 (=23). Regions Il and Il are correlated with the hypoxic volume in the region north of 225 km
from the Atlantic Ocean, Regions IV aNdare correlated with the hypoxic volume in the region between 150 and 225 km, and Regions
VI and VIl are correlated with the hypoxic volume less than 150 km from the Atlantic Ocean. Bold numbers indicate significant

correlations [§<0.05).

14°]

Region June N July N Aug. N June P July P Aug. P

Il 0.70(0.0002) 0.22 (0.3) -0.01 (0.9% 0.33 (0.2) -0.26 (023)  -0.29(0.18)
I 0.75(<0.001) 0.06 (0.B) -0.11 (0.63 0.61(0.002) -0.13(054) -0.23(0.D)
v 0.17 (042) 0.05 (082) -0.33 (0.2) 0.35(0.107) 0.05(0.8) -0.46 (0.8)
\Y 0.25 (0.3B) 0.08 (0.73 -0.24 (0.2 0.23(029) 0.07 (0.94) -0.47 (0.02
VI 0.27 (033 0.35(0.1) -0.25 (0.2% 0.22 (042) -0.16 (0.#4) -0.19(0.38
Vi 0.44 (0.1) 0.35 (012) -0.08 (0.71) -0.003 (099) -0.18 (042 -0.12 (0.®)



Figure Legends

Figure2.1: (A) Map of Chesapeake Bay with bathymetry included. Circles indicate the
location of monitoring stations, boxes indicate locations of sedimatgr flux
measurements and regiondX) where nutri@t mass calculations were made are
included. (B) Longitudinal and vertical distribution of sampling locations for
measurements {2 month’) of NH," and PQ™ in the Chesapeake Bay Water Quality
Monitoring Program from 1985 to present. Distributions e&dived @, salinity, and
temperature measurements were similar, but vertical profiles were sampleddspth

intervals.

Figure2.2: Time series of hypoxic (862.5/mol L) water volume per unit winter
spring Susquehanna River TN load (January tolAjpom 1950 to 2007 and (inset)
correlations between TN load and hypoxic water volume in two periods-{19%5H)
open circles) and (1988007, closed circles). Hypoxic volume and TN loads were

calculated as described in Methods.
Figure2.3: Time serie®f NH,'-N pools per unit wintespring Susquehanna River TN

load (January to April) from 1960 to 2007. Inset shows relationship between TN load and

NH,"-N pools in two periods (1965980, open circles) and (198807, closed circles).
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Figure2.4: Comprisons of computed Nf+N pools calculated for the years 198807

using data from the full sampling density vs. that using data frorsaupling the full

data set in ways that are consistent with sampling in 8 available years prior to 1985. Each
figureincludes crosplots of computed NIH-N pools at both data densities for the

regions of Chesapeake Bay betweef238 km from the Atlantic Ocean for (A) June,

(B) July, and (C) August. Dotted lines represent equivalence in the two computations.

Figure2.5: Relationships between measured botteater Q concentrations and
sedimeniwater fluxes of (A) NH" and (B) PQ* at two stations in mainstem Chesapeake
Bay (seeFigure 1): Point No Point (38.14 N;6.23 W) and F64 (38.56 N;76.43 W).

Unpublished da are from W. R. Boynton and E. Bailey.

Figure2.6: Interpolated longitudinal and vertical distributions of mean (A)NEB)

PO, and (C) dissolved £n June 1982007 along the axis of Chesapeake Bay.

Figure2.7: Vertical profiles of(A) dissolvedO,, (B) salinity, (C) PO,>, and(D) NH," in
July of 1998 and 1999. The depth of the maximum Bxsala frequency, which is
defined as the pycnocline depth, is indicatec gtted line for botlyears Dataare
from station CB4.3CTable 2.1 38.56 N,-76.43W, Region V). Grey shaded asasethe

photicdepth (light >%6 of surface irradiance) computed from Secchi depduly 1998.

Figure2.8: Longitudinal distributions of mean (+SE) values of (A),PdB) NH,", and
(C) & in subpycnocline waterri Chesapeake Bay. Data were averaged over the 1985

2007 period for April, June, and August.
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Figure2.9: Relationships for supycnocline concentrations of (A) NHand (B) PQ*
vs. dissolved @in the middle regior§38.5 N,-76.5 W) of Chesapeake Bay, Wwitlata

labeled separately for the 5 months (Agxugust).
Figure2.10: Correlations between both (BRP PL* and (B)NP NL* and hypoxic

volume during June in mesohaline Chesapeake Bay (Region 1ll, 38:76.MW). Data

are monthly means for each yémtween 1985 and 2007. Mg = megagranf ()0
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Fig 2.2
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Fig 2.3
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Fig 24
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Fig 25
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Fig 2.8
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Fig 2.9
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Fig 2.10
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CHAPTER 3: SPATIAL AND TEMPORALPATTERNS IN WINTERSPRING
OXYGEN DEPLETION INCHESAPEAKE BAY BOTTOM WATERS
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Abstract

Although seasonal hypoxia is a wetudiedphenomenon in many coastal
systems, most previous studies have focused on variability and controls-oryigen
water masses during summer when hypoxia is most extensive. Surprisingly little attention
has been given to investigations of what controlgithelopment of hypoxic water in the
months leading up to seasonal maxima. Thus, we investigated aspects cEprimigr
oxygen depletion using a 3&ar timeseries (198%2009) by computing rates of water
column Q depletion and the dates of hypoxia orfeetbottomwaters of Chesapeake
Bay. On average, hypoxia §& 62.5nM) initiated in the northernmost region of the
deep, central channel in early May and extended southward over ensuing months;
however, the date of hypoxia onset varied by > 50 daysl(®&poi May 31 in the upper
Bay). Watercolumn Q depletion rates were consistently highest in the upper Bay, and
elevated Susquehanna River flow resulted in more rapdef@letion and earlier hypoxia
onset. Wintetspring chlorophyHa concentration in thbottom water was the primary
driver of interannual variability in hypoxia onset dates and watdumn Q depletion
rates in the upper and middle Bay, while stratification strength was a more important
driver in the lower Bay. Hypoxia initiated earlier2012 (April 6) than recorded
previously, which may be related to extraordinary climatic conditions in the véptarg
of 2012 and the carrgver of large organic matter loads associated with a tropical storm
in September 2011. Early summer hypoxic vwadis were significantly correlated to
winter-spring Q-depletion rates and hypoxia onset, but were poorly correlated to mid

summer hypoxic volumes, suggesting that climatic fluctuations and organic matter
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production during late spring and summer are algmimant in controlling incipient
summer hypoxia.
Introduction

Seasonal epletion of dissolved oxygen f0from coastal waters is a widespread
phenomenon that appears to be growing glol{@llgz and Rosenberg, 2008; Rabalais
and Gilbert, 2009)Although there is mounting evidence that eutrophication (i.e.,
anthropogenic nutrient and organic enrichment of aquatic ecosystems) is contributing to
the expansion of occurrence, I ntLBE5 ty,
mM, 2 mg I, 30% saturation) conditions in coastal waters worldiiez and
Rosenberg, 2008; Kemp et al., 200&)ort and longterm patterns and trends in climatic
forcing also exert control over,@n bottom watergJustic et al., 2005; Scully, 2010b;
Wilson et al., 2008)Considering the potential impacts of hypoxia on growth and
mortality of many marine fish and invertebraf¢aquerSunyer and Duarte, 2008)
predatofprey interactions and food web structug@scker et al., 2004; Nestlerode and
Diaz, 1998) and biogeochemical proces¢€®nley et al., 2002; Kemp et al., 1990; Testa
and Kemp, 2012)}his phenomenon has received increasing attention in recent decades.

It is well known that @concentrations are gradually depleted from deeper waters
of Chesapeake Bay from late winter ustimmer, resulting in the hypoxic and anoxic
conditions that to characterize the estuary from mid-Bemembe(Hagy et al., 2004)
O, concentrations usually reach their seasonal peak in JaRabryary, when solubility
is high, vertical mixing strong, and,©@onsuming processes are temperaluméeed (Taft
et al., 1980)Beginning inFebruary andlarch, Q concentrations in deeper water (> 10

m) tend to followa neaslinear decline until Junatrates of 0.94to 4.69mmol m3d*
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(Boynton and Kemp, 2000%uch rapid @declines lead to the onset of hypoxic
conditions as early as April and anoxia in June reainéad of the hypoxic zor 8N,
76.3W). As the summer progresses, hypoxic conditions expand southward, beyond the
Potomac River by May and aboveaverage years, the Rappahannock River by July.

Earlier studies suggested that tate of spring @decline and thenset of
hypoxicconditions arénighly variable from year to yeéBoynton and Kemp, 2000;

Hagy et al., 2004)t has been suggest#tat sich high interannual variability in the
seasonatievelopment of @depletedbottomwaters is driven by a suite of biological and
physical variables, including the magnitude of the spring diatom bloom, volume of
winter-spring river flow, spring tempature, wind conditions, and associated vertical and
horizontal Q transport{Boynton and Kemp, 2000; Hagy et al., 2004; Officer et al., 1984,
Scully, 2010b) The response of Qlepletion to external forcing mayowever, be highly
nontlinear. For example, elevated wintgoring river flow should favor £depletion by
increasing vertical stratification and reducing vertical diffugi®oicourt, 1992) while
elevating phytoplankton bioma@dgalone et al., 1988Elevated flow, however, will also
enhance ladward, longitudinal @transporiKemp et al., 1992; Kuo et al., 1991)

pushing the location of the spg bloom seawar(Hagy et al., 2005)

Despite the high variability and importance of the initialization of hypoxia
spring, nostof thehypoxiaresearch in Chesapeake Bay has focused on the summer
(JuneAugust) period when the volume of hypoxia is at its seasonal(pteafy et al.,

2004; Murphy et al., 2011; Scavia et al., @D0n part, thissummer focus is due to the
availability of historical Q datafrom 19501980(Hagy et al., 2004andan emphasisn

summerof hypoxiaeffectson living resourceéBreitburg, 2002)Consequentlythe
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spatial and temporal patterns in the development of hypoxia during spring and the
processes that control these patterns are poorly undersitimaligh previous studies
addressed questions thre magnitude and controls on springd@pletion rate¢Boynton
and Kemp, 2000; Hagy et al., 2004; Taft et al., 198@nprehensivanalyses of spatial
and temporal pattenrs have been heretofore lacking. Similarly, very few studies exist
addressing hypoxia seasonalityother coastal systenjRabalais and Turner, 2006)

The goal of this paper was to utilize a large and spatially/tempoesblved
dataset for
O, concentrations(and other key variable®) understanthe dynamics o$easonal
hypoxia development in Chesapeake Bay. We used concentratiesdiias alonghe
Bay axis to compute rates of watsrlumn Q uptake, the datef hypoxia initiation, and
the volune of hypoxiaRegional and seasonal variations in these processes were also
examined. Variations in these rates and dates were related to a suite of physical and
biological variables and to summer hypoxia extent, providing a basis for understanding
key corirols over space and time.
Methods

Vertical Profiles of Concentrations

Vertical profiles of @, water temperature, salinity, and chloropta/ivere
obtained from the Chesapeake Bay Program Water Quality database for t##200985

period fittp://www.chesapeakebay.net/data_waterquality Jasyth profiles collected at

20 stations | ocated al on@gl Table8l)est uar yos
Measurements dD,, temperature, and salinityere generallynadeat 1-m depth

intervals, while measurements of chloropke/livere made at-8 depths for each station
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(2-10 m intervals). Profiles wegenerallysampled monthly between of NovemIagad
March and bimonthly between ApriandOctober.
Climatic Data

We compiled several climatic datasets to characterize the major external controls
on G, dynamics. Daily Susquehanna River flow into the Chesapeake Bay was
downloaded from the USGS Chesapeake Bay River Input Monitoring Program website

for the years 1985 to 200%(tp://va.water.usgs.gov/chesbay/RIMRNVind direction and

speed data were collected from the Naval Air StatfAS) near the mouth of the
Patuxent River in Maryland. The NAS widdta are used because they provide the most
centrally located wind observations over the main stem of the bay. The wind direction
was calculated from the hourly north and east wind components after the data are filtered
with a 36hour lowpass filter. Icomputing average wind speeds, only those records
where wind blew with a speed greater than 2'mgind directions were categorized into
8 compass directions.
Stratification

We computed pycnocline depth for each region as the vertical position in the
water column (depth in nE) where the square of the BreMéisala frequencyN?) was at
its maximum valu¢Pond and Pickard, 1983hd that value was used as an index of

pycnocline strength, where

|\|2‘(z)=$ié’uﬁZ

andg = gravitational constant, 9.81 M, s , isithe water density at depth (kg®mand

B i the density gradient at depth z, which was calculated using widdow around

Uz
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z. Density was computg@ofonoff, 1985)rom profiles of temperature and salinity data
at I-m depth intervals using the Chesapeake Bay Program Water Quality database.
Interpolations

We interpolated spatial distributions fog,vater temperature, salinity, and
chlorophylta concentrations to aR lengthdepth grid using ordinary krigingViurphy
et al., 2010; Murphy et al., 201The statistical package (R Development Car Team,
2009)with the geoR packag®ibeiro and Diggle, 2009¥as used for all interpolations,
as described ifMurphy et al., 2011)The resulting 2D distributions were assumed to be
constant laterally at a given depth and organized to correspond to tabulated cross
sectional volumegCronin and Pritchard, 1975)
For O, interpolated concentration data were multiplied by the esestonal volumes to
computefihypoxic volumesg for all available profile sets in the years 19859 by
summing the volume of all cells with an» Goncentration < 62.6M.

O, Depletion metrics

The first day of the year where bottom watercOncentrations fall belo®2.5
nmM provides the most straightforward index of the tendency for hypoxia to occur in a
given year. This date was calculated by (1) averagatgpmwaterO, concentrations for
each sampling date, (2) interpolating temporally through time to extrapolate fortnightly
and monthly data to a daily concentration using stpapserving piecewise cubic
interpolations (where interpolation is monotonic when datgnonotonic and no
artificial maxima or minima are generated), and (3) calculating the day where
interpolated @concentrations fall below2.5mM (Fig. 3.2) Hypoxia onset dates were

calculated for each station in each year from 1985 to 2009.
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The second calculation from the €ncentrations was the calculated slope of a
lineartemporaldecline in Q concentratior{non-interpolated) between Mdrand May
for each year between 1985 and 20Because each station has its own unique depth,
bottomwaterO, wasselected from the deepest depth sampted each year and station,
a linear regression model was fit to the Makdhy time-series of averaged,
concentrationsersus timeand the slopgascalculated [Fig. 3.2) This slope estimate
represents a dailyQlepletion rateandit reflects the effects on f variousbiological,
physical, and chemical mechanisi¢ée made the same computations iametseries of
O, deficit (OzsaturaiionO20bserved 10 €Xamine the impacts of changes in solubility (driven
primarily by temperature) on our depletion rates (data not shown); these slopes were
highly correlated with the slopes from the observations (r )0Fr a fewyears, the @
time-series from March to Mayasnot linear, andhese ofterincludeshortterm
increases in concentrati¢e.g.,Fig. 3.4) wherethese situationsccurred, only
observations made durirtige monotonic decrease were includtethe slope calculation
Correlation coefficients {values) for the linear model fits to observed concentrations
exceeded 0.90 at all stations/sites.

Statistical Analysis

We investigated the potential for multiple interacting controlthemlate of
hypoxia onset (hereafter DH@ndthe rate 0fO,-depletion(hereafter RODusingsimple
linear regression andultiple linear regression models (SASv9.2, PROC REG). The
independent variables used to construct the models incindadJanuary to May
Susquehannait®er flow, MarchMay wind speed and directiodanuary to April bottom

waterchlorophyll-a, March to May water temperature, aivgril and May pycnocline
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strength (M) and vertical position (depth of maximund)NThreemultiple linear
regressiorapproachesvere used, including selection of all predictor sets, forward

selection, and backward selection. Selection of optimal models was based on maximizing
the adjusted®rof t he model and minimizing the Mal/l
criterion. We testetbr normality of residuals using Shapivédi | KWansl box and

normal probability plots. Multicollinearity of predictor variables was examined via

variance inflation, condition indexes and eigenvalues of predictor variables.

Results

Spatialand temporapdterns in Q

Bottomwater dissolved @varies seasonglin Chesapeake Bay, with maximum
valuesin February and minimum concentrations typically occurring between May and
July (Fig. 3.3) In most summersnoxic concentrationsccurin upper and middle Bay
stations (CB3.3C to CB5.2)vhile hypoxic or neahypoxic concentrationsccurin the
lower Bay but anoxia is raréFig. 3.3) Time-series of bottorwater Q atthe northern
and southern ends of the hypoxic zone statibunsrateconsistent seasonaltperns with
moderatanter-annual variability in @minima and episodic £eplenishment during
summer in some yearBif. 3.3)

Data used in this analysis, which are based on routine measuremedts/aek
intervals, are likely to miss some shtetmdynamics in Q@ concentrations. Although
similar data were not available for the mainstem Bay where we focused our study,
continuous dissolved measurementsampling at 15ninute intervalsvere made
from a fixed buoydeployedadjacent to theoutinemontoring stationin the lower

Patuxent estuaryE1.2) during springof 2004(Fig. 3.1 & 3.4; Alliance for Coastal
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Technologieshttp://www.actus.info). Rates oROD andDHO calculated from these
two datasets over the April to May period are similar,deweral multiday periods of
high variability in Q occurredbetween the fortnightly samplesimilar to those useor
the majority of calculations in thetudy(Fig. 3.4).

The 25year(19852009)monthly mean (Marclduly) spatial patterns in dissolved
O, reveal the seasonal development of hypoxic water as well and the shifting locations of
low-O, water with depth and distance along the Bay &ig. 3.5) Parallel time/space
patterns in the variance around these mean conditions are also revéaliBgh|. O,
first begins to decline in bottomvater within the upper Bay between 200 and 300 km
from the Atlantic Ocean in MareApril (Fig. 3.5) From this location, ©further declines
through June and the le@, water massppears tonigrate seaward ovehne course of
spring,where it is generallyetained below 142 m depti{Fig. 3.5) The standard
deviationin O, aroundthese 25year meanalsoreveals both spatial and seasonal shifts
in O, variability. In March and April, @is most variable in the upp8ay where Qis
initially depleted and where vertical gradients inad@ncentration arstrong(Fig. 3.5) In
contrast, Qvariability is highest in the middle of the water column in May and June (in
the vicinity of the pycnocline) throughout most of ttlentral channel of the Bafig.
3.5). The standard deviation is extremely high near the pycnocline in June, where vertical
gradients in @Qareat seasonal peaks

Hypoxia onset and Qdepldion rates

Theestimated datef hypoxia onset was highly variabfrom year to year at a
given station, but the spatial pattern in hypoxia onset was consistent. For example, at

station CB3.3C near the Bay Bridge, the date thdeDbelow 62.5nmM ranged from
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April 14 to May 31 (46 days) between 1985 and 2009, bubxigpalways initiated at this
station before it arrived at other statioRgy( 3.6) Each year from 1988009, hypoxia
developed in the most landward bottom waters of the Bay (near CB3.3C), but in only half
of those 25 years did hypoxia develop as fatlsas the mouth of the Rappahannock
River (CB6.1). After initiating at station CB3.3C, hypoxia gradually developed at
seaward stations over the ensuing four months, reaching the Rappahannock River by late
June/early JulyHig. 3.6) Hypoxia initiated 1525 days earlier in the five years of highest
Susquehanna River flow relative to the five lowistv years Fig. 3.7) Although the
spatial pattern of hypoxia onset was relatively unchanged in gglus lowflow years,
differencesbetween high and low Sgsehanna River flows were greater north of the
Potomac River (Cb3.3C to CB5.2) than south (CB5.3 to CB4R;3.7) When hypoxia
onset dates were divided into two groups (five highest and five lowest Susquehanna
River flow years), onset date was sigrafitly earlier in the high flow years at stations
CB3.3GCB4.3C and CB5.3p(< 0.05, ManAWhitney U Test).

Overall interannuavariability in theROD was greater than that of hypoxia
initiation, but the spatial patterns and flow responses were similatédgihypoxia
onset was earlier in landward regions of the Baydé€bpletion rates were highdfig.
3.6). The watercolumn Q-depletion rates computed in this study were comparable t
those made in previous studies using a similar applioaChesapeakedy at select
locations(Table3.2). Median watecolumn Q-depletion rates were similar north of the
Potomac River (CB3.3C to CB5.2) but declined in seaward regiordeietion rates
were generally insensitive to Susquehanna River flow in the uppemiddpwer Bay

stations (CB3.3€CB4.1C, CB5.3CB6.4), but rates werggnificantlyelevatedby 30%)
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in high-flow years in middle Bay regions (CB4.ZCB5.2;Fig. 3.7) No significant
differences were detected between the means wheleizltion rates weredded into
two groups based on Susquehanna River flow Q.05, ManAWhitney U TestfFig. 3.7)

Winter-spring chlorophyHa concentrations explained more variability in hypoxia
onset and @depletion than other variables in upper and midHg regions (&ble3.3
& 3.4; Fig. 3.8) Although Susquehanna River flow during several wistging periods
was significantly correlated withHO andROD (Table3.3, 3.4), we sought explanatory
variables that were more specific to biological or physical processdsnBotter
chlorophylta concentrations averaged over the January to April period were significantly
correlated tdHO (r =-0.47 to-0.73 p< 0.05 CB4.1GCB5.2) and @-depletion rate (r
=-0.43 10-0.51, p< 0.05 CB4.2GCB5.2). In contrast, thBruntVaisala Frequency was
significantly correlated t®HO in only lower Bay station§ =-0.43 t0-0.781 p < 0.05
CB5.2CB5.4) and across several stations ferd@pletion rate (Tabld.4).

At a limited number of stations, multiple linear regressions resuitenproved
predictability of DHO and @depletion rates. For example, at station CB5.2, both
January to April bottorwater chlorophyHa and April to May meamrunt-Vaisala
Frequencymaximum value in the wat@olumn) were significant predictors of DHO
(Fig. 3.8) For the majority of stations, however, only a single predictor variable
explained a significant fraction of variability in the-@epletion metrics (Tablg.3, 3.4).
Variables representing mean wind speed, wind direction, water temperadure an
pycnocline depth were not statistically correlated to taterual variability in DHO or

ROD.
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One of the motivating questions in this effort was to understand the relationship
between wintespring Q depletion and summer hypoxic volume. That is, dbenset
and distribution of hypoxia in spring poetermineand thus predidhe summer
condition?We correlatedHO andROD to Baywide hypoxic volumes computed for
May, Juneand July Fig. 3.9) DHO and RODwerepoorly correlated to hypoxic volume
during the midsummer (July) period, but were significantly correlated to May, and to a
lesser extentp June hypoxic volumed={g. 3.9) DHO and RODat CB5.1 to CB5.4
were mosstronglycorrelated to May and June hypoxic volumes, wtiisemetrics
from upper and loweiBay stations correlated weakly with hypoxic volume.

In September of 2011, Tropic8lorm Lee resulteth extraordinarily high
Susquehanna River flow and suspended sediment loadinga&iessapeake Bay. The
peak Susquehanna flow followingdpical Storm Lee was ~20,00¢ s, which was the
largest flowsince Tropical Storm Agnes ilune1972(~32,000m® s). Flow resulting
from TS Lee was estimated to scour 3.6 XxKdof sediment from the lower
Susquehanna River reservoirs

(http://chesapeake.usgs.gov/featuresedimentscourconowingodeinaéring this and

other material to Chesapeake Bay. In the following wispgmg period of 2012, water
column Q concentratins were at recorlbw levels Fig. 3.10)and hypoxia initiated at
upper Bay stations earlier than ever recorded in available monitoring data. These O
patterns may have been affected by redogth bottomwater temperatures in the winter
spring of 2012Kig. 3.10) In addition, chlorophyth concentrationsHig. 3.10)and

stratification strength were also relatively high during the winter of 201P. For
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example, maximum fat CB4.1C was 0.015 and 0.01ia February and March,
respectively, which is ra& the longterm (19852009) maximum for these months.
Discussion

This analysis illustrates spatial and temporal pattefmgnter-spring oxygen
depletionovera 25year timeseries (198%2009)of monitoring data fron€Chesapeake
Bay. O, dynamics duringhis period have received little prior attention relative to those
during summer months. Clear spatial patterns in both dates of hypoxia onset (DHO) and
rates ofO, depletion(ROD) emerged from this analysis, despite substantial interannual
variability in these properties. Such high interannual variability was primarily driven by
bottomwaterchlorophylta concentration in the upper and middle Bay, while
stratification strength was a more important driver in the lower Bagcord early
initiation of hypoxa in the uppeBay in2012mayhave been caused bytraordinary
winter-springclimatic conditions and the cargver of large organic matter loads
associated with a tropical storm in September 201dicating the potential for proximal
and remote contrslon hypoxia initiationinterestingly, these metrics of spring O
depletion wergoorly correlated to midummer hypoxic volumesgjghlighting the
dynamic nature oD, in Chesapeake Bay.

Spatial and Temporal Patterns of @epletion

Although the patternfovinter-spring declinsin bottomwater dissolved ©were
generallyconsistent acrosstations along the entire longitudinal axis of Chesapeake Bay,
the rate of decline and minimum, Goncentration varied spatially. Such patterns are
well-described for tis system and reflect the combined effects of elevated temperature

and associated solubility declines, respiration of spring bigenerated algal material,
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and reduced ventilation caused by wirdpring river flows(Boynton and Kemp, 2000;
Hagy et al., 2004; Taft et al., 198@) striking regional pattern in Qlecline is the
consistent early developmeartoxiain the upper Bay stations, but only occasional and
shortlived hypoxiain the lower Bay station$=(g. 33). This results from the fact that
autochthonous and allocthonous organic material tends to accumulate in the upper and
middle Bay regions in sprinddagy et al., 2005; Zimmerman and Canuel, 20Tlh)s

also results from gravitational circulation tiianits oxygenation of upper and middle
Bay bottom water from overlying surface water via vertical mixing and lateral
advection/mixingMalone et al., 1986; Scully, 2010b) from the bwer Bay via
longitudinal advectioiKemp et al., 1992; Kuo et al., 199Thus, spatial patterns in
winterspring Q depletion are driven by a combination of biological and physical
processes.

Although these declines in@oncentration were apparently gradual when analyzing
monthly to fortnightly data, higher frequency measurements reveal that teiben
decline may be occasionally interrupted by brief events of both rapid depletion and
ventilation Eig. 3.4). Diurnal variability in these data suggest tidal effeEig.(3.4), but
day-to-day and weekly variability is driven by mixing events, wheresf@ample, @
increases near April 28 and May 4 are associated parallel sdi@uitgasesndicating
downward mixing of higkO, and lowsalinity water. Although it is likely that such
higher frequency variability also characterizes the ts@ees in thenain channel of
Chesapeake BayBoicourt, 1992; Breitburg, 1990as in other systenfRabalais et al.,
2007) limited data exist to sufficiently examine this variability. At this particular station

and sampling period, computations using the tifgquency data (DHO = May 21, ROD
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= 6.05 mmol ¥ d*) and fortnightly observations (DHO = May 22, ROD =5.24 mmbol m
% d!) are comparable, suggesting that fortnightly data reasonably reflect broad regional
and seasonal patterns of winggring Q declines.

Longerterm variability in the distribution of £reveals seasonalshifting controls
on G, consumption. During March and April in the upper region of Chesapeake Bay
where Q depletion first occurs, the standard deviation of the Z8¥® mean is highes
in deeper waterHig. 3.5) where accumulations of chlorophgicommonly develop
(data not shown) just seaward of the limit of salt intru¢®amford et al., 2001 his
region is also adjacent to the estuarine turbidity maximum, whgesicrmatter and
phytoplankton may be concentrafgee et al., 2012)in contrast, variability during May
and especially June is highest at rdepthin the middle region of Chesapeake Bay.
Such variability may be due to fluctuations in pycnocline location, which commonly
occurs around 10 m depdéimd is characterized by strong gradients irfMurphy etal.,
2011) Alternatively, thin layers and/or oxic/anoxic interfaces at or near the pycnocline
have been found to be hot spots for particle aggregation and microbial metabolism
(Durham and Stocker, 201 3)otentially driving Q variation via oxic respirationr
chemautotrophy associated with sulfide or ammonium oxidé@asamayor et al.,
2001) This spatial pattern in the primary controlling mechanish@,wariability
(organic matter availability in the upper Bay, stratification strength in the lower Bay), is
consistent with the statistical analysis of interannual variability in DHO and ROD (Table

33,34).
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Interannual Variability in @Depletion

Like many processes in Chesapeake Bay and other coastal ecosystems, interannual
variations in freshwater input are a primary driver of biogeochemical processes,
including G depletion Although Susquehanna River flow is statistically the strongest
predictorof DHO and ROD at some stations (TaBI®, 3.4), flow impacts both the
biology and physics of Chesapeake Bay, which cannot be satisfactorily separated with
simple statisticsSuchwidespread control ahter-annual variability in the development
and spatal-temporal extent of @depleted waterby freshwater inpus a result of flow
impacts ora suite of biological and physical variables, including the magnitude of the
spring diatom bloom, springatertemperature, and associated vertical and horizontal O
transport(Hagy et al., 2004, Officer et al., 1984, Taft et al., 198@y example, elevated
winter-spring river flow should favor £depletion by increasing stratificatistrength
and reducing vertical diffusn (Boicourt, 1992) while elevating phytoplankton biomass
as fuel for respiratio(Boynton and Kemp, 2000; Malone et al., 1988gvated flow,
however, willalso tend to increase,@oncentrations vianhancd landward,
longitudinal Q transport(Kemp et al., 1992)while pushing the location of the spring
bloom seawat (Hagy et al., 2005)whichshould increasROD in lower Bay regions.

ROD was indeed elevated in rdghy regions dung highflow years Fig. 3.7)

suggesting that the Llepleting effects of elevated organic material and stratification
strength may outweigh the,@eplenishment effects of enhanced longitudinal advection,
at least in the midBay region.

Winter-spring Q depletion appears to loieivenprimarily by phytoplanktorderived

organic mattem the uppeandmiddle regioms of the Bay. @depletion was most
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strongly linked to bottorwater chlorophyHa, where peak phytoplankton biomass
occurs in the watecolumn diring the winterspring period (data not shown). Statistical
analyses from this study (Tal8e3, 3.4), as well as previous conceptual models pf O
dynamics in Chesapeake B@oynton and Kemp, 200@upport this assertion. Such
strong associations betweep-@epletion and phytoplankton during this period result
from the winterspring bloom dominating phytoplankton biomass production in
Chesapeake BayHarding and Perry, 1997; Malone et al., 1988 grazing rates on

the spring bloonfWhite and Roman, 1992nd thus high deosition of fresh organic
material(Kemp et al., 1999)and increases in temperature that elevate respiration rates
(Malone, 1987; Sampou and Kemp, 1994)Yleed, @-depletion rates in Chesapeake Bay
weresignificantly related to chlorophyH deposition rates derived from sediment traps
over the course of several ye@@®ynton and Kemp, 2000and biomarker studies
indicate that sediment organic matter is most labile during the spring bloom
(Zimmerman and Canuel, 200Thus, there is strong evidence for the association of
winter-spring Q declines with the bottorwater biomass of phytoplankton over a large
section of Chesapeake Bay.

Although the relationships between bottom chlorophyll and both ROD and DHO are
strongin several regions of the Bay, we do not presume that physical transport effects
are small. Several investigators have illustrated the importance of stratification, lateral
advection and mixing, and longitudinal advection as important controls on O
distributions in Chesapeake B&goodrich et al., 1987; Li and Li, 2011; Sanford and
Boicourt, 1990; Scully, 2010bTorrelation analysis reveals that stratification strength is

the strongest predictor of hypoxia onaatl Q-depeltion at several stations in the middle
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and lower Bay, and the highest variability in summegc@ncentrations occurs within or
adjacent to the pycnoclin€ify. 3.5) Stratification strength may be a larger contributor
to ROD and DHO in more seard reaches of the Bay because phytoplankton biomass
(Harding and Perry, 199And depositiofHagy et al., 2005fend to be lower in this
region, thus limiting the biological control orn, @epletion. The control of bottomater
O, by physical mechanisms may also be stronger in summer when stratification strength
reaches its seasonabrima at several middle and lower Bay stati(Msrphy et al.,
2011) Thus, in the lower Bay where hypoxia onset occurs later in the year when
stratification strength is at or near its peak (e.g., Jaige 3.6) variations in vertical
mixing may exert a stronger control on hypoxia in this region than others @.dple

It is clear howeverthat spring @-depletion metrics do not significantly correlate
with summer hypoxic volumes. Even lapring (May)and summer (July) hypoxic
volumes are uncorrelatedth DHO and ROD suggesting that trimmerhypoxic
water mass is a dynamic feature that responds to-&rortforcing from both physical
and biological forcing. Previous investigations using both niogend observation
approaches illustrate this variability due to wind forcing, advection, and respiration in
Chesapeake Bay and the Gulf of Mex{&abalais et al., 2007; Scully, 20100ne
important implcation of thisobserved disconnect betwegpringandsummerO,
conditions is that contemporaneous inputs of organic matter are likely required for
maintenance of summer hypoxia, in contrast to the-gtagding view that summer
hypoxia is sustained ke springdiatombloom (Malone, 1987; Pomeroy et al., 2006)
Given that we found the spring bloom to be the primary driver of spring ROD and DHO,

we would expect some relatiship between these metrics and the summer hypoxic
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volumes if spring bloonterived organic matter was the primary fuel to sustain low

oxygen conditions throughout the year. The fact that these relationships do not exist, and
the fact that the metrics dormrelate significantly with latspring/early summer hypoxia,
suggest thatboy summermost of this labile material has been respired. Observations of
high summer productivityMalone et al., 1988nd substantial organic matter sinking

rates across the pycnoclitemp et al., 19993uggest that summer organic matter
production is also important in fueling summer hypoXiae observationand modeling
studies to necessary to test this assertion currently do not exist in Chesapeake Bay.

Winter-Spring G Depletion in 2012

The onset of hypoxia in upper Chesapeake Bay in 2012 (April 6) occurred 8 days
before than the earliest of onset ddtem the previous 26 years, and this presents a
useful casestudy for the controls on wintapring Q depletion. The passing of Tropical
Storm Lee over much of the Susquehanna River watershed in September of 2011
resulted in extraordinary levels of frestmer flow and the highest suspended sediment
loads to Chesapeake Bay recorded in thirty y@dirsch, 2012) Although the lability
and character of this suspended material is uncertain at this time, it is reasonable to
assume tht large amounts of organic material were deposited to sediments in much of
the middle and upper BgZheng et al., 2013Previous investigators have speculated
that organic material deposited to sediments in autumn might remain intact in sediments
over the winter (due to low tempdures) and be respired the following spriBgynton
and Kemp, 2000; Taft et al., 1980)

Observations of bottorwater dissolved ©at several stations in the upper and

middle Bay reveal historically low ogentrations in February and March of 2012.
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Although water temperature was historically high during these month¥J2ahove
previous maximum), associated declines in solubility do not explain suchjow O
concentrationsHig. 3.10) Stratification stregth approached the 2@ar maximum at
station CB3.3C and CB4.1 during this period (600015 &), suggesting that high
stratification due to low wind stress during March (data not shown) could have led to
reduced @ The remaining explanation is thatpesation of organic matter derived the
previous fall was responsible. Particulate organic carbon concentrations in the water
column at stations CB3.3C and CB4.1C were 1.5 to 2 times theédamgmean, while
chlorophylla was 3 times the loaterm mean a€B4.1C (data not shown), suggesting
that respiration rates in the water column (due to both elevated temperature and organic
matter availability) were abovaverage during wintespring 2012.

The last potential driver of reduced €ncentrations is eleved sediment ©
demand (SOD). Previous modeling of sediment biogeochemistry in Chesapeake Bay
suggested that labile organic material deposition from the previous year can accumulate
and carryover to the following springBrady et al., 2012)A simple sediment
biogeochemical model was used to examine the seasonal response of sedim&rte
September depositional event, where a mamtlg pulse of POM equivalent to 30% of
the total annual POM flux was simulated. Four total simulations were run, including (1)
a control, where fall POM deposition was equivalent to the-terrg mean(2) the
monthlong, elevated POM flux, (3) the elevated POM flux with temperatures elevated
by 2.5°C in the following January to April period, and (4) run #3 with dissolved oxygen
reduced to hypoxic conditions (4 O,) begging on April 1 of the following year

(Fig. 3.11). Runs #3 and #4 are consistent with observed \watemn conditions in
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2012. Organic matter diagensis rates for all organic matter pools were set t3,0.01 d
which is consistent with moderaydhbile organic mattefBurdige, 1991; Westrich and
Berner, 1984)The simulations suggest that a depositional event associated with TS Lee
combined with the observed water temperatures could have doubled SOD in the
following winter-spring period, from 15 to 30 mmob@? d* (Fig. 3.11). The effect of
the observed early onset of hypoxia in the beginning of April reduced SOD by roughly
30%, resulting in SOD comparable to what was observed 3Hit)). However, SOD
likely only contritutes to 10% of total supycnocline Q demand at station CB3.3C,
considering a ~20 meter aphotic watetumn, watercolumn respiration of 15 mmolO
m3d* (Sampou and Kemp, 1994)nd SOD of 30 mmol Om=d™.

Thus, we conlade that the unusually early hypoxia onset in upper Chesapeake Bay
in 2012 was likely due to an interaction of high stratification, elevated temperature, and a
carry-over of organic material from the fall of 2011. To adequately address this
hypothesis, hwever, analyses should involve coupled physimalogical model
simulations to separate effects of physical circulation from watlermn and benthic
biogeochemical processes. Such a model would compute bothoshtem and
sediment responses to the Iedbm TS Lee, and if coupled to a sediment transport
model(Cheng et al., 2013Fould examine the impacts of sediment organic matter re
suspension on wat@olumn respiration rates.
Summary

We computed rates of wintgpring, wateicolumn Q depletion rates and the date of
hypoxia onset for 12 stations and 25 years in Chesapeake Bay. Buodiam wintef

springchlorophylla was the strongest single driver of @epletion rates and hypoxia
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onset days, especially in the middle and upper Bay regions. This suggests thaioespirat
of the annual spring bloom is the primary driver of early seasatefletion. However,
metrics of early seasom,@epletion (as well as early season hypoxic volumes) are poorly
correlated with summer hypoxic volumes, suggesting that (1) summer gnktpi
production is needed to sustain summer hypoxic volumes and (2) that climatic variations
in later spring and summer are strong controls of hypoxic volume. Ongoing numerical
modeling studies will between elucidate the mechanisms behind organic matter
production and @depletion.
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Table3.1: Monttoring station characteristicand hypoxia metricg the modern (1982009 Chesapeake Bay PrograviD
Department of Natural Resources dataset. See Figure 1 for map with station locations within Chesapeake Bay. Surface

salinity, hypoxia onset, and Qlepktion are means (xSD) ov&9852009 period

Station Latitude Longitude Depth Surface Hypoxia Onset % Years O, Depletion Rate
(m)  Salinity Hypoxic (mmol O, m® d?)
CB3.3C 38.996 -76.359 26 9.13 May 4 (x13) 100 3.19 (x0.78)
CB4.1C 38.826 -76.399 33 10.77 May 8 (x15) 100 3.16 (x£0.63)
CB4.2C 38.646 -76.421 28 11.82 May 17 (£16) 100 3.34 (x0.69)
CB4.3C 38.555 -76.428 28 12.15 May 19 (£17) 100 3.31 (x0.63)
CB4.4 38.415 -76.346 32 12.90 May 23 (£18) 100 3.16 (x0.75)
CB5.1 38.319 -76.292 36 13.55 May 24 (+18) 100 3.09 (£0.91)
CB5.2 38.137 -76.228 33 14.08 Junel (x17) 100 2.94 (+0.78)
CB5.3 37.910 -76.171 29 14.38  June 19+20) 100 2.66 (+0.59)
CB5.4 37.800 -76.175 34 16.46  June 22+26) 96.0 2.38 (x0.72)
CB5.5 37.692 -76.189 21 16.71  June 3(0(£23) 84.0 2.44 (+0.75)
CB6.1 37.589 -76.162 13 1755 July5 (£13) 76.0 2.09 (x0.72)

CB6.2 37.487 -76.156 14 18.06  July 20 (£27) 52.0 1.88 (x0.84)
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Table3.2: Comparisons of wateolumn Q-depletion metrics from this study with previously estimated rates using several

varied approaches..@epletionrates are in units ahmol O, m™ d*

Approach Months Years O, Depletion Rate  Source

Slope of Spring Decline March-May 19852009 0.635.31 This Study

Slope of Spring Decline FebJune 19641977 1.254.69 (Taft et al., 1980)

Slope of Spring Declia March-May 19851992 2.50:5.00 (Boynton and Kemp, 2000)
Slope of Spring Decline unknown 19852001 2.346.13 (Hagy et al., 2004)
Residual of Process Budget March-May 1.884.06 (Kemp et al., 1992)
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Table3.3: Table of correlation coefficients (r, top value) and assoc@tedues (bottom value) for correlations between the
Date of Hypoxia Onset (DHO) and potential controlling variables, includingugasmqna River flow, ApriMay Brunt-

Vaisala frequencyand chlorophyta concentration. For each controlling variable, two periods of aggregation are included.
Numbers in bold indicate significange<Q.05).

CB3.3C CB4.1C CB4.2C CB4.3C CB4.4 CB5.1 CB5.2 CB5.3 CB54 CB55 CB6.1 CB6.2
Hypoxia Onset (n=25) (n=25) (n=25) (n=25) (n=25) (n=25) (n=25) (n=25) (n=23) (n=20) (n=18 (n=13)

Susquehanna -0.69 -0.57 -0.54 -055 -047 -054 -036 -0.29 -0.14 -0.18 -0.14 -0.002
Flow (JanMar) <0.001 0.003 0.006 0.005 0.019 0.006 0.074 0.162 0.512 0.442 0.563 0.995

Susquehanna -0.38 -0.51 -0.64 -0.63 -058 -0.60 -0.35 -0.35 -0.31 -0.23 -0.26 -0.37
Flow (FebApr) 0.059 0.009 0.001 0.001 0.003 0.002 0.082 0.086 0.142 0.315 0.286 0.220

Chlorophylta -0.53 -0.73 -0.62 -0.61 -0.52 -042 -047 -0.21 -0.18 -0.48 -0.42 -0.23
(JanApr) 0.007 <0.001 0.001 0.001 0.08 0.036 0.018 0.310 0399 0.034 0.081 0.456

BruntVaisala 0.40 -013 -0.10 -015 -016 -0.19 -0.38 -0.21 -064 -0.24 0.29 -0.06
Frequency (Apr)0.048 0536 0626 0478 0430 0.354 0.059 0.315 0.001 0.286 0.223 0.855

BruntVaisala 0.08 -0.03 -0.32 -022 -007 -0.19 -037 -036 -053 -0.29 0.50 -0.28*
Frequency (May).715 0890 0114 0280 0.753 0.364 0.066 0.080 0.010 0.211 0.036 0.360

*Date of Hypoxia Onset at this station was significantly correlated to regional mean {CB6.4) of the given variable
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Table3.4: Table of correlation coefficients, top value) and associatedsplues (bottom valuddr correlations betwen the
March to May watecolumn Q depletion rate (ROD) and potential controlling variables, including Susquehanna River flow,
BruntVaisala frequencywater temperature, and chloropkgltoncentration. For each controlling variable, two periods of
aggreation are included. Numbers in bold indicate significape®.05).

CB3.3C CB4.1C CB4.2C CB4.3C CB4.4 CB5.1 CB5.2 CB5.3 CB5.4 CB5.5 CB6.1 CB6.2
O, Depletion  (n=25) (n=25) (n=25) (n=25) (n=25) (n=25) (n=25) (n=25) (n=24) (n=24) (n=24) (n=24)

Susquehanna -0.20 -0.12 0.03 0.29 0.26 0.30 0.36 -0.12 -0.19 -0.10 -0.04 0.04
Flow (JanMar) 0.345 0.580 0.870 0.168 0.218 0.143 0.075 0.561 0.422 0.669 0.855 0.860

Susquehanna 0.07 0.28 040 0.50 045 045 038 0.14 0.03 0.13 0.08 0.19
Flow (FebApr) 0.745 0.190 0.048 0.012 0.5 0.023 0.060 0.496 0.889 0.560 0.709 0.390

Chlorophylta  -0.14 -0.003 043 051* 048* 034 043* 0.23 0.39 0.06 0.22 0.32
(JanApr) 0.496 0990 0.080 0.01 0.014 0.092 0.032 0275 0.099 0.789 0.323 0.149

BruntVaisala 0.33 028 0.12 0004 0004 005 047 0.12 013 0.8 -0.05 -0.5
FrequencyApr) 0112 0189 0578 0985 0984 0808 0.007 0580 0591 0.722 0.825 0.258

BruntVaisala -0.24 0.18 0.3 0.18 0.17 0.30* 0.46* 0.5 0.16 0.33 053 0.39
FrequencyMay) 0.248 0.393 0.269 0.407 0.405 0.150 0.021 0.220 0.503 0.139 0.009 0.074

*Water-column Q depletion rate at this statiavas significantly correlated to regional means (CB4C35.2) of the given variable



Figure Legends
Figure3.1l: MapofChesapeake Bay with bathymetry (sec:¢
tributaries included (also note horizont al
monitoring stations, where the ACBO prefix
square indicates thHecation of station LE1.2, where continuous observations of

dissolved @Qwere made.

Figure3.2: Seasonal cycle of bottemater Q saturation and concentration at CB5.1
(Fig. 3.1)in 2004 and illustration of how rate watawlumn Q depletion and date of

hypoxia onset were derived from the tiseries data (see text).

Figure3.3: Timeseries of bottorwater Q concentration at two stations near the upper
(CB3.3C) and lower ends of the Chesapeake Bay hypoxic zone ovel 2985Gray

shaded area indicatdsethypoxia concentration threshold (6218).

Figure3.4: Comparison of sikxweek timeseries of bottorwater Q (16 m deep)
measured continuously (YSI data sonde every 15 minutes, small gray lines and circles)
and measured fortnightly (14 d, open ciraeshed line) at a station in the lower

Patuxent River estuary in the spring of 2004 (Station LE1.2, 3&8&1, seéig. 3.1)
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Figure3.5: Two-dimensional isopleths depicting distributions of dissolved O
concentration with depth and distance aldmgBay axis over the years 198609 for
four months (March, April, May, June) for the-28ar mean values (left panels) and

standard deviations around the means (right panels).

Figure3.6: Box plots of hypoxia onset day (top panel) and watdumn Q depletion
rate (bottom panel) at 12 stations along the Chesapeake Bay axis for the years 1985 to

2009 (sedig. 3.1)

Figure3.7: Patterns of hypoxia onset day (top panel) and watieimn Q depletion rate
shown as mean values (+ standard errors) forieeyears of highest (open circles) and
five years of lowest (closed circles) wintgrring Susquehanna River flow. Asterisks

between lines indicate significant differences between-thayh and lowflow groups.

Figure3.8: Correlations of January to Apbottomwater algal biomass (chlorophy]
top panel) and April to May mean stratification strength (Biisala Frequency, N
middle panel) with hypoxia onset day at station CB5.2 Fsge3.1) Bottom panel is
observed hypoxia onset day plottediagapredictions from a multiple linear regression

with chlorophylla and N.
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Figure3.9: Correlation coefficient of waterolumn Q depletion rate versus hypoxic
volume (during May, June, and July) as they vary along the main Chesapeake Bay

channel dung three monthsAsterisks neathecircles indicate significant correlations.

Figure3.10: Seasonal cycles of monthly mean water quality conditions in the bottom
waters over 1982009 at station CB3.3C in Chesapeake Bay Fsge3.1 for (a)
temperaturg(b) oxygen solubility, (c) @concentration, and (d) chlorophydl Mean

values are shown as a solid line, the shaded area in the top three panels shows the range
(i.e., 25year maximum and minimum value for each respective month), and the shaded
area inthe bottom panel is the 3fear standard deviation. Filled circles are observations
from 2012, where hypoxia onset occurred on April 6 and the weatamn Q depletion

rate was 1.55 mmol md>.

Figure3.11: Time series of sediment,@emand (SOD) fnm JulyJuly in a simulation

experiment with a twdayer sediment biogeochemical mo¢etady et al., 2013t

station CB3.3C in Chesapeake Bay. The bl ac
based on average conditions, the large dashed line represents the model forced with a
monthlong elevation of POM deposition representing the impact of Tropical Storm Lee

in September 2011, the small dashed line in black represents the TS Lee experiment with
January to April temperatures elevated by°Z.5and the gray dotted line represents the

TS Lee+ Temperature experiment with hypoxia beginning on April 1.
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Fig. 3.1
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Fig. 32

375

250
~
=
2
o)
L
o0
-
>
o
=
L
=
o
@
)
125
62.5

. 0, m* d

O, Depletion Rate:
2.94 mmol

Day of Hypoxia Onset:
(May 13)

Dissolved O,

1 |

| |

Jan Feb Mar Apr May Jun Jul

99

|
Aug Sep Oct

Nov Dec



CB3.3C

CB6.2

(AM) O peajossIq

100

1995

1993

1991

1989

1987

1985



TOT

Fig. 34

Bottom-Water O, (uM)

0.
250 ¢
¢ Continuous Sensor
i (every 15 min)
I Grab-Sample
Monitoring
125 (every 14 d)
Lower Patuxent Estuary
Spring 2004
0 1 [ ] 1 [
April 17 April 27 May 7 May 17 May 27




Mean Std. Dev.
Dissolved O, (uM)
150 3125 475

- -

Depth (m)

| |
300 250 200 150 100 50 0 300 250 200 150 100 50 0

Distance from Atlantic Ocean (km)

| | | |

102



Fig. 36
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Fig. 3.7
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Fig. 38
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Fig. 3.10
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Fig. 3.11
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CHAPTER 4: SEDIMENT FLUXMODELING: SIMULATING NITROGEN,
PHOSPHORUS, AND SIICA CYCLES
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Abstract

Sedimenwater exchanges of nutrients and oxygen play an important role in the
biogeochemistry of shallow coastal environments. Sedsp@ocess, store, and release
particulate and dissolved forms of carbon and nutrients and sedvatarttsolute fluxes
are significant components of nutrient, carbon, and oxygen cycles. Consequently,
sediment biogeochemical models of varying complexitselzeen developed to
understand the processes regulating porewater profiles and sediatenexchanges.
We have calibrated and validated a flager sediment biogeochemical model (aerobic
and anaerobic) that is suitable for application as a st ool or coupled to water
column biogeochemical models. We calibrated and tested aatamel version of the
model against observations of sedimesmater flux, porewater concentrations, and
process rates at 12 stations in Chesapeake Bay durind aykarperiod.

The model successfully reproduced sedirveater fluxes of ammonium (NfJ),
nitrate (NQ), phosphate (P§), and dissolved silica (Si(Okipr DSi) for diverse
chemical and physical environments. A root mean square error (RMBENizing
optimization routine was used to identify béistvalues for many kinetic parameters. The
resulting simulations improved the performance of the model in Chesapeake Bay and
revealed (1) the need for an aerelaiger denitrification formulation to account for NO
reduction in this zone, (2) regional variability in denitrification that depends on oxygen
levels in the overlying water, (3) a regionatlgpendent solidolute PQ™ partitioning
that accounts for patterns in Fe availability, and (4) a simplified nfodaulation for
DSi, including limited sorption of DSi onto iron oxyhydroxides. This new calibration

balances the need for a universal set of parameters that remain true to biogeochemical
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processes with sigpecificity that represents differences in pbgkconditions. This
standalone model can be rapidly executed on a personal computer and-sslitel to
complement observational studies in a wide range of environments.
Introduction

Sediments are important contributors to the nutrient, oxygen,aahbdrtcycles of
shallow coastal ecosystems. Both autochthonous and allocthonous organic matter
deposited to sediments drive sediment biogeochemical processes and resultant nutrient
fluxes(Jensen et al., 199(eed benthic organisngsleip et al., 1995 and can control
sediment oxygen dematidlemp and Boynton, 1992bln very shallow ecosystems (< 5
m), sediments may be populated by submerged vascular plants and/or benthic algal
communities, both of which modify sediment biogeochemical reactions via nutrient
uptake and sedimenkygenationMcGlathery ¢ al., 2007 Miller et al., 1996. In
moderately shallow systems-$80m), sediments are sites of organic matter processing,
leading to nutrient recyclingCowan et al., 1996 oxygen consumptioKemp et al.,
1992; Provoost et al., 2013nd associated sedimemater exchange. Therefore, models
of sediment diagenetic processes that simulate porewater nutrient concentrations and
exchanges of particulate and dissolved substances between the water column and
sediments have been develogBdudreau, 1991Soetaert and Middelburg, 2009
Vanderborght et al., 197Y.e&5uch models are valuable tools for understanding and
managing nutrients and aquatic resouf€zsco and Cole, 1993

Sediment process model structures range from relatively simple empirical
relationshipgFennel et al., 2006p more complex process simulations that include-time

varying state variablg8oudreau, 1991 Simplemodel represntations include assigning

111



a constansedimenwater flux of Q or nutrientyScully, 2010a)pr using basic
parameterizations of sedimenater flux as a function of overlying watesralitions
(Fennel et al., 20Q61etland and DiMarco, 2008More complexprocess models may
simulate one or two layers, each of which represent a partcuanical environment
(Di Toro, 2001; Emerson et al., 1984; Gypens et al., 2008; Slomp et al., 1998;
Vanderborght et al., 1977IHrocess models may alsgsolve depth intaumerous
layers, allowing for simulatianof porewater constituent vertical profiléBoudreau,
1991 Cai et al., 2010Dhakar and Burdige, 19%6Depth resolution in such complex
models is usually associated wéhigher computational deman@ypens et al., 2008)
thusintermediate complexity formulatioris terms of depth resolutiomye commonly
usedwhen sediment biogeocheral models are coupled to watmlumn modelso
simulate integrated biogeochemical proce¢€esco and Noel, 200550hma et al.,
2008, although deptnesolved models have been ugkdff and Moll, 2004)

A sediment biogeochemical model was pregig developed to link with spatially
articulated watecolumn models describing biogeochemical processes at a limited
computational cogBrady et al., 2013; Di Toro, 20Q1Jhis sediment flux model (SFM)
separates sediment reactions into two layers to generate fluxes of niplgsphorus,
silica, dissolved oxygen (d sulfide, and methane. SFM has been successfully integrated
into water quality models in many coastal systems, including Massachuse({tidsay
and zhou, 2008, Chesapeake BdZerco and Cole, 1998erco and Noel, 2005
Del awar e 0 s (Cércolaral SaltzinBea, 9301 .ong Island Soun(Di Toro,
2001, and the WASP model widely used by the United States Environmental Protection

agency(Isleib and Thuman, 2011$FM can also be used as a stalwhe diagnostic tool
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in sediment process studies, especially over seasonal to decadal timé3sealget al.,
2013) For example, it has been used to simulate sediment dynantines Rhode Island
MarineEcosystenResearch.aboratory (MERL)mesocosm$Di Toro, 2001 Di Toro
and Fitzpatrick1993. Such a standlone sediment modeling tool, when combined with
high-quality time series observations, can be used for parameter optimization, scenario
analysis, and process investigations.

The purpose of this study is: (1)calibrate and validate standalone version of
SFM predictions with a mulilecadal timeseries of watecolumn concentrations and
sedimemwater exchanges of dissolved inorganic nitrogen, silica, and phosp®)rts
utilize SFM to analyze sediment process observationsaaige of Chesapeake Bay
stations exhibiting differing overlyirg/ater column characteristics (e.g., organic matter
deposition rates and oxygen, temperature, and salt concentrations), and (3) to illustrate
how SFM can be used to understand process ini@madhferred from field rate
measurements. A previous companion paper focused on the ammoniyf, (O¢H
sulfide, and methane modules in SHBtady et al., 2013)Here, we focus our process
studies on nitrate (N§), phosphate (P§), and dissolved silica (Si(Ok)hereafter DSi)
fluxes, as wll as denitrificaion.
Methods

SFMwaspreviously calibrated and validatéal ChespeakeBay using sediment
water flux measurements, overlymgater nutrient and £concentrations, and process
rates (e.g., denitrification) that were available at thae {it9851988)for 8 sites
(Chapter 14 in Di Toro, 2001More than two decades later, this study used expanded

data availability to recalibrae and validagé SFM, improve its simulation skill for
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ChesipeakeBay, anddemonstrate its utility as a staatbne tool agilable for usen
otheraquaticsystemsin this paper we describe and analyze SFM performance in the
northern half of Chesapeake Bay using data collected duimgyéars at 12 stations
(Fig. 4.1) SFM can be run on a personal computer, executingyg@5run on the time
scale of seconds, and a MATLAB interface is available for input generation, model
execution, posprocessing, and plotting.

General Model Description

The model structure for SFM involves three processes: (1) the sediment receives
depo#ional fluxes of particulate organic carbon and nitrogen, as well as biogenic and
inorganic phosphorus and silica, from the overlying water, (2) the decomposition of
particulate matter produces soluble intermediates that are quantified as diagenesis fluxe
(3) solutes react, transfer between solid and dissolved phases, are transported between the
aerobic and anaerobic layers of the sediment, or are released as gasés)(@Hd (4)
solutes are returned to the overlying watég(4.2). The model assues that organic
matter mineralization is achieved by denitrification, sulfate reduction, and
methanogenesis, thus aerobic respiration is not explicitly modeled. To model these
processes, SFM numerically integrates mzance equations for chemical constts
in two functional layers: an aerobic layer near the sediwergr interface of variable
depth Hy) and an anaerobic layer below that is equal to the total sediment depth (10 cm)
minus the depth dfl; (Figs.4.2/4. 3, & 44). The SFM convention i®tuse subscripts
with A00 when referring to the overlying w

|l ayer, and with fi20 when referring to the
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The general forms of the equations are presented in Zdb(Eqgs. 1 & 2). For
example, onean replace g with0 0  p to compute the change in N@oncentration

in the aerobic layer (Eq. 1 in Tablel). The governing expressions are mass balance
equations that include biogeochemical reactiers 0 , burial { 6 ), diffusion of

dissolved material between the aerobic sediments and overlying water column

(L Q0 Q0o and betweesedimentayers( Q0 "Q6 ,andthe
mixing of particula¢ material betweelayers; | Qo Q6 :seeEgs.land?2
in Table4.1).

Aerobic Layer Depth and Surface MaBsinsfer

The thickness of the aerobic lay®,, is solved numerically at each time step of the
simulation by omputing the product of the diffusion coefficiefa ( and the ratio of

overlyingwater Q concentration ¢ 1 to sediment oxygen deman8@D: "O
O ——. This relationship has been verified by measuren{€@#sand ayles, 1996

Jargensen and Revsbech, 198%e inverse of the second term on the right hand side of
Equation 1 is the surface mass transfer coefficient (Eq. 5 in Fdhlevhich is used as

the sane mass transfer coefficient for all solutes since differences in the diffusion
coefficients between solutes are subsumed in the kinetic parameters that are fit to data
(Brady et al., 2013; Di Toro, 2001} should be noted that in the time varying solution,

H, andH, are within he derivative since the depths of the layers are variable, where
dynamic entrainment and loss of mass can be quantified (see Chapter 13 in Di Toro,
2001). The depth of the anaerobic layér)(is simply calculated as the difference

between total sedimé depth (10 cm) an® 8

115



Dissolved and Particulate Mixing

Dissolved and particle mixing between layers 1 anal 2 (and] , Egs. 6 & 7 in
Table4.1) are modeled as a function of passive transport and proxies that reflect the
activities of lenthic organisma)  enhancement due to benthic faunal activity is
parameterized directly, that is, the dissolved mixing coefficiegti€Xit to values that
typically increase)  to 2-3 times molecular diffusio(Matisoff and Wang, 1998The
rate of mixing of sediment particlgs ( ; Eq. 7 in Tablet.1) by benthic animals is
guantified by estimating the apparent particle diffusion coefficient Chapter 13 in Di
Toro 2001). In the model, particle mixing is controlled by temperature (first term in Eq. 7
in Table4.1; (Balzer, 1999%), carbon input (secortdrm in Eqg. 7 in Tabld.1; (Robbins
et al., 1989, and oxygenthird term in Eq. 7 in Tabld.1; (Diaz and Rosenberg, 1995
To make the model setfonsistent, that is to use only internadigmputed variables in
the parameterizations, the model assumes that benthic biomabemaidre, particle
mixing is correlated with the amount of labile carbon (POGC,) present in the sediment,
an assumption that is supported by the literafliremp et al., 1996 However, if excess
carbon loading creates unfavorable oxygen conditions that reduce macrofaunal density
and therefore, bioturbatiqiBaden et al., 1990particle mixing is reduced by a term
cal |l ed n b eSintEh.i7 m Tablel.l)eAs & decréases, (1ksS approaches
zero. After the stress has passed, the minimum is carried forward for the rest of the year
to simulate the observation that benthic communities do not recover until recruitment

occurs in the following yedDiaz and Rosenberg, 1995
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Diagenesis

Diagenesis of particulate organic matter (POM) is modeled by partitioning the
settling POM into three reactivity classessmed théiG modeb (Westrich and Berner,
1984). Each class represents a fixed portion of the organic material that reacts at a
specific ratgBurdige, 199). For SFM, three G classes represent three levels of
reactivity: G is rapidly reactive (20 day hdlife & 65% of settling POM), Gis more
slowly reactive (1 year halife & 20% of settling POM); @(15% of settling POM) is,
for this modelnonreactive (see Tabke2 for parameters associated with diagenesis).
The diagenesis expression is as follows (similar equations govern diagenesis of
particulate organic nitrogen and phosphorus):

0 — Q f— 0O 71 0/ #°Q 0

where0 / #s the POCGconcentrationn reactivity class in the anaerobic layelQ j is
the first order reaction rate coefficient; | is the temperature coefficient, is the
sedimentation velocity) is the depositiond?OCflux from the overlying water to the
sediment, and) j is the fraction of)  that is in thath G class. Thaerobic layer is
not included, due tds small depth relate to the anaerobic layefi; © 0.1 cm while H;

° 10 cm.Deposition rates fgparticulate nitrogend( , phosphorusy{ , and silica

(0 are proportional t#  basedn Redfield stoichiometry (Tabk2).

Organic matter depositiaiates (including particulate biogenic C, N, P, and Si) for
each year and station were estimated using a Hode&ees pattern search algorithm

(Hooke and Jeeves, 19ab minimize the oot mean square error (RMSE) between

modeled and observed YHlux. These estimates of deposition matched well with
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observations made using several methods and a detailed discussion of this approach is
included in a companion pap@rady et al., 2013)

Reaction Rate Formulation

Rate coefficiets for aerobidayer reactions (e.g., nitrification, denitrification, sulfide
oxidation, etc.) are relatively similar (Eg. 1 in Ta#l&). These reactions are modeled to
be dependent on the depthtbf For example, the nitrification rate expression & th
mass balance equations for Nks a product of the aerobic layer nitrification rate

(Q ) and the depth of the aerobic layer (Figa):

TheproductO Q  is made up of two coefficients, neither of which is readily

measured. The diffusion coefficient in a millimeter thick layer of sediment at the

sediment water interface may be larger than the diffusion coefficiéim inulk of the

sediment due to the effects of overlying water shear. It is therefore convenient to
subsume two relatively unknown parameters into one parameter that is calibrated to data,

calledll  j (Fig.4.3a):

I 5 is termed the reaction velocity, since its dimensions are length per time. Squared
reaction velocities are then incorporated in the reaction term of the mass balance
equations (Tabld.1).

Ammonium Flux

NH," concentrations are computed for both aerobic and anaerobic layers via mass

balances of biogeochemical and physical processgsre 3a shows the sources and
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sinks of NH" in the model. NH" is produced by organic matter diagen€3is in Fig.
4.3a, Eqg. 10 in Tabld.1) in the anaerobic layer, while in the aerobic layer Nl

converted to N@ via nitrification using a reaction velocity, j, (Fig.4.3a) with

MichaelisMenten kinetics (Eq. 8 in Tablel). Masstransfer coefficients are employed
to model diffusion of NH" between the anaerobic and aerobic laykrs,( and between
the aerobic layer and the overlying watéfof). A more extensive treatment of the NH
model is given in a companion publicati@rady et al., 2013)
Nitrate Flux

There are two sources of Nin SFM: (1) NQ' enters from the overlying water
column as controlled by surface mass transfes;} andthe concentration gradient, and
(2) NH4" is oxidized in the aerobic layer (i.e., nitrification; Eq. 13 in Tahle Fig.4.3b;
see Chapter 4 of Di Toro 2001). In turn, N€an be returned to the overlying water
columnas N@ flux (000  or converted to nitrogen gas (i.e., denitrification, Egs. 11
& 12 in Table4.1). There is no biogeochemical M@ource in the anaerobic layéig.
5.3 Although it is conventionab confine denitrificatiorio the anaerobic layéGypens
et al., 2008, denitrification is modeled in both the aerobic and anaerobic layers in SFM
(Fig. 4.3b). The close coupling between nitrification and denitrification has been
suggested by some auth@Blackburn et al., 1994and there is evidence for
denitrification in the oxic layer within anoxic migibes(Jenkins and Kemp, 1984

Phosphate Flux

The PQ* model differs from the nitrogen models in two important ways: (1) there
are no reactions for R®once it is releaseduding diagenesis (Egs. 14 & 15 in Table

4.1) and (2) the P§ model includes both organic and inorganic phases 4/g).

119



There are two sources of PCto SFM: (1) PQ* produced by organic matter diagenesis
(6§ U in Fig.4.4a, Eq. 16 in Tabld.1) in the anaerobic layer and (2) FQhat is
sorbed onto particles and deposited to sedimeéntg.(Observations of the latter source
are scarce, so we initially assumed that sorbed B€positon is equivalent tol( ),
which is supported by the observation that POP is roughly 50% of the particulate
phosphorus pool in Chesapeake Bdgefe, 1993 Because) s likely to be spatially
variable(Keefe, 1994)we optimized)  to the sedimentvater PQ* flux (see below).
Models of phosphorus in marine sediments have traditionally focused on predicting
the interstitial concentration of R® (Rabouille and Gaillard, 199Van Cappellen and
Berner, 1988 as well as the P flux (Slomp et al., 1998 Because SFM is used to
predict sedimertvater PQ* fluxes, it @counts for the fact that a fraction of the £0O
released during diagenesis is trapped in sediments in particulate form via precipitation or
sorption to amorphous iron oxyhydroxid@&undby et al., 1992The model also
accounts for the dissolution of iraxyhydroxidesunder low oxygen conditions and
subsequent release of POnto porewatefConley et al., 2002 Thus, the model can
account for the temporary storage of,2@ear the sediment waterterface until oxygen
is seasonalkgepleted, resulting in irooxyhydroxidesdissolution and subsequently large
sedimeniwater PQ¥ fluxes(Lehtoranta et al., 2009; Testa and Kemp, 20$EM
distinguishes between solid and dissolpedls of PGQ* using partition coefficients
specific to both layer 1 and 2 (Egs. 3 and 4 in Tdlle The partition coefficient in
layer 1 is larger than in layer 2 under oxic conditions, representing the higher

concentration of oxidized Fe and allowifug PQ,> trapgng. Once oxygerialls below a
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critical concentration (Eq. 22 in Tablel, Table4.2), a larger fraction of the total RO
is transitioned to the dissolved pool.

Dissolved Silica Flux

The DSi model includes the same partitioning formata(including Q-depencency)
as the P@" model (Eq. 22 in Tabld.1) and also has no reactions in layer 1 and 2 (Egs.
17 and 18 in Tabld.1, Fig.4.4b). Similar partitioning formulations are absent from
previous silica modelé/anderborght et al., 197y dut are present in more recent
formulations(Rabouille and Gaillard, 1990based upon evidence for DSi sorption to Fe
oxyhydroxideghereafter FeOOHSigg and Stumn981).

Unlike phosphorus, nitrogen and carbon, silica diagenesis is a dissolution reaction
rather than a microbiallynediated respiratory process. The particulate silica deposited to
sediments that may be dissolved originates from two sources: (Enmagilica in
diatom algal materiak{ ) and (2) detrital silica associated with terrestrialgrived
particles ( , EQs. 17 & 18 in Tabld.1, Table4.2). Silica dissolution has been found
to be a function of the degree of @nslaturation, pH, temperature, particulate silica
concentration, salinity, and the nature of the surfaces of thewdise silicdConley et
al., 1993; Van Cappellen and Linging, 1997b; Yamada and D'Elia, 118838FM, the
diagenesis of particulate silica is a function of a{inster rate constanty ) with a
temperature dependency-(), a MichaelisMenten dependency on particulate silida);
and a firstorder dependency on the degree of undersaturation (Eqg. 18 in4dThblable
4.2). The original calibration of SFM consie@er silica solubility to be independent of

temperatur€Di Toro, 200). In this analysis, a temperature dependency on silica
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solubility was added (Eq.8lin Table4.1), as has been suggested in the literature
(Lawson et al., 1978/an Cappellen and Linging, 1997a

Overlying Water Concentrations

Datafor overlying watercolumn nutrient and £concentrations nearest the sediment
water interface in Chesapeake Bay, which are required boundary conditions for the stand
alone SFM simulations, were retrieved for each station and date from the Chesapeake

Bay Rogram (CBP) Water Quality database

(http://www.chesapeakebay.net/data_waterquality Jadp@asurements of bottom water
salinity, dissolved @ NH,*, NOs, and PG* made as part of the Gienent Oxygen and
Nutrient Exchange (SONE) experimefBoynton andailey, 200§ were augmented by
CBP data by combining the time series and using piecewise cubic hermite interpolation
(PCHIP) to derive daily overlying wateolumn values. DSi data were only available in

the CBP dataset. The fine temporal resolutiothefcombined SONE and CBP

monitoring time series insures that the onset of hypoxia and winter temperature regimes
(not measured in the SONE dataset) were properly simulated. To calculate initial
sediment nutrient conditions, the time series of POM depasitnd overlying water
concentrations were repeated until there was 15 years of input. The synthetic 15 year time
series was used as the model input, followed by the actual years. This insures that the
initial conditions for SFM particulate and dissolvemhstituents are consistent with the
depositional fluxes and parameters.

Calibration and Validation Datasets

Observed sdimeniwater fluxesof NH,", nitrite + nitrate NO, + NO3), PQ*, and

DSiwereestimated from time&ourse changes in constituentsidg incubations of intact
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plexiglass sediment coréBoynton and Bigey, 2008§. Although not presented in this

paper, the organic matter deposition rates used in this analysis were validated against
available observations, as were rates of sediment oxygen demand, sulfate reduction, and
porewater concentratioriBrady et al., 2013)Cores for the measuremeifitsediment
denitrification were collected by box cori
Pondo) and aiyn6(4idRe; ntilde met hods for core i nc
detail elsewheréana et al., 2006)Briefly, triplicate cores from each site that had

aerobic overlying water calitions were bubbled with air for ~2 hours while submersed

in a temperature controlled bath. Tops caps with suspended magnetic stirrers were

attached and time courses of solute §NIMO,) and gas (@ N, Ar) concentrations

were determined. The rate gdis flux was determined from high precisionAt or

O2:Ar ratios using membrane inlet mass spectrometry. While the fluxesakeNeferred

to as denitrification, they are actually the summation of all gaseous N transformation
processes and may includepesses such as anamngBich et al., 2008pr N fixation

associated with sulfate reducti@@ertics et al., 2013¥luxes of NO were not measured.

Error Metrics and Parameter Optimization

Modeldata comparisons were facilitated using multiple skill assessmentsnetric
(Stow et al., 2009aRMSE, mean error (sum of residuals divided by the number of
observations), and reliability index (RI) were computed for each flux/station
combination. Mean error is agasure of aggregate model bias while RMSEdake
account the magnitude of moettdta discrepancies. Finally, the RI quantifies the average

factor by which model predictions differ from observations. An Rl of 2, for instance,
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would indicate that SFM pdécts the observation within a factor 2, on averggiew et
al., 2009a)

We first ran SFM at 12 stations for all years where observations of sediatant
fluxes were available using the pareter set from the original calibration of SFM in
Chesapeake Bg¥pi Toro, 200). We then calibrated several components of the model to
optimize modeldata fits. Specifically, we ran 50 simulations with 50 different values for
11 parameter® find theminimum root mean square error (RMSE) between modeled
and observedolutefluxes for the nutrient flux (N®, PQ;*, and DSi) associated with
each paranter. This optimization routine requires the range of potential parameter
values and the number of simulations to be run using parameter values equally spaced
between the rang&he pattern searalange for each parameters was centered around the
parametewalue from the original model calibratigDi Toro, 200). This process is
repeated for each statiand theRMSE for each variable (e.g., J[N{) andparameter

(e.g.,I  j)is saved after each run. Parameter ranges were constrained in each case
based on published values and chosen after careful consideration ofdatadiedsiduals.
Optimization simulations were performed for 11 parameteinsch is a subset of the total
parameter set, including: (1) the aerobic and anaerobic layer denitrification reaction
velocity I §,I  §), (2) the P@* and DSi partition coefficients in layer 1 and 2

& 5 5 Y R k) (3) the particulate inorganic Roand DSi depositional
fluxes, (4) the hatsaturation constant far dependency of silica dissolution (5 ),

and (5) the firsorder silica diagenesis raterstant Q ).
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Results

SedimenwWater Nitrogen Fluxes

Using the original model calibration, which was based on measurements made during
19851988, SFM sedimentater NQ' fluxes matched observations at three sites with
similar characteristics (e,dStill Pond in Fig4.5a), but undeestimated net influxes to
sediments at other sites (e.g-6Rin Fig.4.5b, Talte 4.3). Specifically, SFM simulated
NOj fluxes well at sites with low salinity, in close proximity to freshwater discharges
from major iver, and relatively high (normoxic) Qevels throughout the year (Windy
Hill, Still Pond, and Maryland Point; Tabde3). However, at the other nine sites, which
are generally deeper and experience seasonal hygadianoxia, the original SFM
calibration was unable to capture the large springsNIdxes into the sediment that
occurred in years after 1988 (e.g., Fidgb, Tabled.3).

The parameter optimization routine to minimize the RMSE between observed and
modeled NQ@ fluxes yielded different restd for the aerobic and anaerobic denitrification

velocity (I 7 andll ). Although model results were relatively insensitive to
changes in the anaerodayer denitrification velocity (data not shown), alterations of the
aerobielayer denitrification velocity resulted in substantial imggments in the N©

flux predictions across the nine relatively hypoxic sites &k, Table4.3). The value

of Il fromthe original calibration (0.1 m resulted in the lowest RMSE \atindy

Hill, Still Pond, and Maryland Point (low kaity, normoxic), while higher values of

I reduced RMSE at the other si{gsgher salinity, seasonaHlyypoxic; Fig.4.5c,
Table4.3). Increasing the denitrification velocityZtimes more than the original

calibration resulted in a 38%¢duction in RMSE across hypoxic sites (Tabhk).
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Importantly, the optimized value éf  correlated significantly (r =0.81,p = 0.002)
with the modelcomputed depth of the aerobic layer (Hidpc inset).

We restructured the formulationrfdenitrification to make it uniform across varying
environmental conditions. The strong correlation betwéeand optimized  j (Fig.
4 5c¢ inset) indicatethat the deptidependence of aerobic layer N@&moval (via

denitrification) is reponsible for the station specific optimizatiorlof . In theNOs
massbalance, the squared aerobic layer denitrification veloltity (;) is divided by the

surface masgransfer coefficient.os; Eq. 1 in Tablet.1). Becausd
0 Q andd ——, the NQ removal termisO Q ; —— [NOs

(1)], or in a more simplified formQ  ; Hi [NOs'(1)]. This formulation implies that
denitrification is occurring uniformly over the depth of the aerobic layer, yet if anaerobic
microsites are unequally distributed, or denitrification occurs only at the interface of the
aerobic and anaerobic layers, thipliwation would not be valid. Thus, we executed a
second optimization without the depth dependence, where adéagbrcdenitrification is
simply™Q  [NOs'(1)]. The results of this second optimization indicated that a spatially
invariant denitrification velocity of 0.2 m'gwhich we callQ 5 , resulted in an
overall 33% decrease in RMSE across all observations ateall(Big.4.6, Table4.3).
Denitrification

In addition to modetlata comparisons of Nfluxes, it was also possible to validate
modetcomputed denitrification rates (using the dejpithependent formulation) with
observations made at several stationsiwiChesapeake Bay (Fi4.7). Denitrification

has been measured across a wide range of conditions (i.e., ovavrteigNQ’, salinity,
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O,, and depth) in Chesapeake Bay over the past several d¢kadaset al., 199&Kemp
et d., 1990 using a variety of methods. A collection of measurements made in the
Choptank River estuary over a large gradier3@3niM) of overlyingwater NQ" (Kana
et al., 1998emonstrated a strong dependence of denitrification ofidNQilability in
the overlying wate(PifiaOchoa and AlvareCobelas, 2006 When seasonaly
averaged, modeled denitrification rates for each station are plotted against overlying
water NQ', the overall riationship and rate magnitudes compare favorably to
observations (Figl.7a).

At stations R64 and Still Pond, denitrification rates estimated over an annual cycle in
200 and 2001 match the seasonality and magnitude of SFM prediction$.7Bignd c).
In general, two different seasonal patterns of denitrification were predicted by SFM for
two distinct environmental types; at stations with highsNBd no seasonal hypoxia,
denitrification followed the annual temperature cycle (e.g., Still Pond), whstistams
with low summer N@ and seasonal hypoxia or anoxia, denitrification displayed the
bimodal cycle (e.g., 84; Fig.4.7b).

Phosphate Flux

Unlike NO;3', the original model calibration resulted in sedimeater PQ¥ fluxes
that agreed with the dataasonably well (Figd.8, Table4.3), as evidenced by a
reliability index of 1.41 (well below 2). However, model estimates of FiDxes were
particularly high during the summer at anoxic stations compared with observed fluxes
(Fig. 4.8b). Optimizatiorroutines suggested statigpecific values for the aerobic

¥y i) and anaerobic'( ) layer partition coefficients significantly improved

model fitduring this important seasonal period of internal phosphorus loddodgl
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observation fits resulted in an overall RMSE reduction of 25%ny" r and

 were higher at low salinity sites in close proximity to river inputs (Still Pond,
Maryland Point; Fig4.8c, Table4.3) and wherV* r and” i were lower at most

other sites (Figd.8c, Table4.3). In some cases (e.g.; M, Point No Point), the model
was insensitive to changes in the partitioning coefficieritgid®specificvalues of

ye r were related to the amount of oxatataractable Fe observed in the top 3am

sedimentgCornwell and Sampou, 199&t four sites in Chesapeake Bay (A@&c

inset). Where Feoncentrations were higher, the aerobic layer partitioning coefficient
optimized at a higher values (F#§8c inset). When the optimized parameters were
included in SFM simulations, the model better represented the observed sedatent
fluxes, particudrly during summer (Figt.9, Table4.3). When the P¢J flux was
optimized to0 , RMSE was slightly improved (Tab#e3), withv  contributing
between 25% and 50% of total phosphorus deposition (data now shown).

Nitrogen and Phosphorus Recycling

O, concentration exerts strong control over nitrogen and phosphgriisgcin
sediments. To explore the role overlying wateihe removal of nutrients by
sediments, sedimemtater fluxes of NH" and PQ* were plotted against the deposition
of organic N and PHig. 4.10). Between 25% and 50% of the deposited nitrogas
removed (via burial or denitrification), while in general, 25% of the phosphorus was
removed (via burial or storage). Nitrogen removal was higher at stations where summer
O, concentrations generally do not become anoxic @&id).Thus, at Still Ponednd
Maryland Point, where £concentrations are above 3 mglO' yearround and

partitioning coefficients (i.e., Fe concentrations) are high &idf), phosphorus removal

128



was > 50% Another method of assessing €fects on nitrogen cycling is to computhe

Ani trogen r ecy ¥Oi-nwg—ef+i-=< fromnhe madel fitrogen

fluxes (Boynton and Kemp, 2008)vhich represents Nfrecycling relative to the total
efflux of inorganic N soltes. This index, computed from model simulations, was
negatively correlated to overlying wates & all sites in Chesapeake Bay (r > 095,
0.001; Fig.4.10, inset).

Dissolved Silica Flux

The original calibration of the silica modgnerallyresultedn an underestimation of
the sedimentvater DSi flux, especially during warmer months (Eid.1). SFM
originally considered silica solubility to be constant in titHewever, wherSFM was
run at all stations with silica solubilitiormulatedas an exponéial function of
temperaturéY'Q  YQp — (Lawson et al., 1978the model improvedlightly
(Table4.3). Optimizations indidzd that the model was insensitive to changes in
andQ (data not shownwhere values were applicable to all Chesapeake Bay stations.
Optimization routines suggested that the inorganic (i.e;bmagenic) silica deposition
rate 0 ) of 1.8mmol Si m?d™* was 22%0 46% of biogenic silica fluxes at all
stations except R8(67%).

SFM includes an @dependent sorption of DSi onto particles (partitioning), which
represents DSi binding onto FeOOH under oxygenated conditions (as with Pe
anaerobidayer partiton coefficient* f, was similar to PG in the original calibration,
yet there is a limited literature to suggest strong binding of DSi to FeOOH under the
conditions found in most estuarine sediments. Thus, we optimized the mowteé! for

and“ j,and found that RMSE, ME, and RI of DSi flux were uniformly reduced across
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all stations when the partition coefficients were reduced from 10Xt 5;() and from
100to 15 ) at the anoxic sites (Tab#e3), with a 36% reduction in RMS&cross
sites. The optimized values ¥t f (15) and*  (50) were higher at the oxic, low
salinity sites (Still Pond, Maryland Point; Taldl2 & 4.3). The resulting seasonal pattern
of DSi more closely fit that of the observations (Hd.1).
Discussion

This paper illustrates the simulation skill and flexibility of application for the stand
alone version of SFM with a focus on analyzing sedimeter fluxes of Ni', NOs,
N,, PQ*, and DSi. Here we have demonstrated a range of waythéhatodel can
complement field measurements to estimate unmeasured processes and simdlate inter
annual variations in biogeochemical processes.

Nitrogen Cycling

After model reformulation and parameter optimization, SFM simulatesl fi®es
that agreed wellith observations across many stations with varying salinityacd
organic matter deposition rates. The same is true faf Nitkes, which are described in
detail in a companion publicatigBrady et al., 2013)For NG’ simulations, it was clear

the original value of  j andthe associateNOs’ flux were underestimated for the

maj ority of stations we testguptakenouCchesapea
result from an undeprediction of denitrification rates or a result of the fact that SFM

does not include dissimilatorytrate reduction to ammonium, or DNRAn and

Gardner, 2002)Because we lack sufficient information to model DNRA in Chesapeake

Bay, but hae access to denitrification measurements, we explored how-astieated

denitrification rates mi gsuptakb. ©ptimired Yaluesb ut i n
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forll  were inversely correlated to the depth of the aerobic layer across the stations in
our analysis; that is, where the aerobic layer depth was large; was low. Because

SFM assumes that denitrification is occurring uniforrhiptighout each layer, the NO

loss rate associated with denitrification will be larger for a given vallie of; as the

aerobic layer depth increases. Thus, we removed the-deptmdence from the aerobic

layer denitrification formulation.

Although denitrification is considered to be a strictly anaerobic process, evidence
exists for denitrification within the aero
organic aggregatddenkins and Kemp, 1984grgensen, 197.7The inclusiorof aerobie
layer denitrification in SFM, although absent from conventional sediment diagenesis
models(Jahnke et al., 198¥anderborght et al., 197Yhas been included in more
recent workBrandes and Devol, 1993f the aerobidayer denitrification is occurring in
anoxic microsites, we have no reason to assume that these sites would not be equally
distributed. However, denitrification may be active in sections ofresulis where there
is close spatial coupling between the anoxic zone and theM@d zone, which is
nearly always aerobi@Blackburn et al., 1994 If this was the case, modeled
denitrification would only ocauin a relatively thin section of the sediment at the
interface of the aerobic and anaerobic layer, and thus the denitrification loss term in SFM
should be deptindependent. We applied such a formulation in SFM and found good
modeldata agreement acrostes at a single value for the aerobic layer denitrification
rate (Fig.4.6, Table4.3). It should be noted that sediment models that resolve porewater
profiles with high vertical resolution do not need such a formulation, as interfaces within

strong, oppsing concentration gradients are welpresented.
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Modeled denitrification rates agreed well with observatibtaa et al., 1998nd
indicate the potential to model seasonal cycles of an important process that is effort
intensive to measure (Fid.7). Measurements of sediment denitrification were found to
be strongly tied to overlyingrater NQ' in the Chopank River(Kana et al., 1998 as
well as many other locatiorfPong et al., 2000Pelegri and Blackburn, 199Seitzinger
et al., 1993 SFM simulations fit tts pattern across all sites in Chesapeake Bay and
during three seasons (F#§7a). The intercept of a linear model fit of overlywgter
NOjs and denitrification rates indicates the degree of nitrificafiana et al., 1998 We
compared this intercept (as derived for each station and month) ter&ieleled
nitrification rates and found that the intercept vakas highly correlated (r > 0.8) with
the modeled ratg®i Toro, 200). From a seasonal perspective, denitrification appears to
have two maxima at seasally-hypoxic stations (Figd.7b), one in AprdJune and
another in OctobeNovemberKemp et al., 1990)This has been observedother
systems as we{lgrgensen and Sgrensen, )988& primarily results from N
limitation during periods of the ye@re., summer) when sediment nitrification is limited
by low O, and high sulfide concentratiofidenriksen and Kemp, 1988Conversely, at
stations vith ample NQ  concentrations in overlying water yeaund (e.g., Maryland
Point, Still Pond), high denitrification rates were maintained throughout summer and
followed the annual temperature cycle (Hd.c).

Previous studies have used cregstem comparisons to estimate the fraction of
external nitrogen loading that is lost to the atmosphere via denitrification as roughly 50%
(Seitzinger, 1988 An analysis of SFM ata indicated that between 50% and 75% of the

PON flux to sediments was released as;NHig. 4.10), indicating that 25% to 50% of
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the depositional flux was either lost to the atmosphere via coupled nitrification
denitrification or it was buried in sedimis. For the majority of sites in Chesapeake Bay,
denitrification on average accounted for 25% of the PON flux, while burial of PON has
been reported to be 15% to 25% of PON depos(&8mynton et al., 1995; Kemp et al.,
1990) Interestingly, the[NH,"]/Jpon ratio was higher at 8 of the 12 stations we modeled
that experienced seasonal hypoxiaooxia relative to those that did not; this indicates
that hypoxiadriven summertime declines in denitrification resulted in a larger fraction of
Jeon being released as NHFig. 4.10) as has been observed previously in many other
coastal ecosystenigemp et al., 1990Seitzinger and Nixon, 1985

Recent research has indicatbdt previously undeappreciated aspects of the
nitrogen cycle maybe be important in marine ecosys{@usyin and Hamilton, 2007
These include, but are not limited to, dissimilarity reduction of nitrate to ammonium
(DNRA), anaerobic ammonium oxidation (anammox), and nitrogen fixation associated
with sulfate reductioriBertics et al., 2010; Brunet and Gar@dl, 1996; Dalsgaard and
Thamdrup, 2002; Gardner et al., 2006; Rich et al., 2088\ does not include these
processes, primarily because we do not yet have the data to support model formulation
and validation of these processes, especially in Chesapeake Bay. Some of these processes
may be indirectly modeled; for example; pfoduction due to anammox may be
Aparameterizedod in the modeled denitrifica
future modeling studies may add equations and parameters to simulate these processes

explicitly as more information on controlling processes becomes available.
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Phosphorus Cycling

SFM-simulated P@" fluxes agreed well with observations across many stattout
the comparisons were slightly more complex due to sq@lat#cle interactions. The
adsorption of PG} onto FeOOH (as well as manganese oxides) is an important
mechanism of temporary phosphorus storage in marine sedi(Béntgp et al., 1998
Sundby et al., 1992which can dominate dissolv&@®,*dynamics near the sediment
water interfac€Krom and Berner, 19§Jand control seasonal cycles of sedimeater
PO,*fluxes (Cowan and Boynton, 19960ptimization routines indicated a spatial
dependence of the optimal aerclager partitioning coefficients and the relationship of
these coefficients to observed oxalaxtractable Fe availability illustrates elevated,PO
sorption within Ferichsediments near the |lamhter interfacé€Spiteri et al., 2008;
Upchruch et al., 1974) ower PQ® retention via sorption (i.e., lower partitioning
coefficient) is also consistent with the removal of Fe via precipitationswuifides in
more saline regions of the estu&Baraco et al., 1989ordan et al., 200Q8although
these dynamics are not specifically modeled in SFM. Although the incorporation-of site
specific parameters into meld is not ideal, we justify spatiatarying partition
coefficients because Fe is not modeled explicitly and because partition coefficients could
potentially be predicted from known Fe concentrations.

Although many previous models of FOhaveemphasied diagenetic production and
the resultant vertical porewater profiig&abouille and Gaillard, 199Yan Cappellen
and Berner, 1988 other models have examined the influence of R@rption and
desorption on the availability and sedimargter fluxegSlomp et al., 1998 The

evolution of seasonal increases in sedinveater PQ™ fluxes in Chesapeake Bay often
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lags by a month or more after WHncrease¢Cowan and Boynton, 1996This
phenomenon has been explained by the adsorption of diageneicallyced P& to
FeOOH in the aerobic layer under oxic condtions, which buffers porewaterssais in
low concentrations and sedimeméater fluxes. Similar interactions do not lirhlH,"
sedimemwater fluxes, thus diageneticalpyoduced NH' is free to diffuse to the
overlying water. Under reduced oxygen conditions characteristic of seegi@hs of
Chesapeake Bay, iron is reduced, thereby releasing the stoy&tbRfe water column
later in summe(Testa and Kemp, 2012The use of oxygedependent partitioning
coefficients allows for the representation of these processes; when such coefficients are
removed, the annual Rflux cycle closely resembles that of WHdata not shown).
This formulation otherwise representsiastantaneous partitioning between solid and
dissolvedPO,;¥, where other formulations consider different adsorption rates as a
function of the crystalline structure of the FeO(Blomp et al., 1998 We lack the data
necessary to model detailed FeOOH structure.

An analysis of SFM data indicated that roughly 75% of the POP flux to sediments
was released as RO(Fig. 4.10), indicating that 25% of the depositional flux was either
buried or stored in the active sediment. TfRRO,*]/Jpopratio was higher at 2 of the 12
stations we modeled and these two stations were where partitioning coefficients were
higher and werlying-water Q concentrations remained above 1 yearround. This
indicates that burial processes are similar across sites and that relatively bagh O

maintain P@ in sediments.
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Silica cycling

The calibration process for the silica smodel in SFM resulted in simulated DSi
fluxes that agreedell with observations across many stations and provided insights on
key processes affecting sediment silica biogeochemistry. First, the addition of a
temperaturaependent silica solubility formulation is consistent with experimental work
(Lawson et al., 1978/an Cappellen and Linging, 1997and removed the constraint on
porewater DSi accumulation imposed by the fixed solubility (80 in the origind
model. In turn, model porewater DSi concentrations increased in warmer periods to
generate the sedimewater concentration gradient necessary to better match observed
DSi fluxes(Fanning and Pilson, 1978chink et al., 1974 Such controls contribute to
the strong temperatwaependency on sedimewater DSi fluxes in Chesapeake Bay
(Yamada and D'Elia, 1984

Porewater DSi accumulation is also strongly dependent on the dissolution rate
constantQ ), but reported values of this parameter vary betwe&ramfl 10° s*
(Rabouille and Gaillard, 199%anderborght et al., 1977#&/ong and Grosch, 197.8
Such variation is due to differences in the diatom species being dissolved, the residence
time of the algal cells in the water column priordeposition, alterations of the siliceous
material within the sedimeiRabouille and Gaillard, 199&chink et al., 1975 and
other factors. Considering the temperature dependence for thisrfiesstreaction
constant in SFM, the optimized value fr in SFM varies from 4.3 x 10to 7.5 x 1&°
over the course of the year, which is somewhat faster than other values reported in the

literature during warm months. However, SFM considers the deposition of relatively
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fresh organic matter, which may explaie tlaster dissolution rates compared to natural
samples of diverse siliceous material from less productive re@mhsnk et al., 1975

The mapr improvement to the silica model in SFM, however, resulted from reducing
the solidsolute partitioning coefficients that represent the sorption/desorption of DSi
with FeOOH. As @-dependent partitioning allows for the storage of diagenetically
produced P,* and DSi in sediments until low-@onditions lead to FeOOH dissolution
and PQ*/DSi release. Although sorption dynamics betweeg*Rdd FeOOH are well
describedSundby et al., 1992silica is less affected by these interactions thag PO
(Mayer and Gloss, 193@nd DSi fluxes have been found to be relatively insensitive to
O, (Yamada and D'Elia, 1984ndeed, most sediment silica models do not include
sorption of DSi to FeOOKSchink et al., 197.3Nong and Grosch, 1978/Nhen we
reduced the partitioning coefficients at all sites, the model representation of DSi fluxes
improved substantially, with a more represgive seasonal cycle (Fig.11). With the
partitioning formulation active, SFM predicts large and sheed peaks in DSi flux in
late spring at stations where f@aches anoxic and hypoxic levels (e.g6&R Point No
Point). This is due to temporarjosage of DSi sorbed to FeOOH during spring followed
by abrupt and large sedimenater effluxes of DSi when Qleclines below 62.6M
(data not shown). With the removal of this temporary storage mechanism for SFM, DSi is
stored in lower quantities durirgpring and is released gradually through summer as it
dissolves, and the resulting fluxes match observations4Hig), Table4.3).

Model Improvements

There are some limitations of the SFM subdels described here that could be

improved in the futureA | t h o u g h -I8yerMérteal resalation limits its ability to
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simulate fine scale, vertically distinct processes, its simplecitlyd s t o t he model
flexibility as a linked component inCBbiophysical models and as a tool in stahohe
applicationgVanderborght et al., 1977l8). SFM now includes a benthic algal sub
module(Cerco and Seitzinger, 19pthat considers the interactions between benthic
algae and sedimemtater fluxes. This addition allows the use of SFM in shalater
ecosystems where light reachiee sediments. Although the denitrification formulations
in SFM originally lacked a limitation by organic carb@i Toro, 200}, we have added
this dependency to SFM, thereby improving its applicability in more calinoited
systems. W relatedtheregionatspecificityin the optimized phosphorus partition
coefficients to the concentration (and thus availability of sorption sitdés3@OH.A
more mebanistic alternative isreiron modekhathas been developed within the SFM
framework (Chapter 21 in Di Toro, 2001) and couldritegrated with the nutrient and
O, submodules ofSFM in the futureThe parameter optimization scheme described here
allowsfor relatively fast (i.e., less than one hour) sensitivity tests and parameter
adjustment for applications in new systems. Finally, an explicit representation of aerobic
respiration could be included, as well as recently emphasized pathways within the
nitrogen cycle, such as DNRA and anammox.

An important goal in the calibration and development of any model is the balance
between generality, realism, and precigibavins, 1966)BecausesFM isideally
applicable to a wid@ariety of ecosystems, giccasionallype@me necessaryp sacrifice
precision in any one environment to develop a more general set of equations to represent
a given suite of key processes. Beyond these key processes, there are many reactions we

know exist in reality, but to date have not been sufficiently studied andtdagano
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meaningfully represented in a model. Thus, although all models necessarily simplify a
complexecosystem into a set of mathematical formulations that can practically represent
system behavior, it is advantageous to develop general models with thdif{eta add
realism as the stat#-the-science progresses. Although calibration exercises can result in
parameter sets that enhance model precision while sacrificing generality (as in this
study), ultimately some level of human judgment must be invatvedaluating trade
offs (Cerco and Noel, 200%nd exploring the potential to gain biogeochemical insight
from the modeling process.
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Table4.1: The model equations are listed below. The solutions are found by numerically
integrating the equations (Di Toro 2001). *Parameter definitions are located at the bottom

of this table.

Mass balance equations (these are the general equations &md3Gy):
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Kinetic source and reaction terms for ammonium, nitrate, phosphate, and silica
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* H,, H, = depth of layer 1 and 2 (cm);&£Cr1, Cr2 = total (dissolved +particulate)
concentration in layers (mmol#1 POG, = Layer 1 particulate organic carbon
concentration (mmol i), POCs = reference particuta organic carbon concentration
(0.1 mg C g solid¥); fq, f4» = dissolved fraction of total concentration in each layer;
fo1, fo2 = particulate fraction of total concentration in each layer; = mass transfer
coefficient between layers 1 and®2; =ratio of SOD to overlying water dissolved
O,, ormass transfer coefficient between layer 1 and the overlying-water
column;0' = mass transfer coefficient between layer 1 and 2 d
=sedimentation velocity (m%;] = particke mixing velocity between layers 1 and
2 (m d%); Q= first-order decay coefficient for accumulated benthic streds (&=
benthic stress term (d); = source of solute to layer 1 (mmol“d™); 0 = source
of solute to layer 2 (mol m?d™); II , I = reaction velocity for firsbrder removal
reaction rate constant in layer 1 and 2 ({ydt , & = solids concentration in layer
1and 2kg L'Y);“ ,“ =partition coefficient in layer 1 and 2 (L Ky 'O = diffusion
coefficient of particulate solutes due to particle mixing{di); O = diffusion
coefficient of dissolved solutes (ém); — - = temperature coefficient f& or

0O ;0 j = half saturation coefficier{t = relevant parameter or variable, in
concentrations units of relevant variabl®);; = stoichiometric ratio 0 "O,
released to POC mineralized (mol N méhCid = stoichiometric ratio of Si(Oh)
released to POC mineralized (h@ mol C%). Where specific solutes are shown
A8h0 6 "Q), ‘& layer). Parameter values listed in Tab2 & andd were
computed fo) 0,0 0,0 0 (= dissolved + particulate phosphate), and S{OH
(= dissolved + particulate silica)J r IS the Q concentration below which
the aerobic layer partition coefficient is a function gf O
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Table4.2: Sediment Flux Model Parameters

Variable Value Units Variable Value Units

Recycle Fractions
Benthic Stress

"Q hEF 0.65 ks 0.03 d*

0 0.20 Kw.op 625  nM O*

Q i 0.25 Ammonium

Q 0.20 I 0.131 md*!

0 0.15 | 1.123

Qi 0.10 0 ; 52.0 m N

0 0.15 [ 1.125

Diageness ‘ U 11.5 mv O,

Q Rhn 0.01-0.0351 d* a f 2.0 mol O, mol* N
| 1.10 Nitrate

Q R 0.0018 dt [ 0.1-0.3 md’

| 1.15 | I 0.25 m d*

Ksi 05 dt i 1.08

dsi 1.10 W 1.25 mol O, mol* N
W i 1.0 mol O, mol* C  Silica

0§ 0.167 molNmol*C  "Y'Q 1390 mmol Sim®
Y 0.009 mol Pmol*C | 1.0

0 0.171 mol Simol*C 0 f 3560 mmol Sim®
Solids 3 A 515  Lkg*

¥, 07 cmy?t A E 1550° L kg

a1 0.5 kg L 0 1.8 mmol Si n?d*
G o 0.5 kg L [OJ]1 Q6 62.5 m O,

Mixing Phosphate

Dyg 0.7 cnty?t A 100-30C° L kgt

dbd 1.08 A 50-10¢° L kg*

Dy 0.6 cn’ d? [O]]®1 QO 625  mV O,

dbp 1.117 Dimensions

POG 0.1 mg C g solidd@  H;+ H> 10.0 cm

*Indicates that units are in£&quivalents

"Diagenesis rate range reflects the new (0Bdady et al. 201Bandoriginal (0.035)

_ calibration

YDenitrification reaction velocity range reflects the rangeadfies from the original
calibration and optimization routine

Spartitioning coefficient range reflects the range of v&linem the optimization routine
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Table4.3: Root mean square error (RMSE), reliability index (RI1), and mean error (ME) for ydddetomparison of sedimentater

nitrate, phosphate and silicate fluxes. Station depth (m), mean annual salinity, and summudast)ed (mM) in bottomwater

included for each station. Refer to text for model and parameterization schemes and td 8rg@@¥3) for station location details.

JINOs] (umol N mi? hrh
Q-

Calibration OptimizedOptimized for Calibration Optimized

by station all stations

Sites Metric  Original

Windy Hill RMSE 23.44
Salinity = 1.0 RI 1.29
0,=183.1 ME 5.62
Maryland Point RMSE 32.32
Salinity =1.9 RI 1.22
0,=196.8 ME 1.98
Still Pond RMSE 23.32
Salinity = 4.8 RI 1.18
0O,=167.4 ME 10.75
Horn Poirt RMSE 21.06
Salinity =11.1 RI 1.21
0,=150.4 ME -11.83

Buena Vista RMSE 20.67
Salinity =11.5 RI 1.21
0,=107.6 ME -14.16

h

19.34
1.27
-7.67

32.21
1.22
562

21.89
1.18
3.71

15.01
1.15
2.71

10.11
1.12
2.59

38.88
1.33
27.59

43.91
1.33
28.02

33.53
1.30
23.85

13.04
1.15
1.08

9.38
1.13
-2.73

J[PQ>] (umol P m? hr})

Original DpPO®*
by salinity
18.11 1418
1.88 1.78
9.01 1.42
10.24 10.24
1.38 1.38
-1.11 -1.11
3.20 3.20
1.21 1.21
-0.62 -0.62
42.44 32.71
1.62 1.76
-7.31 -11.04
34.28 2852
1.33 1.3
19.22 9.24

Optimized

Model

13.27
1.82
-2.65

10.24
1.38
-1.11

3.20
1.21
-0.62

27.08
1.83
-12.86

26.05
1.32
3.86

J[Si] (umol Si n¥ hr')

Original
Calibration

276.55
1.66
159.23

206.66
1.43
45.46

144.12
1.78
84.51

394.40
1.62
282.60

41970
1.49
345.67

TemperaturdPartitioning
Dependent Reduced

Solubility

275.48 16652
1.69 1.29
161.34 50.35
207.73 183.59
1.43 1.3
43.26 35.46
144,99 148.29
1.78 1.76
83.81 11.59

391.92 216.21
1.65 1.27
279.96 11801

411.15 22546
1.48 125
341.94 124.18



i)

Marsh Point RMSE
Salinity =13.2 RI
0,=54.8 ME

St. Leonard CreeRMSE
Salinity =13.6 RI
0,=94.2 ME
Broome Island RMSE
Salinity = 13.8 Rl

0, =75.7 ME

Ragged Point RMSE
Salinity = 15.6 Rl

0,=275 ME
R-78 RMSE
Salinity =17.0 RI
0,=175 ME
R-64 RMSE
Salinity =19.3 Rl
0,=14.9 ME

Point No Point RMSE
Salinity =20.6 Rl
0,=136.9 ME

20.61
1.17
-14.43

18.13
1.17
-10.09
24.79
1.25
-19.00

19.67
1.23
-11.07

11.76
1.46
-3.26

20.10
1.17
-12.17

14.04
1.25
-10.10

10.54
1.11
0.29

14.76
1.15
0.88
11.32
1.15
1.12

12.73
1.19
-0.36

11.26
1.37
2.32

12.48
1.13
0.74

8.38
1.14
-0.70

11.06
113
-2.89

12.42
1.12
0.71
13.34
1.18
-6.21

11.59
1.16
-1.52

9.02
1.20
2.08

10.84
113
-4.22

7.08
1.15
-3.36

48.73
1.47
1.55

11.89
1.29
2.27
52.58
1.70
-5.06

23.91
1.38
-6.08

11.70
1.48
2.24

20.27
1.32
-6.35

13.38
1.27
-5.18

39.41
1.56
184

12.22
1.44
-2.85
35.13
162
-6.82

18.92
148
-5.07

1133
1.76
1.68

16.64
1.42
-4.48

10.56
1.29
-5.24

34.00
1.84
1.42

12.98
1.47
-5.96
26.17
1.58
-8.02

14.86
1.68
-4.64

11.05
1.75
1.41

12.84
1.42
-3.81

9.42
1.29
-5.54

306.66
1.86
153.42

346.03
1.85
268.37
309.26
1.67
204.26

204.50
1.78
80.12

158.14
1.77
107.14

267.94
1.73
188.37

260.48
1.96
224.56

306.01
1.85
151.64

345.33
1.87
267.81
307.91
1.68
20250

198.99
1.77
79.41

158.14
1.77
107.14

267.98
1.72
187.82

260.48
1.96
224.56

179.15
1.23
14,51

211.19
1.29
108.48
188.14
134
58.75

124.76
122
-14.65

107.86
128
41.42

183.32
124
109.21

173.13
1.36
114.17



Figure Legends
Figure4.1. Map of northern Chesapeake Bay, on the east coast of the United States
(inset), showing the locations where Sediment Flux Model (SFM) simulations were

compared to Sedient Oxygen and Nutrient Exchange (SONE) observations.

Figure4.2. Generic schematic diagram of the Sediment Flux Model (SFM), including
state variables, transport and biogeochemical processes, and boundary conditions. Note

that the depths of the aerolfi¢;) and anaerobidd>) layers vary over time.

Figure4.3. Schematic representation of nitrogen transport and kinetics in the Sediment
Flux Model (SFM). Panels a & b represent the dynamics of the Al NQ” models,
respectively. Note: (1) there is daagenesis (ammonification) in layer 1 (panel a). (2)

there is no source of NOn the anaerobic layer, as n@ © present (Panel b).

Figure4.4. Schematic representation of the phosphorus and silica transport and kinetics
in the Sediment Flux Model (3. Panels a and b represent the processes within the
phosphorus and silica models, respectively. Note: (1) there is no sourcg”adFISi in

the aerobic layer and (2) both FGand DSi are partitioned between particulate and

dissolved phases in botayers, and (3) solubility control for silica dissolution (Panel b)

147



Figure4.5. Modeled (lines) versus observed (circles) sedimetier NQ' flux at Still
Pond (a) and B4 (b), where aerobilayer denitrification was modeled using a layer 1
denitrification velocity { ;) of 0.1m day" from the original calibration. (c)
Comparison of RMSE values for modeled Nflux across all stations at varying values
of the aerobidayer denitrification velocity, where the optimized valuelfor  is

highly correlated to modelomputed aerobitayer depth across stations (inset).

Figure4.6. Modeled (lines) and observed (circles) time series of N from four
stations in Chesapeake Bay (a: Windy Hill, b: Still Pond,-64Rd: Pant No Point).

Gray dashed lines represent model output using a layer 1 denitrification velditynof
day* from the original calibration, while black solid lines represent model output using

the depthindependent, aerobiayer denitrification modelfc0.2 m day.

Figure4.7. (a) Relationship between overlymgter NQ and sediment denitrification
rates as observed (squares) in the Choptank River e¢kearg et al., 1998nd
modeled for all stations over 3 seasons with SFM (ciroglbypeasonal cycle ahodeled
(lineis mean, shaded area is = 1SD) and obsgsathresyediment denitrification at-R

64 and (c) Still Pond.
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Figure4.8. Modeled (lires) versus observed (circles) sedimeater PQ* flux at Still
Pond (a) and B4 (b), where model computations were made using an adayeic
partitioning coefficient of 300 kg'lfrom the original calibration. (c) Comparison of
RMSE values for modetePQ? flux across all stations at varying values of the aerobic

layer partitioning coefficient, where the optimized valueMor i is highly correlated

to observed oxalatextractable Fe (inset) in the top 10 cm of seghts(Cornwell and

Sampou, 1995)

Figure4.9. Modeled (lines) and observed (circles) time series af FOX from four
stations in Chesapeake Bay (a: Windy Hill, b: Still Pond,-64Rd: Point No Point).

Gray dashed lines represent model output using the original atémgbigoartition

coefficient(¥" i) and black solid lines represent the statpecific optimized
% i . Grey areas are overlyingater Q concentrations at each station during the
simulation.
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Figure4.10. Relationship of modeled sedimevater NH," (top panel) and P§ (bottom
panel) fluxes to PON and POP deposition, respectively, at each station in Chesapeake
Bay. Open circles are stations characterized by oxygenated conditions throughout the
year in the overlyingvater, which shaded circlespresent stations with seasonal

hypoxia or anoxia. Data are means over the model period, which is specific to each
station. Lines represent the percentage of N or P removed (via denitrification, burial, or

long-term storage) from that deposited. The insegfur e i s t he rel ati ons
Recycl i ng OEYQ i—e+—-eneyo)tqoverlying water @at R64 and

St . L eOreek whe@ data are monthly means.

Figure4.11. Modeled (lines) and observed (cig)léime series of DSi flux from four

stations in Chesapeake Bay (a: Windy Hill, b: Still Pond,-64Rd: Point No Point).

Gray dashed lines represent model output using the original calibration, while black solid
lines represent simulations with modetethperaturalependent i, optimized

parameters (see text), and statipecific optimizedY* {and“ .
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Fig. 42
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Fig. 44
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Fig. 45
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