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Chapter 1- Phenology of Estuarine Response to Anthropogenic and
Climate Drivers, the Chesapeake Bay as a Case Study

Introduction

The impacts of atrient loadingon estuariedhiave beenvell-studiedover the past several
decadesdue to tle multitude of negative water quality, ecosystem, and economic impacts that
have been attributed to excess nitrogen and phospbongsntrationsHigh rates of microbial
respiration resulting from elevated phytoplankton production, fueled by these eutréssts,
are a strong factor contributing to the seasonal depletion of dissolved oxygen in e@tzmyes
Boynton, Keefe, & Wood, 2004Theextentand duratiorof low dissolved oxygewatersare
increasing in frequency and scalerldwide (Diaz & Rosenberg, 2008reitburg, 2002)
Phytoplankton blooms have been identified as a poor water quality symptom of the inflow of
excess atrients (eutrophication), mainly nitrogen and phosphorus, from the Chesapeake Bay
watershed into the estuary. The decomposition of large, spring phytoplankton blooms consumes
dissolved oxygen within the water column that then become hypoxic or andiecaflino
dissolved oxygen present respectively). Low dissolved oxygen conditions are problematic for
sessile aquatic organisms and a major stressor for mobileAdtierighreductions in point
source nutrient loadsnd riverine nitrogen and phosphohase occurredn Chesapeake Bay
and otheestuariegBouraoui & Grizzetti, 2011; Kronvang et al., 2008ereis the continued
challenge of increases in ngoint source nutrient loads due to population growth and land use
changeswithin the 6100 kriwatershedGoetz et al., 2004)

In the most recent decadeyeral tods have been used éxamine the impacts cfimate
changeand altered nutrient inputs trypoxiain Chesapeake Bayesta et al. (2014) used a suite
of sensitivity simulatias to highlight theseasonality of dissolved oxygen and identitedth
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nitrogenand phosphoru®ading as important drivepof summer hypoic volume.Li et al.
(2016)used the same model as Testa et al. (2014) and suggested that nutrient loading and related
watercolumn respiration is the main mechanism that determines interannual variability in
hypoxia. The timing ofhypoxiainitiation correlates stronglwith winter-spring freshwater flow
and the associated accumulation of chlorophyh bottom wate(Testa & Kemp, 204, Testa et
al., 2017) Thus, variations in both the volume of water discharging into Chesapeake Bay and the
nutrient availability in that water contribute to hypoxia, tbhanges in the timing or magnitude
of freshwater inputs due to altered climatégras could highly effect the initiation of hypoxia
in the Bay.River flow effects interact with other external forces to control hypoxia, where for
exampleScully (2010)used a numerical model to highlight the influence of interannual
variability of wind forcing on Chesapeake Bay hypoxic voluMere recentlylrby et al (2018)
displayed the sensitivity of Ceapeake Bay hypoxic volume days to changes in sea level, water
temperature, precipitation, and nutrient loadiRgstoration efforts to reduce nutrient loads are
expected t@ompete with these climate changes, including increases in temperature thatedecrea
oxygen solubility and elevate respiration, and increased precipitation that leads to elevated
nutrient loadgIrby et al., 2018)These past studies, while identifying key external forcing
mechanisms that influencerauatscalemetrics of hypoxia, did not identifthe detailed
biogeochemical process that moderate estuarine changes examined on the, seastaal
annualscale.

Plannirg objectives and tracking restoration success of the Chesapeake Bay has been a
long-term goal of the Chesapeake Bay Program sisdéeception in 1983Boesch, 1996 hese
efforts havecontinuel with the implementation of total maximum daily load (TMDL) nutrient

allocationsfor various pollution sources in 2010 C Linker, Batiuk, Shenk, & Cerco, 2013)



Support for adaptive policies to improv@wate resiliency and sustainability of the Chesapeake
Bay system is one goal of the agreem&he agriculture sector has been identified as a
considerable source of nutrient pollution to the Chesapeake Bay edtuatyinker et al., 2013)
and is also vulnerable to climatic chang&thin the watershed, more than one quarter of the
land is devotedat agricultural practices, including growing crops and animal operations
(Chesapeake Bay Program, 204y in 2012, there were over 2 million acres of farmland in
Maryland alondUSDA-NASS, 2012)Climate change is predicted atieragriculturalactivities
that influence nutrient inputgrigation and fertiliation), as well asvaterand soiltemperatures
that impact crop uptake and nutrient transformations in soils (e.g., denitrific&ayrgxample
earlier spring temperaturésive allowed for agricultural activitieeross much of the Midwest
and Mid-Atlantic regionsto beginearlier n recent yeardPennsylvania has seen planting occur 6
days earliefrom 19962012compared td9791995(U.S. Department of Agriculture, 2010)
Chang(2019)suggests that farmers may also adjust their practices to future climate change by
planting earlier (corn) or later (winter wheat and soy beans) to maximize croplyieke
changes in behavior and climateuld lead to an increased and earlier nitratesjNigad (Chang,
2019) Huctuations in climatean also mediate the seasonality in nutrient inputs because periods
of high precipitation events/yeanshenfollowing several yearsfalry conditions has the
potential to flush high loads of dissolved nitrogen into the es(ua®, Shevliakova, Malyshev,
Milly, & Jaffé, 2016)

A current gap in knowledge is the consequence of changing climate factors that influence
estuarine phenology, such as changes in the timing of nutrient load iRpetslogy is a branch
of science ddmg with the relations between climate and periodic biological phenomena, such as

bird migration or plant flowering. Ecosystem phenologynpartant because changeshe



timing of climate driversan lead to a mismatch in key biological phenom8héts in nutrient
loading to the Bay could also lead to altered biogeochemical cycling within the estu@ras
the timing of the annual spring phytoplankton blo&itmore, Nelson, & Crain€016)showed
that increasin@ir temperatureseduced nitrogen availability in trees during earliefdadspring
period which is important when considering tGbesapeake Bay watershed asciinnection
to estuarine nutrient cyclingesta et al(2018)observed a shift in hypoxic volume phenology
betweerthe time period49851999 and 200@015, with the latter years experiencing a lower
peak volume and slightly earlier cycl&iven the complexity of relevant processes driving
phenology and the subtle changes in timing (e.g., days) associated with phenological shifts, there
is a clear need to use tools with high spatial and temporal fregiteenaderstand lorgerm
changes to seasonal timing.

The pupose of this chapter is to use a numerical modeling framework to understand the
potential changes in Chesapeake Bay associated with altered seasonal timing of nutrient inputs
andincreased watdemperatureThe Chesapeake Bay estuary was chosen as the study system
for this project, because there is a large, robust collection of datasets available for
biogeochemical processes and water quality param@&eakebll, Preston, & Martucci, 2004)

This estuary is also an economically, and ecologically important system, in which great efforts
have been taken in both its study and restorakiseek to answer the following questiorgw
dochanges in the seasonal it of nutrient input&ffect the seasonality and spatial response of
hypoxia in the Chesapeake Bay? And, how sensitive isghagonal cycle of hypoxia in

Chesapeake Bay to warmer water temperatures?



Methods

To quantify the biogeochemical response oé€dpeake Bay hypoxia to altered timing of
nutrient inputs and temperature, | conducted sevdealizedsensitivity simulations using a
couplel, three dimension hydrodynamicogeochemical model (ROMRBCA). Model scenarios
included changes in the timingf riverine nutrient concerations that reflect expectetianges
in farmer behavioresulting from climate change, as well as seasosaicific increases in
water temperature that are consistent with observed temperature increases over the past 30 years
Phenological response will be quantified by the volume of hypoxic waters, duration of hypoxia
from formation to breakup, timing of chlorophydlaccumulationand the associated respiratory

processes in the wateolumn and sediments

Modeling Tod

A coupled hydrologiebiogeochemical model (Regional Ocean ModgBystem and
Row-Column AesopROMS-RCA) wasused to simulate and analyze estuabiogeochemical
responsg to simulated changes in temperature and nutrient input tilRi@llSsimulations are
based on recently published simulatiqesg.,Shen et al., 2019nd are run offline tprovide
salinity, water temperature, advective and diffusive transport for the biogeochemical model,
RCA. RCA is a biogeochemical mod#iat simulatesvater column and sedimer{aerobic and
anaerobic layerd)iogeochemical processes by simulating the cycling of phytoplankton growth
(two different groupsiising light, temperature, and nutrient availabiliiytrient cycling in
RCA involves oxygen, carbon, nitroggrhosphorus, silica, and sulfiNutrient and freshwater
inputsfor ROMS-RCA are based on gauged inputs measur#teagight major Bay tributaries:

including theSusquehanna, Patuxent, Patap$otomac, Choptank, Rappahack, York, and



James RiverROMS-RCA has a grid resolutioof 120x80(Figurel1.1a) and 20 vertical layers
Detaileddescriptions of ROMSRCA and the sediment biogeochemical model (SFM) can be
found in recent publication3 ésta et al., 2014.i et al., 2016 Testa et al., 201Fhen et al.,
2019.

Sensitivity simulations were performed oviereeyears with differenhydrologic
regimesto allow for the quantification of the impacts of different physical regimes on the
e s t u amsiyivaysto aliered temperature and nutrient load timing. | simulated three temporally
adjacent years with different overall magnitudes of freshwater inpatadingan above
average river flow yeg2004),a belowaverage river flow yeg002), anca moderateor
average flow yeaf200Q Figurel.4). For each of these hydrologic regimegpbxic volume

observations compare well to model predicsi{ffigure1.5).

Nutrient Timing Scenarios

For each of the three hydrologic conditions (2000, 2002, 88d)2heaverage of all
major tributary NGz was usedo generatan idealizedannual cycleof nitrate concentrations
which wasscaled up or dowto matchthe nutrient concentration atmhd magnitudén each
individual tributary(Figure16). Thisgeneat i on of tri butary inputs wa
Based (no change) scenari o f oHoreacbmgradogic yeas,n o f
two modelscenariosvere performed thatonsisted of shifting the nitrogeNQ-3, nitrate +
nitrite) conentration earlier in the year, for each of the major tributaries modeled. The incoming
freshwater flowconditions(i.e., the hydrology of each yea®maired constanbetween model
scenarios within the same ygandonly the seasonaiiming of NO.z concetrationwas altered

(Figurel1.738). NO23 timing scenarios consisted of three different model runsdealizedd B &s e



scenario where no changes in N@ere applied,md t wo o6s hi f tthepeakbl@n ar i os
concentration is shifted one and two morehdy respectivelyreflecting hypothesized shifts to
earlier NQs concentrationgissociated with earlier fertilization
| hypothesize thataelier spring nutrient loadg during cooler spring temperatures could
lead to a reduced phytoplanktbloomduring the warmer months if less nutrients are available
during the summer (i.e. a temporal decoupling of load and hlBayare 1.2. This would cause
a reduction in the amount of available organic matter for respiration and reduce the demand on

dissolved oxygn consumption.

SummeiVate Temperature Increase Scenario

Given the widespread predictions of elevated temperature in the Chesapeake region over
the next 5680 years, | performed sensitivity simulations to understand the seasspediyic
response oBay biogeochemistry to elevated temperatures. While climate projections typically
predict that water temperature increases will occur across all months of tife.ge&hang,

2019) obsevations made over the past year suggest that last spring and summer temperatures
warmed faster than fall or wintéfesta, Kemp, & Boynton, 2018esta, Murphy, et al., 2018)
Therefore, | applied thiscenario to the model by increasing Wegter temperaturpassed from
ROMS to RCA(uniformly across all model ce)l®y 1.5°C during the period spannirday 1to

July 31for each hydrologic yeg2000, 2002, and 2004} he temperature increase scenarios

were compared to a Base (no change) scettatancluded observed nutrient concentrations in
riverine inflows.

| hypothesize that increased summer water temperatures could lead to an increase in

hypoxic volume due to warmer temperatirereasing respiration of organic mate(iaigure



1.3). The factors expected to increase hypoxia in a hot summer, are the decseadaility of

oxygen in warmer waters, increased respiration rates, and elevated stratification. Although these
effects could be offset by a reduction in net primary production due to heat stress, which could
limit the amount of organic material availalbde respiration and potentially generate an earlier
breakup of hypoxiaA combination of these factors is likely to influence the scale, location, and

timing of hypoxia.

Nutrient Shift andSummeiVater Temperature IncreagombinationScenaris

The dimate change effectd earliernutrient load timing anélevatedssummer water
temperatureare likely to occur simultaneously. Therefore, | conducted simulations of summer
water temperature increasgf 1.5 C Bay-wide from May 1 to July 3tombined withshifting
the NQatiming 1 and 2 months early respectively for each hydrologic Jéese simulations
allow for an analysis of interactions between the two climate chianlgeed alterations of

external forcing with reference to the impacts in isolation.

YearroundWater Temperature Increase Scenario

In contrast to the observation of the largest deviations intemy averages of water
temperature occurring in the sumn{€esta, Kemp, & Boynton, 2018&esta, Murphy, et al.,
2018) other studies have projected yeannd water temperature increases in the Chesapeake
Bay regon (Ding & EImore, 2015)To evaluatesstuarine sensitivity tpotentialyearround
water temperature increasé performed a simulatioby inaeasing the water temperature

passed from ROMS to RCA (uniformly across all model £éNs1.5 °C, Baywide, for the



entire yearThis simulation was repeated for each hydrologic year (i.e., 2000, 2002, and 2004).

These yearound temperature increasesrevdirectly compared to the early summer increases.

Scenario Analysis

Hourly model outputs from RCA were pgatocessed using MATLABo generate
timeseries and spatial datasdtse following variablesvereused to quantify estuarine response:
dissolvedoxygen criteria (Maryland Department of Environment), denitrification, hypoxic
volume, phytoplankton growth/biomass, and hypoxia onset/breéiygoxia variables were
evaluated using thredissolvedoxygen thresholds 5, 2, and 0.2 @gL respectivelyto
represent different ecological thresholBssa ch s cenari o was compared tc
change 0 Biegsoehemialpmcesses were evaluated at specific stations that spanned

the length of thenainstem(Figure1.1b).

Results

| found Baywide and nore localized regionalhanges in hypoxic volundue to earlier
nutrient load timing and increased summer water temperafutee Chesapeake Bayo6s
phenological response is present, but freshwater inflow remains a strong driver of hypoxic

volume.

Nutrient Timing Scenarios

At the Baywide scaleidealized simulations aarlier nutrient loadsesultedn lower
annualhypoxic volumes for all hydrologiegimes(Figurel.8). The simulated reductions in

hypoxic volume were comparable across years, with a nexaduction between 1.2 and 1.4



km?®/day, equating to a-80% reduction relative to base conditions (FiguB. For all years, the
scenario that shifted N@two months earlier saw a larger reduction in annual hypoxic volume
than the one month early shithen compared to the Bage changgscenarioAt the hypoxia
threshold of 2 mg €L, thetwo month earlier shift during the moderately wet year (200l

the largest decrease in annual hypoxic volume with a charige?afkm®/day, followed by
106.4km3dayin 2004 (wet) and75.4 knt/dayin the 2002 (dryscenarioAlthough here was

no change in the timing of the peak hypoxic volume for any of the scentieagductions were
larger in the Maydune period in the moderate (2000) and wet (2004) gertmut larger during
the JulyAugust period in the dry year (2002igurel.8). The year 2000 (moderate) base, no
change, scenario had the latest hypoxia onset day for all regions excepéwmning of
hypoxia initiation wvhaghiftidbutrianetaningand pnlyichrfigedby nc e d
1 or 2 days for a region or two in each of the hydrologic years.

Thefact thatearlier nutrient load timing initiada decrease in Bayide hypoxic volume
indicatesthat there was aimcrease irbottomwate dissolved oxygenl computed the difference
in modeledotal dissolved oxygen, chloropmdl and respiration during the spring (January
May) and summer (Jup&ugust) in model cells correspondingttoee Chesapeake Bay Program
monitoring stationglongthe Bay mainstem including: CB3.3B8ay Bridge)in the upper Bay,
CB5.3(Smith Pointimid-Bay, and CB6.4 in the lower Baoth the 1 and 2month shifts in
nitrate concentration causedianrease in water column dissolved oxydgleat correlatedo a
decease irchlorophylta (Figure1.9a) and total respiratio(DOC oxidation + sulfide oxidation
+ phytoplankton respiratiomuringboththe spring and summeseasongFigure1.9b). For the
moderately wet (2000) and wet (2004) years the middle andBaxegations saw a larger

increase in dissolved oxyg@mboth seasons comparedite uppeiBay stationDuring the
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driest year (2002), the uppBay station showed the largest change in dissolved oxygen during
the spring seasoin general, the two month e nutrient shift had a larger effect on the
dissolved oxygen linkage witthlorophylla and respiration during both seastivan the one
month early scenarjdy increasing the dissolved oxygen as much as 3 #figaDthe midBay
station in the summeWhereas the onmonth early nutrient shift scenario generated about-a 0.5
1 mg QJ/L at the same station and season.

Remineralization processes in sediments and associated sediatentluxes also
variedseasonally in response thienulated shift in nitra concentration and loabh general,
comparisos of the NQs3 shift onemonth edy scenarian all regionsshowedthat sediment
oxygen demand (SOD), NHlux, and sediment nitrogen all deviated from Basécase
beginningin May, contining through thesummer, andthenet ur ned t o O6Based ca
between October adovember Figure1.10-1.11). The one month earlyutrient shift scenario
actually resulted ienhancedediment oxygen demand (SOD) in the two ugpBP stations
(CB3.3C and CB5.3)anddlightly reducedSODat the loweBay station(CB6.4) (Figure1.10).

The lower Baystation also has the smallest response to the nutrient shift sc&eahiment
particulateorganic nitrogen (PON) inputs to the sedimestereduced in the nutrient shift
scenarie, as was the sedimemtater flux ofammonium(NHa) (Figurel.11a andl.11b). Forthe
upperBay stationgCB3.3C and CB5.3), this reduction in PON is initiated around March, but
was delayed until May in the lowdBay station (CB6.4Figure1.9a). Ammoniumfluxes pealkd
during late summer through early fall (July to Octopand during this time thshiftNO23 one
month early scenario shows a reduciioiHs release fronthe sedimentsf 1-5% (Figure

1.11b).
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WaterTemperature IncreasBcenario

Theidealized early summer warming scenarios resulted in an altered annual cycle of
dissolved oxygen, including lowered hypoxia in the late summgyokic volumeincreased
during the period of increased water temperafhtay-July), but once warming subsidedter
July 31, model simulations revealedealuction in hypoxieén all hydrologicyears(Figurel.12).
The largest overall (delta) chanigeannual hypoxic volumeccuredduring the 200 scenaricat
108.6km3day. The wetyear (2004) had the largest irase in hypoxia during the temperature
increase period and the largest reduction after Jutin8d periodwith a change in volume of
146.3 kni/day and-37.6 kn¥/dayrespectivelyFigure1.12). The moderatelyvet year (2000)
had the largest lag after JUB¥ for hypoxia to decrease below the Base scenario at 10 days,
whereas the dry and wet years responded in 7 and 4 days respeltitlal/scenario,levated
temperatures increased water column and sediment respiration rates in the lower Bay, driving an
elevated and earlier hypoxic volumwhen compared to the Bag® changeycenario, both
2000 (moderately wet) and 2004 (wet) had two distinct increases (peaks) during the warmer
summer and closer to Base values around the eduhefFigurel.12).

The asonal response of hypoxia to temperature increases was driven by changes in
watercolumn and sediment respiratid®OD and watecolumn respiration increased under
warming in the middle and lower Bay, except for the wet year, 2004, when both ratesdleclin
with elevated temperature (Figutd4). In the upper Bay, SOD and waisslumn respiration
both were reduced or changed minimally under warming. Once warming ended on July 31,
sediment respiratioSOD)declined, whiclcorresponddto the reduction ivailable sediment
organic carborfSOC) which never recoved to levels fromthe Base caswithin the remainder

of theyear(Figurel.13). The uppeiBay station CB3.3C) saw the largest reduction in SOC
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relative the middle and lower Bay, but SOD redudiarere larger in the middle and lower Bay
Comparinghe sediment respiration to the water column, we can see that warmer water
temperature enhancegigaent respiration in the lowd3ay during the summebut this effect
disappears when the warmiagds(Figurel.14a andl.14b). Increased respiration allows for
elevatedegeneration of ammonium during the warmer summkich could stimulate
additional phytoplankton production and add additional organic material later in summer to
compensate for the matakiexhausted by warming. Indeech increase in water column
ammonium (NH) in both the surface and bottom watecsurred under warminigy
approximately 1€20% providing for the potential to support additional phytoplankton growth
Although this regeneti®n of nitrogen is relatively strong during the summer temperature
increase, the effect doesnb6t persist very
furtherphytoplankton productiogiven that hypoxic volumes and respiration did in factidec

in later summer under warminigpn summary, lte sediment organic material peghsutilized
during thewarmer periodthroughJuly 31 leavinglessorganic materiahvailable to support
sediment respiration in the falhich was consistent withe Bay-wide decrease in fall hypoxic

volume.

Nutrient Shift andVater Temperature IncreagombinationScenaris

The combiedscenario okarliernutrientinputtiming and summer temperature increase
resulted in an increase in hypoxic volutaéthreshold of 2ng Oy/L) during the first half of the
year (before July 31) and decrease in hypoxic volumtliee second half of the yeg@fter July
31)for both scenarios and for all hydrologic ye@fggure 1.5). The summer temperature

increaseonly scenario had thiargest increase (125%) in the first half of the year and smallest
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(generally reduced volumehange {4-1%) in the second hatff the yearThe combined

nutrient shift+ summer temperature increase scenarios had smaller incfglaifesmonth
early=818%, shift 2months early=8.3%)than the temperatwenly increaseand larger

decreases in hypoxic volunrethe latter half of the year relative to temperature increases only
(shift 2-month early=3 to-7%, shift 2months early=8 to-12%) When lookng at the total

hypoxic volume for the year, the summer temperature increase overwhelms the timingmeducti
in hypoxia. The shift N@& 1-month early scenario had a reduction €% across all three
hydrologic years, whereas the condritemperature anshift scenario had a20% increase.

The shift NO23 2-months early scenario had larger reductions in volumel®% across all

three hydrologic yearsyhile the comparable combined scenario had a 3% reduction in 2000, 3%

increase in 2002, and negligibleange(0.05%)in 2004.

YearroundWater Temperature Increase Scenario

The yearound temperature increase scenagdased elevatduaypoxic volume (at
threshold of 2 mg €L) in comparison to the Base (no change) scenario throughout the year
These incrases were comparahie2000(by 18% and 2002by 17%) and somewhat smaller
for 2004(by 8% (Figure 1.5). Thisincrease in hypoxic volume was larger tila@a summer
temperature increase scenavitich had a 10, 15, and 5% increase for 2000, 2002, @éd 2
respectivelyln the yeairound increase scenariofith 2002 and 2004 showed a slight decline in
hypoxic volume around October, but it was relatively small in comparison to the overall
increaseThis late fall decrease is of similar magnitude to tmarser temperature increase
scenario, but is shifted about a month lafeross all years, the early summer (before July 31)

increase in volume was comparable to the summer water temperature increase only scenario.
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One difference observed was during 2008en the increase in hypoxic volume occurred much

earlier in the year than all other temperature scenéfigsare 1.5).

Discussion

The ghenological response of Chesapeake Bay to changashimpogenic and climate
drivers is complex and can be subbat modd simulations(e.g. ROMSRCA) are useful for
guantifyingthe effects obeasonal changeséaternal forcingl documented responses of
Chesapeake Bay hypoxia to two distinct changes in the seasonal timing of physical forcing.
Shifts innutrient bad timing hd the effect of dampening the overall annual hypoxic volume
generating subtle changesphytoplankton biomass, sediment and watdumn respiration, and
hypoxiain threeregions across the Bay. The water temperature increase scenaritethdita
increase in the spring/early summer hypoxic volume, but a decrease in late sumhygabett
volumeafter the temperature increase stopjigxth of these idealized simulations represents
potential future changes to Chesapeake Bay associateditvéhadirect (temperature) or

indirect (nutrient load timing) response to future climate warming.

Nutrient Load Timing

Previous studiesaveshown howreductiorsin nutrient loadarelinked toimproving
surface water qualitfEshleman, Sabo, & Kline, 201,3ndrecovery of submerged aquatic
vegetationLefcheck et al., 2018)ut this study shows that similar reductions in hypozia be
achieved by a sfiiin nutrient load timingo earlier in the seasqfrigurel.7 and1.8). This
oxygen responsemay be a overlookedootentialeffect of changes in faren behavior and

precipitationpatternsA largeportion of Chesapeake Bay watersheddsupied byagricultural
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landscapes, contributingl@arge souce of estimated nutrient logd2% nitrogen, 55%
phosphorusChesapeake Bay &gram, 2015)Farmeradaptations to changing climate
conditions byadjusting agricultural practices to maintain crop yielonportant because ¢ 0
estimated to lead tearliernitrate (NOs) loading(kg/ha)to waterbodie$Chang,2019) Farmer
behaviors in adoptingertain agriculturatonservation practicgse., buffer strips and tile
drainage) may alsdhelp mitigatethe effects of climate chand®y reducing dissolved
phosphorus, and sediment exp@wagena & Easton, 2018Jhe shift in nutrient load timing,
allows more N@z to be present during a less favorable time of year (e.g., cooler spring/winter)
for phytoplanktorgrowth (Figurel.7a), which means that there is less organic material available
for hypoxia generation later in the year.

Freshwater flow is a strong driver of nutrient load apdimary predictor of the
magnitude of annual hypox(&i et al., 2016) Due to the geographic structure of the Chesapeake
Bay, the Susquehanna Rivethe dominant source of freshwater and nutrients and correlates
significantly with summer hypoxic volume (Hagy et al. 200dpdel resultshighlight this flow
effect regardlesef the nutrient timingor temperaturscenariaFigure1.8), with the high flow
year (2004) having the largest annual hypoxic volume, followed by smaller vwlomihe
moderate (2000) and low flow years (200B)e nutrient timing scenario had the largetative
reduction orchlorophyll, respiration, anthe hypoxic volume during the moderate flow year
(2000) for both scenario¥he reduction of ammonium fles and sediment nutrients to the
timing shifts was stronger during the moderate and low flow years in the-Bpgewhich may
indicate that high flow conditions push the spring bloom and associated organic matter
deposition seawaresta et al., 2014nd thus the uppeBay had little biogeochemical

production in 2004The Susquehanna River provides 87% of the freshwater to this portion of the
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Bay (Schubel & Pritchard, 2006and is influencing the response of SOD at the uBjagr
station the most during the wagh flow year.

An unexpected result of the simulations was the apparent stimulation of SOD and water
column respiration with altered nutrient input timing and reduced hypoxia. This feature was
especially evident in the upper and middle Bay in the moglerad high flow year and the lower
Bay during the wet year. This result reflects the fact that respiration (and associated oxygen
uptake) can be limited by oxygen availability (e$ampou & Kemp, 1994Yhus, in the upper
and middleBay, where oxygen concentrations in bottom waters under the base scenario are
anoxic or severely hypoxic, SOD and watefumn respiration are oxygen limited. When the
nutrient shifts reduced oxyge&oensumption due to reduction of chlorophkgland total
regiration (Figurel.9a andl.9b), more oxygen uptake within the sedimewtss allowed in later

summer(Figure1.10).

Water Temperature Increase

Many previous studies have examined ldegn changes in hypoxic volume (Hagy et al.
2004,Murphy, Kemp, & Bll 2017 and stimulated responses to future climate chalnigye ¢t
al., 2019, but fewer studie have examinedetailedmetaboic responses associated with
changes in hypoxic voluni&i et al., 201% Murphy, Kemp, & Ball(2011)found that over a 60
year record, significant increases in early summer hypoxia and slight decrease in late summer
hypoxia. Othestudies have shown how increases in water temperature are likely to increase the
anrual hypoxic volume in the Baiyrby et al., 2018)but this study shows that the slight increase
in hypoxic volume is seen due an in@ean the early summéemperaturgbut a subsequent

decrease in later summer/early fall vokiffrigurel.12). Testa, Murphy, et al(2018)
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hypothesized that warmer early summer temperatures would stimulate the respiration of the
spring bloom, exhaust organic matter earlier in the yearalod for relief from hypoxia due to

lower late summer respiration rates. These model simulations are consistent with that hypothesis,
where theseasonal temperature change lead to a faster rate of sediment ancbluater

respiration in the early summaemd when temperature returned to observed levels, there was less
sediment organic matter to support respiration and nufties (Figurel.13). Thus, the

impacts of future climate changes may not simply lead to higher hypoxia, but rather increase
hypoxa in early summer and decrease it in later summer. Such a pattern has emerged in
Chesapeake Bay since 1985 consistent with @CHticrease in temperature.

These idealized simulations appear to support the hypothesis that temperature increases
can haveomplex and seasonaltlependent effects on hypoxic. Future simulations that include
more realistic temperature changes from downscaled model simulations and account for other
effects of climate change (e.g., changes in freshwater discharge), will ledetier
understanding of these seasonal alteratidftsle longterm forecasting efforts of hypoxic
volume are needed to understand expectedcardury changes, retrospective analyses of
hypoxia changes to temperature aseful to inform those longéerm simulationsAt any rate,
reductiors in late summer/early fall hypoxic voluniea potentially unexpected consequence of
warming- could potentiallyopen up access to suitable fish habFatr example,n the Patuxent
River, striped basisabitat has beefound to bdimited by reduced dissolved oxygen j@evels
morethan high temperature during summer moifraus, Secor, & Wingate, 2015nd
improved bottom water oxygen could expand eoater temperature refuges for fish in late

summer
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Improvements in late summer/fall habitat under warming may be lower, however, given
that temperature ineases in all times of yearhe yeairound temperature increaseenario
generated a larger hypoxic volume, almost double the increase of the summer temperature
increase scenario alogexcept 2002vith a15-17%increase)While the late fall hypoxic
volume alsopersisédin the yeairound temperature increase scenario, tixaea longer lag
time beforevolumes declineth 2002 and 2004and herewasno reduction in hypoxic volume
during the second half of 2000hus, although temperature increases mdgediead to a more
rapid respiration of labile organic material in the early part of the annual cycle, model
simulations suggest that temperature increases across all times of year will extend a larger
hypoxic volume into the mid to late fall.

The combnedscenarios oéarliernutrient load timingand warmesummer temperature
showed that the reduction in hypoxic volume generated by the shift in nutrient load timing is
overcome by the increase in summer water temperdthigresult indicates that altbigh
organic matter reductions through lowered primary production under earlier nutrient inputs will
reduce pressure to generate hypoxia, elevated respiration rates of the existing organic material
will increase hypoxia. Howevethe reduction in later sumenhypoxiaassociated with warmer
summer temperaturgersistswith the addition of earlier nutrient inputsadthe reduction in
hypoxic volumewaslarger inthecombired nutrient shift- warmingscenarios for 2000 and
2002, than the summer temperaturgéase scenario alof@nd was comparable across yeérs;
8%). Thus, the combination of these two likely climate change effects on external forcing will

likely lead to an altered seasonality of hypoxic volume.

19



Conclusionand Future Recommendations

TMDL targets are generated on an annual basis, but the reSidéealized model
simulations presented hdrelicate that intreseasonal changes in loading may also impact
hypoxia, given the same annual lokdture changes in the timing of agricultural activity
including changes that occur response to climathanges$ will have cascading effectsthe
estuary if the agricultural changes lead to concentration charnthas the riverineloads.These
seasonal, idealized simulations and the hypoxia respdisgggayed inhem will be modulated
by other future climatic changes, including altered wind patterns, sea level rise, and changes in
air and water temperatur€he reduction in hypoxic volume due to the decoupling of nutrient
load and seasonal water temrggare may not remain as strong if water temperatures continue to
warm earlier in the spring.

Given that this studgvaluatedeach hydrologic regime independently, futumark could
include consideration dfee et al(2016)findings onthe ptentialfor large loads of nutrients to
be introduced tthe estuary when oner more dry years are followed by a moderate/wet.year

Making future projections with a biogeochemical modah be challenging, because the
model kinetic formations are inflexiblandarelimited by the science available to inform model
formulation, parameterization, and the inclusion of all relevant biological and biogeochemical
interactionsFor example, diture climate changesill likely alterphytoplankton species
abundancand distributionbut the current biogeochemical model opnesents two idealized
functional typega summer group and a winter diatom gro@iyen that these models do not
represent a dynamic and flexible community of different phytoplankton types and metabolic
modes the model will have a limited capability &@curately predict the varied potential

outcomes for phytoplankton metabolisfhytoplanktorkinetics, including nutrient uptakand
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respiration could play a large raleecosystenmutrient cyclingunder climate chang&von-
Durocheret al. 010)observed a faster rate otneasing ecosystem respiration than primary
production when exposed to increasing water temperatures, which could lead to a shifting
metabolic balancén marine phytoplanktornfoseland et a(2013)found that high temperatures
increases the rate of protein synthesis, and ultimately produce higher organismal nitrogen to
phosphorus ratio®hytoplankton sinking and grazing rates within the model could be improved
upon as t her avaladernotconstraintbele pdrantetars, especially within the
context of climate change.

Overall, this study illustrates the complexitypgeochemistry feedbacks loops in
estuarine ecology, and how alteratiomshe phenology of human behavior, physioating and
biogeochemistrgan potentially bémportant when studying climate change effects on
Chesapeake Baijodeling tools, like ROMSRCA, are valuable for studying complex, large
scale systems at a high spatial and tempesalution, because th@yovide insighto the

cascading effects of phenological changes between activities within the watershed and estuary.
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Chapter 2 Phenology of Estuarine Response to Anthropogenic and
Climate Drivers, the Chester River Estuary as a Case Study

Introduction

Biogeochemical processes in coastal ecosystems are diokelyto both adjacent land
use activities and the internal physical, biological, and chemical features of local water bodies.
Due to the nature of their bathymetry, shallow estuarine systems, like many tributaries to the
Chesapeake Bay, have several urigharacteristics compared to larger, deeper systems that
mediate their response to external nutrient inputs. For example, while the mainstem of
Chesapeake Bay has a robust seasonal hypoxia cycle over the spatial scale of several kilometers,
the Chester Rer estuary has diel cycling hypoxia, where oxygen is depleted for b2iéfrdur
periods at a limited spatial scdRoynton et al. 2009Tyler, Brady, & Targett, 20095hallow
estuaries are also more consistently vertically mixed (have less stratification) due to both wind
and tidal influences that exert stres®r the entire waterolumn. These shallow tributary
estuaries are also sensitive to the water quality in the adjacent Chesapeake Bay, where
circulation and bathymetry can allow for water exchange into the tributary estuaries, potentially
negatively affeing oxygen and nutrient conditions. For example, the Choptank, Chester, and
Patuxent estuaries have been shown to import eithemrhigtent or lowoxygen water into their
lower reaches on seasonal or ev&rdles, leading to water quality degradaticat th
independent of local land ugle. P. Sanford & Boicourt, 1990; Testeemp, Boynton, & Hagy,
2008)

Watersheds of the shallow, coastal plain estuaries of the eastern shore of Chesapeake Bay
also contrast with those of larger estuaries whose watersheds expand into the Piedmont and other

geologic features. For examplaeChester Rivewatershed, unlike thEhesapeake Bay
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watershedhas relatively low relief, includes minimal urban lamgk, and is dominated by
intensiveagriculturalactivities Agricultural nutrient management is an continuing effort within

the Chesapeak®ay watershe@Beegle, 2013and. one of the challenges with managing

agriculture operations on the eastern shore of Maryland is large quantity of poultry litter and the
high phosphorus content that it contajRseusch, Adler, Sikora, & Tworkoski, 2002)

Phosphorus is a difficult nutrient to manage and study, because it ultimately binds to sediment
but can becommobilized in hydrologically active soils when binding sites are saturated
(Kleinman, 2017)Previous management of poultry litter applicatiaese based on crop

nitrogen requirements, which caused an oversaturation of phosphorus to cr@ptandsh et

al., 2002) Groundwater movements on the eastern shore of ChesapealieeBayportant,

because there is a lag of several decades between nitrogen application on land and its eventual
transfer into estuarine watgi/. E. Sanford & Pope, 2013)Vhile these groundwater inputs are
poorly quantified, prior studies have highlighted the role of submarine groundwater discharge as
a key mode of nitrogen loading to shallow estusavwéh more sandy soil®.g.Moore, 1999;

Valiela et al., 1992)

Previous watershed modeling efforts witlihe Chester River watershed have shown that
future changes to climate and farmer behavior could lead to increased and earlier shift in nitrate
(NOg3) load(Chang, 2019)Analyses of agricultural activity within large geographieagjions
(e.g., the midAtlantic) have shown a longerm trend of earlier planting dates for corn (e.g., one
week earlier), and recent modeling has shown that planting dates for corn are expected-to shift 1
3 weeks earlier in the Chesterville Branch Watedsfa sukestuary of the Chester) by 2050
(mid-century) and by 2100Chang, 2019)These shifts in planting dates are associated with

earlier fertilizer application and alterations to soil nitrification and remineralization, ae wh
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combined with higher precipitation rates projected for the watershed, would lead to earlier
nitrogen inputs to the watershed by 2@ebang, 2019)While there is considerable uncertainty
in the timing of these additive effeat§ climate and agricultural practices depending on the
climate projection used, the potential changes in nutrient load timing reveal a need to better
understand the associated impacts on estuaries.

The purpose of this chapter is to use the same numericidlimg framework as in
Chapter 1 to evaluate responses to altered magnitude and timing of nutrient inputs in a shallow,
turbid estuary. The Chester River Estuary was chosen as a case study for this project, because of
the recent modeling efforts of thistaary(Shanks, 2001Chang, 2019and the extensive
monitoring and restoration activities undertaken in the Corsica RiVaiter R Boynton, Testa,
& Kemp, 20®) a major tributary to the Chester River. The following research questions are
relevant for Chapter 2: How sensitive is the seasonal cycle of hypoxia in the Chester River to
changes in the magnitude of nutrient inputs? Ay o changes in the seasohaling of
nutrient inputseffect the seasonality and spatial response of hypoxia i@thster River

Estuary?

Methods

To evaluate changes in hypoxia seasonality and biogeochemical responses (chiarophyll
sediment nutrient and sediment oxygen fluxestercolumn respiration) in the Chester River to
altered magnitude and timing of nutrient inputs, | conducted a series of idealized simulations
using a coupled, three dimension hydrodynabiggeochemical model (ROMRBCA). Model
scenarios included changesthe magnitude of nitrogen and phosphorus loads from 12 major

freshwater sources, as well as shifts in the timing of riverine nitrogen concentrations to test the
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systems sensitivity to potential indirect seasonal impacts of climate and anthropogegéschan
Phenological respons®ill againbe quantified by the volume of hypoxic waters, duration of
hypoxia from formation to breakup, timing of chlorophglhccumulationand the associated

respiratory processes in the watefumn and sediments

Study Se

The Chester River Estuary is located on the eastern shore of Maryland of the Chesapeake
Bay (Figure 2.1) near the Chesapeake Bay Bridge. The 1,14®&®rshed consists of
predominantly agricultural activities (65%; Maryland Department of Planninggjfggally large
poultry operations. The Chester River has a maximum depth of approximately 14 meters, but a
majority of the estuary is less than 6 meters (Figure 2.2a)watershed area of the basin is
approximately 250,000 acres and spans KentandfQueenne 6s counties i n Ma

Castle and Kent counties in Delaware.

Modeling Tool

A coupled hydrologiehiogeochemical model (Regional Ocean ModgBystem and
Row-Column AesopROMS-RCA) wasused to simulate and analyze estuabiogeochemical
responss to simulated changes in nutrient input magnitude and tiritmg modeling tool was
used in Chapter 1 to evaluate altered nutrient load timing and temperature increases in the
Chesapeake Bay estuary, and RORISA has also been configuréalr the Chester River
estuary. The Chester River estuary version of RERECA has a grid resolution of 174x174, a
cell size of approximately0 nt (Figure 2.3a), and 10 vertical layers. Nutrient and freshwater

inputs for Chester ROMRCA are based on Chesapeakg Baogram Phase 6 watershed model
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inputs aggregated at 12 major tributaries (Figure 2.3a). Atmosgiwenmdary conditions (air
temperature, photosynthetically active radiation, wind speed) were derived from the North
American Regional Reanalysis (NARRhd& seaward boundary (tides, salinity, nutrients, etc.)
was derived from simulations of the Chesapeake Bay Program Water Quality and Sediment
Transport Model (WQSTM). All model simulations were performed for the year 2003 as this
year is included in the spaf years used for the Chesapeake Bay idealized model scenarios in

Chapter 1.

Model Calibration and/alidation

Model scenario resuliserevalidated usindpi-monthly to monthlystatiorspecific
measurements of salinity, water temperature, chlorohylissolved and particulate nutrient
concentrations, and dissolved oxygen from the Chesapeake Bay Program (CBP) monitoring
program (www.chesapeakebay.net) for both the tidal andidahportions of the Chester River
(Figure 2.4 and 2.5). Higlrequencydata (15minute sampling) from the Maryland Department
of Natural Resources (MDNR) Continuous Monitoring (ConMon) progididNR, 2019)was
also used twalidate the Chester ROMBCA, including salinity, and dissolved oxygemnjO
The ConMon program consists of placing a YSI (Yellow Springs Incorporated, Inc.) sonde
containing multiple sensors one meter off the bottom and attaching it to a structupee().&,
single sonde and sensor package is deployed for two weeks, sampling water properties (salinity,
temperature, and dissolved oxygen) every 15 minutes and is replaced with a calibrated
instrument after two weeks to maintain a continuous data sttedso. validated simulated
sedimemwater fluxes (SONE) of nitrate (Ng), ammonium (NH), phosphate (P£, and

dissolved oxygen (SOD; sediment oxygen demand) using observations made at several stations
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during summer months (JuAeigust) in intact sedimembre incubation§W R Boynton et al.,

2003 Figure 2.6) in the Chester and Corsica River estuaries.

Nutrient Magnitude Scenarios

| first tested the sensitivity of Chester River hypoxia to changes in the ovegaltode
of both nitrate and phosphate loading, where the seasonality of the load was held constant. These
model scenarios consisted of increasing and decreasing the nitroggnrit@te +nitrite) and
phosphorus (P£) concentrations in stream dischesgor each of the major tributaries modeled
(Figure 2.3a). The nitrogen and phosphorus scenarios included multiplying the nutrient
concentration by 0.5 and 1.5 times respectively for each of the major tributaries (Figure 2.7),
representing a 50% decreas®l increase loading, respectively, for each nutrient. These
scenarios were compared to a 6Based scenario
concentrations to assess the impacts of nutrient load on hypoxic volume, chleeyamgl
sedimemwater nutrient and oxygen fluxes.

| hypothesized that the nutrient load increase will generate a larger hypoxic volume for
both the nitrogen and phosphorus scenarios, provided more nutrients are available for

phytoplankton growth and subsequent respiraticorgénic material.

Nutrient Shift Scenarios

| also developed idealized scenarios to represent seasonal shifts in the timing of nutrient
concentration within streams to represent potential future changes in the timing of nutrient
loading associated withr@dicted warming, precipitation changes, and agricultural activity

(Chang, 2019)Nutrientshift scenarios were applied to the model by shifting the peak nitrogen
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(NOg23, nitrate+ nitrite) concentration earlier in the year fockaf the major tributaries

modeled. A 1@day running average was applied to the nutrient-8erées in each river inflow

(Figure 2.8) to smooth the watershed medkslived nutrient concentration data, which were

relatively noisy. To avoid generating thdifact of a large pulse in fall nutrients, May 30 (day

150) was used as a reference point and then the dd@centration was shifted earlier from that

reference point for two scenarios; one with add4 earlier shift and one with a-8@y earlier

shift (Figure 2.9). The nutrient concentrations after day 150 was held constant within scenarios.
| hypothesized that the nitrogen concentration shift will lead to an earlier peak load,

causing a mismatch between highest nutrient concentrations and highenatenepend light

periods, thus reducing phytoplankton growth, respiration of organic material, and oxygen

depletion.

Dissolved Oxygen at the Chesapeake Bay Boundary Scenario

To test thepotential forChesapeake Bap force low dissolved oxygen waterstoithe
mouth of the Chester River, | adjusted the dissolved oxygen boundary cobgitelieving
hypoxicconditionsin the lower layers of the water colurahthe Chesapeakehester boundary
This was captured in the model boundary condition filenbyeasingthe dissolved oxygen
concentration#n layers 4 through 1GHe deepest layershere hypoxia persisted during the
summer) tanatch those of surface layefhis effectively increased the dissolved oxygen at the

Chesapeake Bay boundary of the CheRieer model(Figure 2.10)
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Results

Thehypoxia cycle in the Chester River is characterized by a seasonal volume in deep
waters of the central channel that reaches peaks in July, as well as low oxygen conditions in the
upper reaches of the gar tributaries (e.g., Corsica River). The most extreme depletions in
dissolved oxygen occurred at the mouth of the estuary (i.e. boundary adjacent to Chesapeake
Bay), and along the deepest part of the river channel (Figure 2.2a and 2.2t)o$pkorusdad
scenarios had a larger effect on Chester River hypoxia and organic matter respiration than the
nitrogen scenarios. The scenarios that shifted the nitrogen load earlier in the season had the

smallest effect on hypoxia, which was nearly undetectable.

Waer-column and Sediment Model Validation

Validation of the water column properties generated by the Chester River fFRROMS
model shows that it represents the salinity and dissolved oxygen patterns well in both the surface
and bottom water at CBP statida$4.1 and ET4 (Figure 2.4 and 2.5). The model
underestimates some of the seasonal peaks in chlorophyll (by up to 50% in some places) during
early spring in surface and bottom waters of the lower estuary (ET4.2) and durisgmmakr
throughout the waterolumn at the upstream station (ET4.1). Phosphorus concentrations are
well-captured by the model at both stations and at all depths, but peak winter inputg of NO
were underestimated at both stations throughout the water column. Comparison of modeled
sedmentwater fluxes at SONE stations CRO1 (upstream) and CR19 (downstream) showed that
the model was overall more consistent at reproducing SOD (sediment oxygen demand), and PO

NHas, and NQ fluxes at the downstream station (Figure 2.6)th&tupstream stan, the model
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underrepresented the magnitude of the summer peak in SOD arftuikvhich may be related
to the model 6s underesti mat i-aatthiodite. Motetthatr c ol um
sedimemwater flux observations were made in the yed&@12@vhile model simulations represent

2003.

Nitrogen Magnitude Scenarios

At the estuarywide scale, the idealized simulation of increased nitrogen{NO
concentration and load resulted in a marginally lower annual hypoxic volume (< 2/kb)g O
while thedecrease in nitrogen concentration generated a marginally larger annual hypoxic
volume (Figure 2.1). In comparison to the Base (no change) scenario, these changes constituted
a decrease of 0.37 Rrfwith NOysincrease) and increase of 0.23%mwith NO.3 deaease)
respectively, representing less than a 2% change.

| compared the difference in modeled sediment denitrificatio)y @d¢dimenivater
nitrate (NQ) flux and phosphate (RPflux, and sediment oxygen demand (SOD) at cells
representing two CBBations located in the mainstem of the Chester River: ET4.1 (upstream)
and ET4.2 (downstream) (Figure 2.3b). Both stations had similantiNQs flux responses to
changes in N concentration, but differed in magnitude. The upstream station (corresgondin
to ET4.1) had a maximum increase and decrease of approximately 50 figay/during the
late summer for the Nfincrease and decrease scenarios respectively (Fig@e [.tontrast,
the downstream station (corresponding to ET4.2) had a maximunasecaad decrease of
approximately 10 mg N/#day during April for the N@ increase and decrease scenarios
respectively. The N&Xlux response is similar in magnitude to the nitrate flux rates at both

stations, but the N£3 scenarios had the opposite effathere the decrease in hf@enerated an
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increase in N@flux (more positive sedimemwater NQz3 fluxes = NQ3 efflux from sediments),
while the NQzload increase generated an increasingly negative i@ (i.e., more NGQs

uptake by sediments). Thudevated nitrogen inputs led to higher water columnrNO
concentrations, higher sediment MQptake rates, and higher denitrification. This effect was
larger in the upstream, lower salinity regions and the opposite effect occurred in the reduced

NO23 loadsimulations.

Phosphorus Magnitude Scenarios

Changes in phosphorus concentration4R@d a larger and opposite effect on hypoxia
in comparison to the nitrogen scenarios, where increasindeB@to an increase in annual
hypoxic volume and decreasin@Preduced the annual hypoxic volume at a threshold of 2 mg
OJ/L (Figure 2.B). In comparison to the Base (no change) scenario, this was an increase of 0.67
km?® and decrease of 0.84 Rmespectively, representing a 5% increase and decrease in hypoxic
volume, respectively.

The downstream station (ET4.2) had a smaller response to changesnrattude
than the upstream station (ET4.1). Decreasingda@sed an increase in denitrification in the
first half of the year (i.e. approximately February to Jofore returning to the Base case at
both stations (Figure 24). The downstream station saw 2% change in P&¥lux due to the
PQ: increase scenario that was likely due to the increase in phytoplankton growth from more
POy available in the water columand therefore increased deposition of organic phosphorus.

Sediment oxygen demand also increased under the elevatéold@cenario.
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Nutrient Shift Scenarios

Both nitrogen (N@y) shift scenarios had a small effect on the annual hypoxic volume at
all thresholds (5, 2, 0.2 mg2) in comparison to the idealized Base (no change) scenario. At a
threshold of 2 mg €L, the 14day early scenario generated a slight increase in volume (0.06
km?®) and the 3@lay early scenarigenerated a slightly larger decred6.11 k) (Figure 2.5).

The 14day and 3@day early shifts in Ne load had a very similar effects on the
biogeochemistry at the downstream station. The denitrification response at the upstream station
showed a shift that matched the 14 aneld9 earier shift in nutrients, where the 2fay early
shift occurred before the dday shift with an increase in March and subsequent decrease in June
(Figure 2.8). The nutrienshift scenarios only affected the upstream station (ET4.1) during the
first half ofthe year, because by July, the denitrificationzld@d PQ fluxes, and SOD
responses returned to the Base case. The downstream station had a relatively smaller response to
each of these variables, and a slightly opposite effect in terms of timing fagyeshianP Q@ flux
and SOD response (i.e., remained at Base case until July and then responded to changes in
nutrient load timing). At station ET4.1, the Pflux and was relatively unchanged, except for a
sharp increase of 0.1 and 0.2 mg Bday in May forthe shift 14day and 3@ay early scenarios
respectively. This was contrasted by a decrease of 0.2 nffpByjnat the downstream station
(ET4.2) in September.

In summary, the responses of seasonal hypoxia in the Chester River estuary to altered
nutrient bads (nitrogen and phosphorus) and the timing on nitrogen delivery was apparent, but
relatively small compared to the Chesapeake Bay mainstem. Across all dissolved oxygen
thresholds there was no change in hypoxia onset day for any scenario giuwgd@y7, 2 mg

OJ/L = day 139, 0.2 mg &L = day 161).The estuary appears to be more sensitive to changes in
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phosphorus loading than to nitrogen, and it appears that both the upper, low salinity estuary and

the lower, more saline estuary appear to respondasigntb changes in nutrient inputs.

Dissolved Oxygen at the Chesapeake Bay Boundary Scenario

Altering the dissolved oxygen at the Chesapeake Bay boundary had a very large effect on
the hypoxic volume within the Chester River. By increasing the dissobaagen in the sub
surface layers of the boundary domsaiirch that no hypoxic water was externally delivered to the
Chester estuaryhe total hypoxic volume was decreased by & %reshold of 2 mg £L
(Figure 2.2). Thus,hypoxia in thisestuary appearto bemuch more sensitive to théh€sapeake
Bay boundaryconditionrelative to external inputsf nutrients from the watershéat stimulate

internally-generated hypoxia

Discussion
These idealized model simulations show that the Chester Riversiiweto changes in
nutrient inputs, but to a lesser degree than in the Chesapeake Bay and other coastal water bodies.
Low sensitivity to nutrient inputs coutésult from increased turbidityithin a shallower, well
mixed system, that is likely lightriited forphytoplankton growth and nutrient uptalkésher et
al., 1992) Total suspended solid$SS) and 8cchi depthndicated more substantial light
limited conditions irthe upstream statiarlative to the downstream station, witigher TSS
(20-25mg TSS/L) levels and a smallee&hi depth (0-D.4m) in the upstream station ai&S
of 5-10 mg TSS/landSecch depthof 0.5-1.2 min the lower estuary
(www.chesapeakebay.net/datisllodeled lightimitation factos (RLGHT) in RCAshows that

light is not a limiting factor foeither upstream or downstraaegions during wintespring
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(RLGHT > 0.9; Figure 2.22), but that light becomes limiting (RLGHQ.5) inthe upstream
more turbid station (ET4.1, Figure 222) during summerLight limitation is nota factor
limiting phytoplankton growtlat the downseam station (ET4.2, Figure 2.BPduring any time
of year, consistent with lower TSS and higher Secchi depths. Thus, another factor is likely
leading to the insensitivity of phytoplankton growth in response to elevated nutrients.

A second, and more likelyause of low sensitivity to nutrient inputs is the fact that
nutrient concentrations are high in the Chester River estubeyChester Rivenas high
nitrogen and phosphoresncentrationselative to limiting concentrations of 0.07 mg N/L and
0.007 mg PL used by the Chesapeake Bay Program and higher than the half saturation
coefficients in ROMSRCA (0.01mg N/L and 0.01 mg P/L)Average NGz and PQ
concentrationsvere 0.3 mg N/L and 0.025 mg P/L at CBP stations ET4.1 and ET4.2 (Figure 2.4
and 2.5)Changes in phosphorus were more important in areas where nutrient limitation existed
(e.g., station ET4.1, upstream in the estuary). This is consistent wialovity waters being
more phosphorus limite@Fisher, Peele, Ammerman, & Harding, 1992; Jordan, Cornwell,
Boynton, & Anderson, 2008han more seawd, highersalinity waters (which do na&xistin
the Chester estuaryp evaluate the potential for nutrient limitationthe model simulations
further, the ratio of phosphory®Qs), nitrogen (NQs+NHa), and silica concentrations and their
half-saturaibn coefficientandicated that at both the upstream and downstream statimmes of
the above nutrients were limiting within the surface watexsept for phosphorus during a
limited period during wintespring (i.e., values greater than 1, Figure 2.23is clearly
indicates that modest alterations in nutrient loading rates may be expected to have a much more
limited impact on phytoplankton growth and hypoxia than the mainstem Chesapeake Bay and

other nutrierdimited estuaries.
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The altered phosph&a{PQ) loading scenarios had a larger effect on hypoxia in the
Chester River estuatizan nitrogen (N@), which is consistent with a more phosphorus limited
system. Phosphorus limitation upstream in the Chester River is likely because it is less saline due
to the rivers geowrphology (i.e. narrow, shallow, and sinuous), the tidal influence is limited and
there is less stratificatiofTian, 2019) The relative effect of phosphorus load changes in the
Chester River compared to nitrogen is the opposite eféect & the Bay mainste(iesta et al.,

2014) which could be due to differences in nutrient ratios between the two systems. Higher
SOD and P®@fluxes under the elevated k{0ad scenario indicate that additional phosphorus
inputs stimulate phytoplanktomayth, subsequemtecay, and nutrient remineralization in
sediments. Denitrification was reduced under the highl®4a scenario, which could be due to
elevated organic matter (i.e., increased chloropdyHigure 2.8) causing deoxygenation of
sedimentgi.e., increased SOD, Figure 2)landthus reduced nitrification. Alternatively, this
denitrification response could be driven by the increase in phytoplankton growth under elevated
POy loading, causing elevated nutrient uptake (i.e., reduction inaN@lable) in the water

column, so less is available for N@ux into sediments to drive denitrification.

Hypoxia was present across the estuary, seasonally in both the deep and shallow waters
(i.e.,CorsicaRiver). Hypoxic volumes have not been previgusimputed for the Chester River
estuary, and these simulations suggest that volumes-aflor are an order of magnitude
smaller than mainstem Bay hypoxic volumesl &kn?). Considerable hypoxia was found in the
lower Chester River estuary, which ingdlies that low oxygen waters encroaching from the
adjacent Chesapeake Bay can move into the lower portion of the Chester River. While the model
also reproduced some hypoxia in shallow areas, it did not fully capture the high frequency, diel

cycling hypoxiathat has been observed in, for example, the Corsica River estuary at the
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Sycamore Point ConMon station (Figur@@). Clearly, there are higinequency variations at

Sycamore Point in the model that exceed those at ET4.2 (Fi@@®,2ut these variaties are

not as large as the 45 mg Q/L diurnal variations observed during sumrfifalter R Boynton

etal.,2009) Future work should more fully address |
diel hypoxia cyclingwhich may be because the spatial resolution is not large enough to

adequately capture the small scale hydrodynamics or because the phytoplankton physiology
formulation is insufficient.

While elevated N@ inputs had a minimal, and perhaps oppositecetfean
hypothesized on hypoxia, this simulation generated an increase in denitrification which
corresponded to the increase of NlDx into the sediment across the estuary. This effect of NO
limitation on denitrification has been shown in previous ssidind that by adding more O
supplies fuel for direct denitrificatiofCornwell, Kemp, & Kana, 1999A proportional contrast
was seen when N®inputs were reduced, as there was a reduction in the fiN® into the
sediments, and a reduction in denitrification.

Nitrogen load timing had a mimal effect on the phenology of the Chester River. Due to
the result of P@magnitude having a more substantial effect, future work could consider looking
at the timing of changes in phosphorus. This could be important under a changing climate as
larger preipitation events, leading to higher stormflows, would generate changes in phosphorus
delivery to the estuary from river inputs. Larger flow volumes and velocities could increase
erosion rates and the transportation of larger amounts of sediment, waicbrisern for the
mobilization of phosphorus that has sorbed to the sediment parGcoesll et al. {999)showed
an increase of up to 3 orders of magnitude in particulate organic nitrogen and phosplorus, an

inorganic phosphorus during storm events.
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Conclusion and Future Recommendations

While there has been increasing interest in using phenology as a metric for identifying
and quantifying changes in complex coastal sys{@twern & Jassby, 2008; Du & Shen, 2014;
Nixon et al., 2009)and some studies have miatkor analyzed through data how interannual
variability of climate impacts hypoxid.i et al., 2016; Testa, Murphy, et al., 201&his thesis
represents a rare application of numerical models to specifically address plehalognges in
estuarine biogeochemistry in response to altered seasonality of external forcing. Modeling work
in shallow, subestuary systems like the Chester River is important because the phenological
response is different from that of larger scaléesys like the Chesapeake Bay, and ultimately
both systems interact to influence the biogeochemical cycling of the other. Applying fine
temporal and spatial scale models on the margins of the Chesapeake Bay mainstem is useful for
better understanding proses that affect loading of nutrients and organic matter into the larger

system.

While the Chester River ROMBCA model captures larger seasonal patterns of hypoxia,
it di dnodt -cydipgtofthypexiasdereat rdonitering stations in the shatiozas (i.e.
Sycamore Point). Future work could begin to address this by looking at phytoplankton
physiology and response (chlorophg)lin nutrient rich waters, and improving how the model
estimates the seasonal cycling of chlorophydicross the estuanyight limitation or other
physical drivers may be stronger controlling factors for phytoplankton dynamics in highly

eutrophic systems.

This study only considered one year (2003, hydrologically moderately wet), thus to test

the interannual effects of 9ges like the Chester River, future work should include more
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hydrologic years (i.e. very wet and dry). This could be especially important in an agriculturally
dominated watershed such as this, to understanding phenological shifts in linkages between the
watershedestuary continuum due to expected changes in farmer response (irrigation,
fertilization, and crop types) to climate charf@®ang, 2019)Simulations showed that changes

in POy loading had more influence on Chester Rivgudwa, than the N&3 scenarios
(increase/decrease in load and early shift in load timing), thus future work could include
simulations in shifts of the timing of R@ad. Such simulations could inform an understanding

of how the release of dissolved phospls (legacy phosphorus) from oversaturated,

hydrologically connected, agricultural soils may be impacting estuary water (#dditgman,

2017).

Finally, the idealized simulations presented in this chapter could be built upon by running
linked, concurrent simulations of altered watershed discharge, biogeochemistry, and agricultural
practices as they impact the magnitude and timing of estuaidgeochemistry. While the
coupling of models has been applied on a larger scale to the Chesapeake Bay region for the
purpose of establishing TMDL reduction go@lswis C. Linker, Shenk, Way) Hopkins, &

Pokharel, 2012)smaller scale couplesimulations would be useful for evaluating the-sub
watershed effects of agriculture conservation prac{Mésyena & Easin, 2018) farmer
adaptations to climate chanf@hang, 2Q9; Huttunen et al., 2015and watershed restoration

practices that influence sediment |q&alinkas, 2013)
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Figure2.1. Location of Chester River Estuary on the northeastern shore of the Chesapeake Bay.

67



A Mean Water Depth (m)

39.3 [ [ [ [ [ [ [ [ [ 14
39.25 - - 12
39.2- - 10
39.15~ f 8
[}
e
=
g
39.1r- f 6
39.05 - - 4
39 f 2
38.95 [ L L [ L L L L L
-76.3 -76.25 -76.2 -76.15 -76.1 -76.05 -76 -75.95 -75.9 -75.85
Longitude
Bottom Water Dissolved Oxygen (O,) on June 21, 2003 Dissolved Oxygen (mg O,/L)
39.3 T [ [ T [ T [ [ T 12
[
39.25~ -
r 10
39.2 4 1°
F 18
o 39151 .
ko] 7
2
kS
- 391 B 6
5
39.05~ b 4
3
39 -
2
3895 L L L [ L L L L L

-76.3 -76.25 -76.2 -76.15 -76.1 -76.05 -76 -75.95 -759 -75.85
Longitude

Figure2.2. (a) Bathymetry (mean water depth, meters) of the Chester River Estuary. (b)-Estuary
wide map of modeled bottomater dissolved oxygen @Din late June.

68



39.25

392

39.15

Latitude

T

39.05

38_95 | | 1 | |
-76.4 -76.3 -76.2 -76.1 -76 -75.9 5.8

Longitude

B 393

CRO1

39.95 . | ET4.1 .+

AN

39.2

39.15

Latitude

391

—Sycamore Point

39.05
% = (CBP Stations

39 CR19 *  SONE Stations
ET4.2 A ConMon Stations

e | [ J I ‘E\(\ I 1 I 1
-76.3 -76.2 -76.1 -76 -75.9
Longitude

38.95

Figure2.3. (a) Chester River Estuary model grid (water cells only) with location of freshwater
inputs. (b) Sedimenwater flux (SONE)tations used in model validation (red, CRO1 and CR19)
and Chesapeake Bay Program (CBP) {tergn water quality monitoring stations (black, ET4.1
and ET4.2) used in the model validation and simulation analysis.

69



A
0.02
=
o
= 0.01
w
0
o 5 20
g5 §
%;mw
af £
0
£ 2 100
£ g
o O 50
2 9
5= o0
2 ~ 02
Eg §
30 o 01
ol £
= —_
o 0
2 5
25 9
182
52 E
=
B
= 0.02
£
5 0.01
w
0
G -
8?@10
50 E
[a)] —
? 0
E,Emo
o
g C g
o O
c 32
O 0
fo 3 02
o
80
ge g 0
i ~—
© 0
= ~ 4
=~
52 E
=

ET4.1 (upstream station)

_ Surface Water

* * *
*
" X *
- * %*
\ . X Hok . .
* x * * %\ ¥

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Bottom Water No Change Scenario

*  Observed

* *
*
* * *
L ¥ .
A . ¥ Ky . . i
*
* * * % | *
Cx ox
* *

0 1 1 1 1 1 1 1 1 L 1 L 1
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Figure2.4. Comparison of water column (a) surface and (b) boti@ter observation data at
CBP station ET4.1 (Figure 2.3b) and the no change model scenario model output.

70



A ET4.2 (downstream station)

20, Surface Water
=
c
= 10 %
® * * RGO *
O L L 1 L 1 1 1
s 2
=9 8 X . .
o
2 2 o 10 %
50 E
O | | 1 1 1 1 1
@~
= < 1001 — No Change Scenario
c o
g- S s0f * . % Observed
(] o B » X
£ 8 Lt e A, AN B
O 0
Q —~ 0041
T~ * -
583 % o002t * )
S E A .
o = 0 Ko ¥ :
Q
S5 9
=5 d
%8 < gl *
3 2 *
s E Il %
Z Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
B Bottom Water
- 20-* . . .
=
R
1) *
0 | | L 1 Il L 1
g c Q 20
= g’ 8 ¥ ¥
[e]
2% o mmw
50 g 0 L L ¥ ¥ ; | L L
2 = 1007
Pl
5- S 50f x ¥ "
o
= 3 0 | ¥ %* T i
O
@ —~ 01
E’QF 5 *
5o o005t *
oL g * * *
= ~ ; E3
o 0
2 1
M=o~ _]
Zzq8 2
50 o 05
BZ E
- ~ 0 | L
z Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Figure2.5. Comparisorof water column (a) surface and (b) botterater observation data at
CBP station ET4.2 (Figure 2.3b) and the no change scenario model output.

71



Sediment
Oxygen Demand
(SOD, MG 02/m2/day)

o

Phosphate (PO4) Flux
(mg P/m2/day)

Ammonium (NH4) Flux
(mg N/m2/day)

Nitrate (NO3) Flux
(mg N/m2/day)

I
w
o
o

CR19 (downstream station)

CRO1 (upstream station)

E-N

N

150 |
100 |

(9]
o

No Change
*  Observed

ES

X

K

Apr Jul Oct

Jan

Oct

Jul

Apr

Figure2.6. Comparison of observed sedimevdter fluxes at SOH stations CR01 and CR19
(Figure 2.3b) and the no change scenario model output.

72



3.51 No change in NO23
Decrease NO23 by x0.5
Increase NO23 by x1.5
3 -

= =

—
(&)
T

River NO23 Concentration (mg N/L)
o r

H
1T WQW Wﬂw

D

Chester River

ﬂ%

I Wﬁ v'(/w WM ﬁ\f

0 50 100 150

200

250 300 350

Days of Year

Figure2.7. Example of nitrogen (N&) concentration increase and decrease scenarios setup for
one Chester River estuarywitary. This process was repeated for the phosphorug (PO

concentration increase and decrease scenarios.

73



h
|

R
l | ‘{J ’l\&“‘w‘ \ \'A
p il Il A
\\.“,\”f t‘ﬁ’r‘ b mrl?ﬂ

|
\ 'k
\ |

il

0 50 100 150 200 250 300 350 400

W [\

9, R1
— | R2
§ 8+ ‘ ” R3
R4

[oT]

E R5
5 R6
= | i
= | R8
N VLt R9
o Ul R10
= J{V“% e R11
5] A7 AN R12
& i N I

.4:

=2

]

S

=

Averaged River Nitrogen (NO23) Input
(10-day running average, mg N/L)

0 50 100 150 200 250 300 350 400
Day of Year

Figure2.8. (a) Original nitrogen concentration in the 12 boundary rivers in the Chester Rive
estuary. (b) 1@lay running average of river N&inputs used for nutrient shift scenarios. The
location of river inputs to model grid can be found in Figure 2.3a.

74



Chester River

No change in NO23

2 - — Shift NO23 14 days early

1.8¢
= 16
pd
D 14+
E
c 12 [
O
g 1 0 50 100 150 200 250 300 350 400
o
o 5 No change in NO23
8 — Shift NO23 30 days early
a 1.8+
O
Z 16
g
2 14¢

12¢

1o 50 100 150 200 250 300 350 400
Day of Year

Figure2.9. Example of shifts in tribstary nitrogen concentration by 14 days (top) and 30 days
(bottom). Day 150 was used as a reference point (dashed line).

75



Chesapeake Bay Boundary Grid Cell

Chesapeake Bay Boundary Grid Cell

80

75

70

65

45

40

35

30

Base (no changg

Bottom Layer

Increase Bounda

Bottom Layer

50

100

I
o

250

300 350

150

|

T
!

I

200

250

300

350

(1/% Bwi) usbAxQ panjossiq

(170 bw) uabAxQ panjossiq

Day of Year

Figure2.10. Example of bottom water layer of Chester model comparison bethveéa)tBase
(no change) scenario and (b) setup of scenario for increased dissolved oxygen in the lower layers
of the boundary condition.

76



5 mg OZIL 2 mg OZIL 0.2 mg 02/L
14

No Change
1.2k 4 Tr N023 Decrease |

NO23 Increase

0.8F F iF

0.6F F iF

Hypoxic Volume (km3)

0.4f A 1r 1t

NO23 Decrease - Base

NO23 Increase - Base

-0.01 -

Difference in Hypoxic Volume (km3)
(Nitrogen Scenario - Base Scenario)

0.02 . . . . . :
Apr Jul Oct Apr Jul Oct Apr Jul Oct
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Figure2.13. Comparison of the hypoxic volume cycle (top) ofsPQtrient increase and
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different dissolved oxygen thresholds.
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Figure2.14. Difference in sedimenwater fluxes between R@ad chang€increase/decrease)
scenarios and the Base scenario at two CBP stations (ET4.1 and ET4.2).
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