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ABSTRACT

The spatial and temporal variabjliof phytoplankton biomass in estuaries
determinedy both local processes and transport preegslocal processes include
biological processes (e.gphotosynthesis, respiration/excretiandgrazing) and settling
whereas transport processeslude advective and diffusive transpoffsansport
processes have been demonstrated to regulate jmittgm dynamics significantly by
distributingboth phytoplankton and other dissolved padticulbtesubstance (e.qg.,
nutrients, salts, sedimentmdchromophoric dissolved organic matter). tagse
transport propertiesck a framework that unifiefi¢ pieced description of their various
effects, and quantification of their importance under various environmental conditions
This dissertatiomighlights the roleof horizontal transport processes on phytoplankton
dynamics in estuaries, including thetiaiion of harmful algal blooms (HABS).

In Chapter 2, the flushing effect of transport processes and its interaction with
local processes aexclusively examinedand its relative importance on the variability of
phytoplankton biomasds quantified and eamparedo that of the local processes over
timescales from hours to years, using an introduced concept of transport rate that can be
numerically computed.

In Chapter 3, aimple yet inclusive mathematical model is developed to examine
the temporal and spal variabilities in phytoplankton biomass in response to the various
effects of physical transport, under nutrient and light limiting conditions. For estuaries
whose dominant nutrient loading is from river inpatge basic patterns are revealed for
therelationships between phytoplankton biomass and flushing time under various
environmental conditions.

In Chapters 4 and e flushing effect ofransport processes the initiation of
harmful algal blooms (HABsh estuaries is investigated, whichthen applied to
examine the location and timing tfe initiation of an annu&ochlodinium(recently
renamedMargalefidinium) polykrikoidesbloomin the lower James River. Theoretical
analysis shows that the flushing is the key factor that affects HABtion in multiple
interconnected systems, aadelatively long period of time (weekis)required for a
successfubloom A HAB tends to be observed first in locations with relatively long
residence time, such as tributaries or areas with large etitlitgple unconnected
originating locations can eexist within an estuary that highly depends on
hydrodynamics and salinity. A numerical module @rpolykrikoidedbloom is
developed and built into a 3D numerical modeEFDC, which considers the competigiv
advantages df. polykrikoidesuch as mixotrophic growth, swimming, grazing
suppression, anekstingcyst germinationNumerical modetesults show thahe
flushing effect determines the origins©f polykrikoidedloomsin the lower James
River, andthe subtributaryof Lafayette River, which is characterized by relatively long
residence timgs favorable for the first bloom to occur, regardless of the cyst
distribution. A furtherinvestigation ofvarious environmental conditions for te
polykrikadesbloomreveals that temperature and physical transport control the
interannual variability in th&ming of its initiation, and individual perturbations by
southerlywind, heavy rainfall, and spring tide can cause strong flushing capable of
interruptirg, or even terminating, initiation of a HAB event in the lower James River.
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Impacts of Physical Transport on Estuarine Phytoplankton Dynamics and

Harmful Algal Blooms



Chapter 1. Introduction



Phytoplankton is one major primary producer in estuariesthaydcontribute
greatly to the organic matter input into the ecosystem and higher trophic levels in the
food web. On the other hand, however, the proliferation of phytoplankton can also be
harmful to the health status of estuarine ecosystems. As a resathmpogenic nutrient
enrichment, large increases in phytoplankton biorhase occurreth many estuarine
and coastal aquatic environments worldwide over the pastéatbiry, causing the
deterioration of water quality including the increase in teguency of hypoxia and
harmful algal blooms, loss of benthic macrophytes like submersed aquatic vegetation
(SAV) (e.g. Cloern, 2001; Kemp et al., 2005). In recent decades, the nutrient reduction
has beemmplementedn some estuarine and coastal systemisch has been shown to
be an effective managemesttategyto reduce the phytoplankton biomass and to restore
degraded ecosystems (Duarte et al., 2015). Because of the importance of phytoplankton
in ecosystem production and health, it is essential to eeathe temporal and spatial
variability in estuarine phytoplankton biomass and understand how various

environmental conditions affect phytoplankton dynamics.

Phytoplankton dynamicareinfluenced by many processes. In an estuary, as
illustrated inFigurel.1, the variability of phytoplankton biomass at a location is
controlled by both local processes and transport processes. Local processes include
biological processes (such as photosynthesis, respiration/excestdgrazing) and
settling, whilephysicd transport processé€sr simply referred to as transport processes)
include advective and diffusive transports. The local processes can be affected directly by
many environmental factors, including temperature, light, nutrients, grazing pressure, pH,

strdification, and so forth. The effect of transport processes can be divided into direct and



indirect effectsas they affectlistribuion of both phytoplankton and other dissolved and
particulae substance (e.g., nutrients, salts, sedimemts,omophoriaissolved organic

matter and grazels

Flushing effect of transport processes

The effects of transport processegpytoplanktordynamicsare weltrecognized
concepts. For quite a long time, the direct effect of flushpmgoplanktorout of the
systemhas been highlighted as the primary effecestuarine ecologist¥he
mechanism of this effect is related to water retention in the system, and the concept,
therefore, is straightforward to understand: a shorter time of water retention flushes more
phytgplanktonout. This flushing effect can altphytoplanktorcommunity abundance
and composition (Ferreira et al., 2005; Paerl et al., 2006; Costa et al., 2009). A variety of
concepts of transport time, such as residence time, flushingandage, are comonly
used to investigate the impact of physical transport over fgggal and long temporal
scales (Monsen et al., 2002). A region with long transport time is recognized as a stable
aguatic environment with a slow excharmgevater andts carrying sustancedbetween
inside and outside of a region. Therefore, it is indicative of a suitable condition for
accumulations of substances ljxeytoplankton Hence, a positive phytoplankton
transport time relationship is suggested as a result of this flustien @hd has been
observed in many estuaries (Lucas et al., 2009). For exampfhttaplanktorbiomass
is typically higher with longer residence tism&Vhile this flushing effect of physical
transport on the variability of phytoplankton biomass has bagrhasized, their relative
importance compared to local processes has not beeaddzissed. Although it is well

known that episodic events, such as storm surges and large discharge events, may



dramatically increase the contribution of transport prexsss relatively short
timescalege.g.,a few day¥ andmayhave greater impact on phytoplankton dynamics
than local processes, few studies discuss how the contributeyshange over a range

of timescales from days to years under normal conditiorad at al. (2009) suggest that
the variability of phytoplankton biomass can be described by a sstaigybalance

between local biological processes and transport processes described by residence time
I.e., itis assumd that the shorterm variability ¢ phytoplankton biomass is negligible

and local and transport processes are equal but counterbalanced in contribution. While
this steadystate balance assumption may hold for loergn timescales, it is questionable
for shortterm timescales, such as daalyd weekly timescales. A relevant discussion on
the comparison of the relative importance of the two processalsl behelpful to

answer what range of timescales the assumptiay bevalid.

The flushing effect of transport processes depends on theemorhorizontal
gradients of phytoplankton biomass. They may increase the local concentration of a
property if the incoming water has higher biomass, or decrease it if the incoming water
has lower biomass. Thus, the impact of transport processes noepelyds on
hydrodynamic fields but also depends on the horizontal gradients of phytoplankton
biomass. When studying their flushing effect of transport processes on phytoplankton
dynamics, the transport of phytoplankton is caused by both physical transpoda
physical transportHigure1.1). The mechanisms of these two types of transport are
different. For conservative substances such as salinity, theamorhorizontal gradients
are caused by the difference of concentrations in the incoming flowb@edtuary, and

also by the interactions between forcings (i.e., flow,, e windg and geometry, and



the corresponding transport is the physical transport that can be described by various
concepts of transport time. For noanservative substances diphytoplankton, while

the physical transport may still be the dominant component, an additional mectiaatism
caninduce non-zero gradientsnaycome from the spatially inhomogeneous local
processes (growth or decay), and the corresponding processi@Hpleysical transport.
Most studies considering the flushing effect of transport processes on phytoplankton
dynamics only take account for the physical transport, while ignoring themgical

transport or being unaware of its existence.

Indirect effects of transport processes

Though the concept of tltkrectflushing effect of transport processes is
straightforward, it is not the only way to regulate the variability of phytoplankton
biomass. Lucas et al. (2009) compile relationships across systensficanthat longer
transport time does not always result in highleytoplanktorbiomassandlower or
nearly the same biomass has dsen widely foundn nature. Thisnconsistency
indicates that transport processes may also have other ¢figctsayplay an important
role in regulatingphytoplanktordynamics. Indeed, the indirect effeof transport
processesn algal growth through its effect on nutrient delivery has been recently
suggested (e.g. Borsuk et al., 2004). Interestingly, the effectnspivetprocessesn
nutrient deliveryand hence on phytoplankton dynamigslevelopedgeparately to the
flushing effecton phytoplanktonn history, and like the flushing effect, studies suggest
that shorter residence time results in larger exportingofatatrients out of an estuary
(Nixon et al., 1996). Hence, with the same nutrient loading, longer transporeteines

more nutrients within the systeffhis effect of transport processes that flush nutrients



out, however, may not be as important asrthffect on nutrient input, especially in the
riverinenutrientdominated systems. Higher river inflow, corresponding to shorter
transport time, tamulates more nutrient loading into the system, and the net result of
nutrient delivery, therefore, incressbioavailable nutrients in the system (Paerl et al.,
2014). The resultant indirect effect of transport processes on phytoplankton dynamics is
that shorter transport time corresponds to enhanced photosynthesis and higher
phytoplanktorbiomass through baiim-up control when the growth ghytoplanktonin

the system is under nutrient limitation. Consequerttly direct and indirect effects of
physical transport may lead to opposite resulfshytoplanktorbiomass variability, and
this dual role in regulatg algal biomass has been linked to transport titeeerls et al.
(2012 foundthat the relationship between phytoplankton biomass and transport time is
norrmonotonic and unimodal in two small estuaries, and also sgikat the peak
biomass occurs winefreshwater flushing time is aboutlD days by fitting the

observational data with an empirical function.

Even though the conceptual model bagn establishednany questionseemain
unanswered for the effects of transport processes. Does the retgimeance of these
two effects vary with time and space? Does thismamotonic relationship hold for
every estuary? Is the transport time leading to the peak biomass aki@yays? How
do the environmental factors and ecophysiology affect the pgatkytdplankton
biomass for an estuaryd answer these questigrnise underlying mechanisms and

general patterns of this relationship neetléaexamined



Initiation of Cochlodinium polykrikoideslooms

Of thewater quality issues related to phytoplanktesamful algal blooms
(HABSs) receive more and moadtentiondue to their impact on ecosystems and their
cause of significant loss in economy. HABs with a variety of species have been observed
widely throughout the world3rand and Turner, 20065 and eutophication is thought to
be one important reason for their expansion in the U.S. and other nations (Heisler et al.,
2008). The general interests lie in understanding the environmental conditions promoting
blooms and also in developing the policies antinegues for the preventionpntrol,and

mitigation (Kudela and Gobler, 2012).

Estuarine HABs can originate either fr@adjacent coastal areas or within
estuariesThe HABs initiated and developed adjacent coastal areas are transported into
the estuags, and the process can be impacted by upwaldiingnhwelling cycle and
onshoreoffshore transport (e.g., Fermin et al., 1996). Conversehya occurrences of
HABSs in many estuaries have been suggested to originate within estuaries independently
althoughthe bloom can be also found in adjacent coastal areas (Anderson, 1997;

Mulholland et al., 2000

In Virginia rivers and the lower Chesapeake Bay, for example, the assemblage of
HAB speciesncludesCochlodinium polykrikoidegecently proposed to be ranad to
Margalefidinium polykrikoide®y Gadnez et al., 201)] Alexandrium monilatum
Microcystis aeruginosaProrocentrum minimugKarlodinium veneficumand
Chattonella subsals@Marshall and Egerton, 201L3The nonitoring shows that the.
polykrikoidesbloom occurs almost every yearthe lower Chesapeake Bay and its

tributaries in late summers over the past two decades (Morse et al., R@)gh the



precise toxingeadingto its toxicityhave not yet to be confirmed, it has been widely

found thatC. polykrikoidescould kill most marine organisms including other algae,
copepod, bivalves, coral reefs, and fish during bloom events (e.g. Jiang et al., 2009, 2010;
Tang and Gobler, 2009a, 2009b, 2010; Richlen et al., 2Bk@®nsive studies 08.
polykrikoidessuggest that this species has competitive advantages in growth over other
phytoplankton species through a variety of strate@{eslela and Gobler, 2012and he
processes that affeCt polykrikoidesdbloomscan be groupeshto: 1) the ecophysiology

of C. polykrikoidessuch as the effects of temperature, salinity, light on the growth rates,
the ability to have mixotrophic growth, and swimming behayi®ysoodweb

interactions including ecological impacts®©f polykrikoidesloom, its grazing

suppession and allelopathy effects on competijt8jdransport processesnd 4) the
formation of cysts in its life cycle to avoid the unfavorable environmental conditions and

thegerminationof cysts to vegetative cells when conditions become suitable.

However,the underlying mechanisms of the initiation, growth, anebffief C.
polykrikoidesbloomsare not fully knowrdue to the complex processes they involve,
which prevents scientists predicting when, where, and how large they will kdooim,
thus maked difficult to find aneffectivestrategy to control the bloorivMianyrelated
scientific question$or which answersemain uncleanclude: Where are the originating
locations ofC. polykrikoidedloomsin the James River? Why is thafayette River, a
sub-tributary of the James River, one of the important initiation places for the bloom
(e.g., Mulholland et al., 2009)ore gecifically, whatare the characteristics of thegb

tributary and the environmental conditions that make it favorable for tiegtiom of



HABs in the lower James River? In addition, what environmental conditions control the

interannual variability in the timing of HAB initiation?

While no consensus on the cause of HABs in the James Rivbe&aseached
possible impacts of traport processes have bemmsidered in addition ttocal
processes (e.gMorse et al., 2013Recent studies in Nauset Estuary on Cape Cod, USA,
also suggest that water temperature and water retention are the two dominant factors in
controlling theAlexandrium fundyensbloom that originates from three salt ponds within
the estuary (Ralston et al., 2014; 2015)is suggests that full examinatiorof the
effects oftransport processes triggering estuarine HAB events and its interaction with
local proessess neededParticularly, de to the complex interaction between physical
forcings and geometry, the flushing effezdynot be uniform throughouan estuary,
makingthe role of flushing effect dfansport processesore than a simple loss tetimat

prevens the accumulation of algae addlays the occurrence of HABs in estuaries.

Dissertation structure and objectives

This dissertation focuses on the various effects of transport processes on
phytoplankton dynamics in estuaries. Four chapters prédseptiginal research
conducted as part of this dissertation. A quantitative understanding of various effects of
transport processespsesentedn Chapters 2 and 3, and their impacts on the initiation of
estuarine HABs are highlighted in Chapters 4 and @hich a realistic case of anni@l
polykrikoidesblooms in the James River, a tributary of Chesapeake Bay, USA, is

examined.

Chapter 2 examines the relative importance of local and transport processes

(flushing effect) on the local variability of gtoplankton biomass over a range of

10



timescales from hours to years, in the upper James River,thsihg90 2013 monthly
time series data of surface chlorophyll a from two Chesapeake Bay Priagmtarm
monitoring stationsand threeyear highfrequencytime series data of chlorophyll a
collected at @ontinuousmonitoringstation The concept of transport rate is introduced
to quantify the flushing effect of transport processes, and its values are computed
numerically using a tracer method. The validatod steadystate assumptions on

phytoplankton dynamics is alexamined

Chapter 3 develops a simple yet inclusive mathematical niodalidystudy the
impacts of transport processes on the phytoplankton dynamics in estuaries under various
environmentatonditions and/ariationsof ecophysiology of phytoplankton. The patterns
of relationships between phytoplankton biomass and flushing time under both nutrient
and light limitation are revealed. The location of the zone of maximum phytoplankton

biomass irestuaries is also discussed.

Chapter 4 quantitatively examinesthe flushing effect of transport processes on the
location of HAB C. polykrikoide¥initiation, and compares its contribution to that of
biological processes. A mathematical model is develtpstudythe HAB initiation in
estuarysubestuary systems, and a numerical model for C. polykrikoides bloom based on
EFDC is used to confirm the theoretical analysis for its initiation over the lower James
River. For this chaptegsthe focus is to exame effects of flushing and net biological
processes rather than simulatidgpolykrikoidegso match the observations, some
processes are not included such as nutrient and light limitation, uptake of DOC, and

grazing. The swimming behavior Gf polykrikodesis considered by forcing the algae to

11



stay at the surface layer during the daytime, and the crucial effects of temperature and

salinity on the specific growth rate of C. polykrikoides are explicitly accounted

Chapter 5 builds more processes ithit® numerical module faE. polykrikoides
bloom in EFDC, including nutrient and light limitation on its growth, the abilities of
mixotrophic growth, swimming behavior, grazing suppression, and formation and
germination ofestingcysts. The contribution afhvironmental conditions and
competitive advantages 6f polykrikoidego the initiation of their bloom is studied.

Particularly, the dominant factors on the timinglofpolykrikoidesloom are identified.
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Description of some terms used in this dissertation.

Terminology Description
Phytoplankton The variability in phytoplankton biomass in this dissertation.
dynamics

Local processes

(Physical) transpori
processes

Flushing effect of
transport processes

Indirect effects of
transport processes

Physical transport

Non-physical
transport

ATranspor
process/effect

ATranspor
process/effect

Processes only defined for phytoplankton dynamics in this
dissertation, regulating the growth aactumulation of phytoplanktor
at a locationincluding biological processes (such as photosynthesi
respiration/excretion, and grazing) and settling

Processes includinadvective and diffusive transpagrtontributing to
thedynamics of all kinds aflissolved and particulasubstance(e.g.,
phytoplankton) in aquatic systems. For the phytoplankton dynami
the processes reguighe accumulation of phytoplankton at a locatic
through both direct and indirect effects

The direct effect of transport processes #fifects the dynamics of all
kinds ofdissolved and particulatibstance(e.g., phytoplankton) in
aqguatic systems. The flushing effect on a specific substance is thr
transporting thisubstancedependeinon both hydrodynamics and
spatial gradients of concentrations of substanceThe flushing
effect is mainly referred to that on phytoplankton dynamics in this
dissertation.

Other effects of transport processesides flushing ophytoplankton
dynamics by affecting local processes, throughdikgibution ofheat
energy and othatissolved and particulagibstance (e.g., nutrients,
salts, sediments, chromophoric dissolved organic matter, and gra:
The indrect effects are only referred tioat onphytoplankton
dynamics in this dissertation.

A type of transport processes that existstfie dynamics of all kinds
of dissolved and particulatibstanceée.g., phytoplankton) in aquati
systemsThis dissertation mainly focuses as ¢ontribution to
phytoplankton dynamics. For physical transport, the spatial gradie
of concentrations of theubstancéhat generatéhe flushing effect are
caused by the difference of concentrations in the incoming flows &
that inthe estuary, andiso by the interactions between forcings (i.e
flow, tide, and wind and geometry

A type of transport processes that exists only for the dynamiusref
conservative substancesch as phytoplankton. This dissertation
mainly focuses on its contribution to phytoplankton dynamics. For
nonphysical transport, the spatial gradients of phytoplankton
dynamicsthat generate the flushing effesecaused by the spatially
inhomogeneous local processes

A term referred to transport processor their flushing effect whehe
incoming water causing an increase in local phytoplankton bioma:s

A term referred to transport processes or their flushing effect thige!
incoming water causing a decrease in local phytoplaniomass.
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Phytoplankton ey Local + Transport
dynamics processes processes

Physical Non-physical
transport transport

Figurel.1. Schematic of the impact of local and transport processes on the variability of
phytoplankton biomas&lushing is the direct effect of transport processes, which can be
caused by both physical transport and-pbgsical transparIn addition, he dotted

black lineshows that transport processes can also affect local processes through
transportingheat energwndother dissolved and parti@aiesubstance (e.g., nutrients,

salts, sediments, chromophoric dissolved organic matteligrazer$, which results in
variousindirect effects of transport processes on phytoplanéyoiamics
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Abstract

Although both local processes (photosynthesis, respiration, grazing, and settling),
and transport processes (adirve transport and diffusive transport) significantly affect
local phytoplankton dynamics, it is difficult to separate their contributions and to
investigate the relative importance of each process tothévariability of
phytoplankton biomass oveifférent timescales. A method of using the transport rate is
introduced to quantify the contribution of transport processes. By combining the time
varying transport rate and higrequency observechlorophyll adata, wecan explicitly
examine the impactfdocal and transport processes on phytoplankton biomassa
range of timescales from hourly to annually. For the Upper James River, results show that
the relative importance of local and transport processes differs on different timescales.
Local proceses dominate phytoplankton variability on daily to weekly timescales,
whereas theontributionof transport processes increases on seasonal to annual
timescales and reaches equilibrium with local processes. Witls#éod the transport rate
and highfrequencychlorophyll adata, a method similar to the open water oxygen

method for metabolism is also presented to estimate phytoplankton primary production.

Keywords: Transport rate; phytoplankton biomass; kiggquency observational data;

primary productiontimescale; open water method
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Introduction

Phytoplankton dynamics, such as the variability of biomass at a locateon,
controlledby both local processes and physical transport procdsses.environmental
conditions, such as temperature, light, it supply, and grazing pressure, strongly
regulate phytoplankton growth and primary production through both batpamnd top
down controls Kremer and Nixon, 1978Transporfprocesses in aquatic systems,
including advective transport and diffusive port, affect phytoplankton biomass by
redistributing either biomass (direct effect) dissolved and particulate substashisech
as nutrients that regulate phytoplankton grovincgs et al., 199%|oern, 2001; Paerl et

al., 2006; Lancelot and Muylae&011).

The interactions between local and transport processesm@mgex,and their
contributions to phytoplankton dynamics can vary under different dynamic conditions.
Becausesach external forcing (e,dide, flow, and wind) and environmental fac{bght
and temperature) has its own periodic fluctuation, the fluctuation will affect these two
processes. We hypothesize ttied relative importance of local and transport processes
varies with timescales, which is also indicated by previous literdtuoas et al. (2006)
suggest that intrdaily variability of phytoplankton biomass is largely controlled by both
the diurnal light cycle and the semidiurnal tidal oscillation, which implies the importance
of contributions from both loca&nvironmental contionsand tide on the hourly
timescale. Lake et al (2013) condesttineasurements of photosynthetic rates and
integrate daily production on summer months in the York River for both the spring and
neap tides. Theyolundthat daily primary production does rejtow a clear variation

during springneap cycle, which suggests that the local biological processes are dominant
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for daily primary production rather than transport processes. Shen et al. (2008) show that
the high biomasses of macroalgae and phytoplardtethe dominant cause of diurnal
variation of dissolved oxygen concentration (DO) resulting from high production during
daytime and high respiration at night. It suggests that local biological processes can be
the dominant processes for primary productanthe daily timescale in estuaries and
shallowwater systemsConversely, changes in freshwater discharge are considered to be
a major factor driving strong seasonal and annual patterns of phytoplankton biomass in
river-dominated estuaries, which modeldhe location and strength of algal blooms
through transport and nutrient supply (Valdgsaver et al., 2006Reaugh et al., 2007

Costa et al., 200Peierls et al., 2012Bukaveckas et al. (2011) show that algal blooms
vary longitudinally along the Uger James River, and peak at the location where

residence time becomes large due to a change of geometry, where abthurtdsvof the

net primary productiors respiredocally, and the remaining orhird is transportedut

of the region by fluvial antldal advection. It suggests that the variability of

phytoplankton biomass can be altered by a dynamic condition resulting from a change of

local geometry.

These studies point out the relative importance of transport processes compared to
local biologicalprocesses on particular timescales. Howevee, to the difficulty to
explicitly separate their contributions, few contributions to the literature discuss how the
comparison changes/er a range of timescales from days to ydams.examplelLucas et
al. (2009)suggesthat the variability of phytoplankton biomass d¢endescribedy a
steadystatebalance between local biological processes and transport processes described

by residence time (i.e., it assumes that the variability of phytoplankton biomass is
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negligible, and local and transport processes are equal but counterbalanced in
contribution). While this steadstate balance assumption may hold for toergn
timescales, it is questionable for shtatm timescales, such as daily and weekly
timescalesA relevant discussion on the comparison of relative importance of the two

processes is helpful to answer on what range of timescales the assumption is valid.

The relative importance of each process on phytoplankton dynamics also needs to
be evaluated fostudies based adn situobservational dataAs the development of
instruments, many water quality parameters k& andchlorophylta fluorescence can
be measureth situat 15min intervals, which is often referred to as higbquencydata
(http://web2.vims.edu/vecos/T.he easy accessibility of highequency DO data has
prompted wide applications of the open water method for estimating ecosystem primary
production and metabolism (Odum, 1956; Howarth and Michaels, 2000; Cole et al.,
2000; Caffrey, 204; Kemp and Testa, 2011). When applying this method for estimating
daily ecosystem primary production and metabolism, the effect of physical transport
processes is usually neglected (Staehr et al., 2010). This estimation without considering
transport, howver, may have large biases when biological metabolism or DO is
significantly influenced byransporfprocesses (Kemp and Boynton, 1980)the
discussion section of this studye applied a similar open water method to estimate
phytoplankton primary pragttionusinghigh-frequencychl-a concentration (denoted by
chl-a) data. The question as to whether the approach will cause more bias using
phytoplankton data is unknown as spatial horizontal gradiemisl-afare often larger
than those of DO. To evalwathe approachihe contribution of the transport processes on

the daily timescale needs to be addressed.
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The objective of this study is to evaluate how the relative importance of local and
transport processes to the local variability of phytoplankton &ssmwaryover a range of
timescales from hours to yeaBecause the transport processes not only affect the
phytoplankton biomass but also affect the nutrient transport, when evaluating the relative
importance of transport processediomass variabilitythe contribution of transport
processess restricted to thdirect effect that redistributes biomass, and therefore other
indirect effects thategulate phytoplankton growtbluch as temperature, light
availability, and nutrient limitation, astribuied to the contribution dbcal processes
The Upper James River was selected as the study site where both local and transport

processes contribute greatly to phytoplankton dynamics (Bukaveckas et al., 2011).

Methods

Wefirst indicatehow to attribute th@ariability of phytoplanktorbiomass to the
contributions of local and transport processes separately by decomposing the transport
equation. Then we present a detailed procedure to compute each contribution lry using
situ observationaphytoplankton dat and dynamic fieldS'he phytoplankton biomass
dynamics and contribution of local processes were estimated using observational data,
while the contribution of transport processes estgnaed usingdynamic fields
computed by a dynamic modélastly, we stistically analyzed to evaluate the relative

importance of local and transport processespaetively,over a range of timescales

Decompose change of biomass
The observation of phytoplankton data can be described by adinneasional

transport equain with source and sink terms (Chapra, 1997). For simplitigfjrst-
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order reaction transport equatifam volumetric phytoplankton biomass in tkelirection

can be expressed as follows:

— 60— —O— 08 2.1)

whereC denotes volumetric phytoplankton biomass (g €),m andt denote location and
time, respectively, is current velocity (m-$), K is diffusivity (n? s?), andg denotes the
growth rateof phytoplankton (d) as a result of local processes. We combined growth
and loss as a net growth tegnas™Q "O 'Y 0, whereG is the gross growth rat®,

is the respiration/excretion rate, avds the nortality rate due to both grazing and
settling. The gross growth rafis a function of available light, nutrients, and
temperature (Chapra, 1997). Note tBgt (21) only includes terms in thedirection for
making the following derivations clear andi\ariables vary vertically. The terms on the
left-hand side oEqg. (21) are the time derivative term, advective transport, and diffusive
transport, respectively. Transport processes may increase local concentration of a
property if the incoming water Bdigher concentrations, or decrease it if the incoming
water has lower concentrations. Thus, the impact of transport processes does not only
depend on hydrodynamic fields €ndK) but also on the horizontal gradient of

phytoplankton biomas$ (T @

Areal phytoplankton biomass (g C3ncan be conventionally obtained by vertical
integration of volumetric phytoplankton biomas$rom the bottom to the surface, i.e.,
0 _ 0 Qavherezis the vertical location, anid is the water depth (m$ 0 JOif

the water column is welhixed As no phytoplankton is transported across the surface or
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the bottom, integratingq. (21) gives the transport equation for areal phytoplankton

biomass:
— . 60— —U— "6 (2.2)

where'Q is the vertical mean growth rate that accounts for the growth of areal biomass

B.

Analogous to the algal growth for biological process, we express transport

processes as a transport fagewhich is defined as
0 - 66— — 0— Qd (2.3)
and thegoverning equatior(1) canbe transformechto the expression:
— Q 056 (2.4)
Dividing Eq. (24) byB on both sides gives the equation for the rates:
-— Q O (2.9)

The impact of transport processegpressed bYO in Eq. (23), depends on
T @7 «The nomzero! ¢! cean be caused by either the change of dynamic conditions
due to interaction between forcings (i.e., flow, tide) and geometry, or the spatially
inhomogeneous local biologitprocesses. Thus, the contribution of transport processes
comes from both thdynamically induced transport (referred to as physical transport) and
the nonphysical transporfThe contribution of noiphysical transport can be expected to
be relatively srall locally as biological processes have less spatial gradient compared to
the physical transport. Oarmis to understand the physical transport that contributes the
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change of biomass. We introduce transportateat only expresses the physical
transprt and we can now writéq. (25) as follows:

i Q O 0 O

‘ 0 (2.6)

wherel is the rate to express the variability of phytoplankton biomasks as—

—, and can be estimated framsitu observations of phytoplankton biomdssThe

physicaltransport ratéOis unknown but it can be estimated by using hydrodynamic field
and boundary conditions.="Q  "O "O , which represents the growth rate of

biomass that resulted from the combined local contributions. Once we know both values
of r andF, * can becomputed asr(i F). When"Q is zero (such as conservative

properties) or it is spatially homogenoi@equals’O, and* equals'Q. We will refer tor

as the relative growth rate, and tas the effective growth rate in the followingsens.

As F only represents the transport contributionggativel value corresponds to a

1]

transport ino process t lraauedomesporelsatee s b

1]

transport outo process t haHg (Zbpand eezaré e s

means there is noontribution of transport processes on local phytoplankton variability.

Eq. (26) demonstrates that the relatlgange of biomass is a result of
competition between local and transport processes, and their contributidchbeo

evaluatedby comparing the effective growth rateo the transport rat®©

1) *  "Oleads tar > 0, biomass increases

2) *  "Oleads ta < 0, biomass decreases
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3) *  "Oleads ta = 0, biomass remains constant
Note that and™Ocould both have negagwalues. For example, the observed bionBass
at a locatiomrmay increase at night & 0) when photosynthesis does not octux Q),
but biomass can increase due to a transport of biomass to this lodtiom,( At r anspor
i no) .
Study site

The Jams River is a tributary of the lower Chesapeake Bay located along the
U.S. East Coasf{gure2.1). The Upper James River is the tidal freshwater region where
salinity is between 0 and 0.05. Calibrated time series datmifitervals) were
collected fromChesapeake Bay Continuous Monitoring Station IMS073.37 at the
Virginia Commonwealth University Rice Rivers Cented R @den triangle,
http://web2.vims.edu/vecos/), from March to November 2006, 2007, and 2008. Data were
measured using YSI 6600 data sesavith the Clean Sweep Extended Deployment
System, include a number of parameters sudnka, temperature, turbidity, and water
depth {H). All calibration and maintenancéslow the YSI, Inc. operating manual
methods. Particularlghl-a data were olained using laboratory calibrated sensors that
convertsn vivofluorescence of chlorophydito chl-a. The sondes were deployed around
0.5 to 0.9 m below the surface of the water during the observational period, while the
mean water deptH was about 2.5, and the mean tidal range was about 0.76 m at
Station RC. Hourly irradiation data were obtained at nearby Richmond Aifgsat.
monthly time series data of surfadd-a were collectedrom Chesapeake Bay Program

Long-term Monitoring Stations TF5.4 afid=5.5 (blue squares).

29



The monthly data were used for three lgagn timescales (monthly, seasonal,
and annual), while the higinequency data were used to analyze the relative importance

of each contribution for continuously increased timescales framyhtm annually.

Compute relative growth rate
As the instantaneous relative growth rate is defined as—, the solution

isO 6 'Q° Q& 1 , whichcomputediomass measured at tirhe dt (6 )
from thebiomass at timé (6 ). This indicates that the relative growth rate can be
calculated by the change of biomass. Thus, for a time seriesitd measured
phytoplankton biomass with an observational time intervaipf time series of relative
growth rately that reflects the change in biomass from tirtet + Yo can be calculated

as:

iy —116y 116 —i 1= (2.7)

whered and®é y are the biomass measured at tirhaadt + Y0, respectively. For
examplejy is the relative growth rate over daily timescale wién pd;iy is the

relative growth rate over monthly timescale wién o 1d.

chl-a data were used to obtain pbagtankton biomass. Higfrequencychl-a data
collected at 15nin intervalswere first smoothetb 1-h averages. Using hourly meanm-c
ain the units of g i, the biomass in the water column can be estimatéd a$ JO
Sy BXHOTO Here, the assumption of a wethixed water column was applied.
This assumption is reasonable for the shallow Upper James River with no persistent

stratification Bukaveckas et al., 20},lwhile the mean euphotic depth is abou &.
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For a constant: chl-aratio (g C/gchl-a), therate can be estimated accordind=tp

(2.7):

i =1 T2 with¥o p@, 28)

wheret he s ulidds cdemdt d&is t he o baeeandZ.eldardiowas | 'y gr o
withdrawn since it did not affect rate comatibn TheC: chl-a ratio varies with seasons

and species, which can be measured using observations. We applied a €rdtbat

ratio at Stations TF5.5 and RC as the seasonal variatiGrcbf-a ratio is relatively

small and the averadgé chl-aratio was 39129 C/gchl-a (Bukaveckas et al., 2011

Compute transport rate
The transport ratEé can be computed based on a conservative tracer using a 3D
numerical modelFor a conservative tracet it is governed b¥eq. (21) with zero

growth rate (Note that is replaced by tracer concentratiefior clarity):
- Y - — -0 - -0 = —0Uu— (2.9)

whereu, v, w represent velocities in they, andz directions, respectively; arik, Ky, K;
represent diffusivities in the y, andz directions, respectively. For the modeling domain,

no tracer comes from the boundariealatimes, i.e—  1at both river and open
boundaries. By using this boundary condition, it assumes that phytoplankton in the Upper
James River are mainly froautochthonous sources, which is reasonable in James River
as thechl-a at the fallline of the James River is much lower thandhlkea downstream
(Bukaveckas et al., 201I)he initial condition— 1, is set everywhere within the

domain. The tracer is transported by the dynamic fields, which results in the change of
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horizontal tracegradient due to the change of geometry and dynamic forcing conditions.

Therefore, the transport rate for tracer concentrati®ncanbe compute@ds™O

— ——, and the transport rakeused in this paper to represerg ttontribution of

. Because the rate 6fis

transport processes can be computédas

v

normalized by the tracer, the initial condition and the magnitude of the tracer
concentration will not affect the model resulterna sufficient initial simulation period,

and the impact of the initial condition is negligible in the calculatioi®of

A reattime threedimensional numerical model for the James Rwas
developedShen et al., 2016) using the Environmental Fidychamics CodeEFDC),
and it has a good spatial resolution to represent the local variation of complex geometry.
The model was forced by hourly tide and salinity at the mouth and hourly wind and heat
flux obtained at nearby airport stations, which accéamboth tidal and meteorological
variation. The model was calibrated and verified from 12903 for both
hydrodynamics and water quality (Shen et al., 2016). Térera total of 3,066 grid cells
in the horizontal andightlayers in the vertical. The rdel was also used to compute
water age in the James River (Shen and Lin, 2006). As thesgosen of the Upper
James is narrow and located in the freshwater region without satiditged
stratification, the volumeontrolled freshwater residence tinvas estimateds the
difference of the lateral mean water age at the control section near Stations TF5.4 and

TF5.5 along the main channel.
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With the use of theumericalmodel, the transport rateover the entire time
series from 2006 to 2008 was compubeded orEq. (29) with specific boundary and

initial conditions described above.

Compute rates for each timescale
Mean rates for timescales longer than the hourly timescale can be obtained by
taking the average of the hourly rate over the giveriime interval of Yothroughthe

following equation:

ifs, 10— "—Qogi®y 17 (2.10)

It can be seen that the mean rate only depends on the biomasbegitining and

ending time for the interval ofo. Therefore, rates for timescales longer than the hourly
timescale can be obtained by two equivalent methods, eitherEgir(g7) with Yo

eqguals the particular timescale, or using the averafe.a210). Here, the two methods
Eq. (27) andEq. (210) were applied to data at Station TF5.5 and RC, respectively. After
we obtain both [and™Q the effective growth ratelon that timescale was calculated using
Eq. (26),' [ i[ "OThe overbawill be dropped hereafter when we present results with

the understanding that the values are mean values.

Evaluate contributions of local and transport processes

Eq. (26) providesa way to evaluate the contributions of local processes and
transport proesses to phytoplankton variabilityterms ofeffective growth raté and
transport raté. A statistical method is applied to evaluate the contributions of local and
transport processes. Correlation coefficient valuéshb&weerF andr and betweeh

andr, are calculated for each timescale to examine the propodidhe variance of
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that could be explained iyand' , respectively. Additionally, the overall relative
importance of local and transport processes on each timescale can be quantified by
comparing the roeteansquare ms) of the entire time series 6fand‘ on that

timescale:

0 & agse—N'Yi & i fet—o— (2.11)

Note that, on each timescale, tleéativeimportance of each process computedly

(2.11) usedhe entire time series of data during the observational period-QA®@E®for
Station TF5.5 and 20068008 for Station R The analysiseflectstheir overall
contribution during the entire observational period on this timescale, indicating the
averagedelative importance or the contribution under normal conditions. The result of
short timescale does not represent their contribution over a shorter period during
abnormal conditions. For example, episodic events, such as storm surges and large
discharge evas, may dramatically increase contribution of transport processes in a few
days at Station RC, and have greater impact on phytoplankton dynamics than local
processes during those evefhisyvever these signals were filtered out when considering
the entireobservational period, and it will later be sholalowthat thechange of

phytoplankton biomass on daily timescales was overall dominated by local processes

Results
Evaluation of contribution of transport processes

By comparing the transport rate to tledative growth rate, the contribution of
transport process to phytoplankton biomass variabilityevatuatedver a sequence of

timescales. Note that for loftgrm timescales (monthly, seasonal, and annual), we only
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present results from loAgrm moniteing data at Station TF5.5, and summarize results
from high-frequency data at Station RC at Tabl&, and the results from two data

sources are comparable.

Short-term timescales

The correlation of the relative growth ratand the transport ratefor a 3year
period wasanalyzedusing the higkifrequency dat&or timescales shorter than daily
(Table2.1). Overall, their correlations werelativelow, suggesting that transport
processes were not the dominant processes to phytoplankton variabilityser th

timescales during the observation period.

The tide in this estuary shows a semidiurnal cycle. From a transport perspective,
the net effect of transport on biomass is more important in tidal and daily timescales.
However, for an intratidal scale, thedican have a large influence on biomass during the
flood and ebb periods, which will modulate the phytoplankton concentration in the water
column. The contribution of tide, therefore, is expected to play an important role in the
phytoplankton dynamics dimg food and ebb periods. An example from October 2008
shownin Figure2.2. Rateg andF on the timescale of 6 h were significantly linearly
correlated (R= 0.52,p < 0.001). The correlation was even higher when only nighttime
data were usedr{gure2.2c, R = 0.54,p < 0.001). A strong tidal signal wabserved

thatindicatedboth rates were modulated by themidiurnatide.

The 6h averagedime series data revealed that increases in phytoplankton
biomass occurred during the night{0) when nghotosynthesis occurre#iure2.2c),
and the mass increase corresponded to a negative transport rate (note that figure plots use

iF), which suggests that the increases in b
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process due to the transport indddy tides and freshwater discharge. Although the tide
can modulate the intratidel transport processes, the large intratidal variability will be
filtered for a tidal or daily period and the influence of net physical transport processes on

biomass on tidadnd daily timescales is not as important as local processes grBble

Monthly timescale

The time series afhl-a and local residence time for the period of 2@001.3 at
Station TF5.5replottedin Figure2.3a.This figure showshatchl-a and resideretime
had the same variations. On a monthly timescdillea correlated with the residence time
(R? = 0.33,p < 0.001 Figure2.3b). Lowerchl-a was shown to correspondth shorter
residence timealthough the correlation was more diverse when residiemeswas long,
which usually occurred in the summer, indicating that the contribution of local processes
is more important during summer when thy@mamicconditions become favorable for

growth.

The transport ratE was correlated to the relative growtheraat Station TF5.5
for the period from 2000 to 2013{R 0.25,p < 0.001) as shown iRigure2.3¢c and2.3d.
Variations ofr andF were in phase, in general, whishiggestshatthe monthly
variability of phytoplankton biomass is modulated by hydrodyinarlote that only 13
year result was presentedrigure2.3 for making the plot clear, and therelaion
betweerr andF during the entire years of lostgrm monitoring data (1999013) was

shown in Table.1.

Seasonal timescale
For the seasonal timese, analysis of the tirgeries data from the years 1990 to

2013 showed that transport r&evas correlated with relative growth ratéR? = 0.22,p
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< 0.001,Figure2.4b). The transport rate remainedositive,and transport processes had

a netpofrttr aonust 0 ef fect on phytoplankton bi on
(Figure2.4a). The relative growth ratehad either positive or negativalues but the

corresponding effective growth rdtevas always positive, suggesting that the

contribution of local processes leads to an increase in phytoplankton biomass.

All three ratesi( F, and’ ) showed seasonal variatiodsdure2.5). The transport
rate,F, appeared to have smaller magnitudesng summer than during other seasons,
corresponding to the lowest freshwater discharge into the James River in the summer.
The effective growth rate,, seemed to be lower during summer and fall than during
spring and winter. This seasonal change @athbiibuted to a change in composition of
algal species and an increase in respiration, grazing, and nutrient limitation during the
summer Marshall and Egerton, 2013)s a consequence, the relative growth rate tended
to be low during summer and fall,avthough was lower. It shows thatwas much
larger tharr, after removal of the impact of transport proceskagife2.5), indicating
the values of would underestimate the effective growth rate of phytoplankton without

considering any effect of the physical transport.

Annual timescaé
For the annual timescale, the correlation betweandr was significant (R=
0.48,p < 0.001 Figure2.4d) and it was higher than the correlation betweemdr (R? =
0.24,p < 0.001). Similar to the seasonal timescale, botimd* remained positie, while
the magnitude of the relative growth ratgéiminished Figure2.4c), indicative of the
balance between local and transport processes. The contribution of transport processes

showed a net fAtransport out 0o evYafiabildytin on i nt
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the Upper James River, i.e. more biomaas transportedut of this region than was

transported in.

Rate variations

Thedaily effective growth raté,, may be of the same magnitude as the gross
growth rateG, if respiration and grazing pressure are very [baeoretically, the daily
gross growth rate represents photosynthetic production, and it has maximum values
ranging from 1 to 5'd dependent othe temperature, nutrients, and phytoplankton
species (Eppley, 1972; Brush et al., 2002). However, the estimated effective growth rate
may be an order of magnitude smaller than the theoretical maximum values, due to
suppression of photosynthesis by nutri@nd light limitation, respiration, settling, and
grazing. The variability of reflects a net response of phytoplankton to the change of

local environment conditions.

We usedmedian rates as representativeypical values for each timescale

(Figure2.6a). Positive values of thatesr, * andi F corresponded to the increade o
phytoplankton biomass whereas negative values indicated a decrease. Both medians of
positive and negative rates, respectively, are listed in Rablén general, both the

medians of positive and negative rates decreased as the timescale increased.

Forseasonal or longer timescales, the medians of transport-Ratege(e
negative at Station RC (Takel). In fact,-F was always negativen these longerm
timescales, suggesting that the net contribution of transport processes flushed biomass
downstreen ( fit r a n $ was alwaysgasttive,)suggesting that the net contribution

of local processes was to increase the phytoplankton biomass, i.e., phytoplankton primary
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production was larger than the loss from respiration, excretion, settling, anuggrEze
competition between local and transport processes leads to either an increase or a
decrease of phytoplankton biomass, which was reflected by the existence of both positive

and negative values ofwhen the timescale exceeded the monthly timescale.

Relative importance of local and transport processes

The increased correlation between r&tesdr from a monthly timescale to an
annual timescale, based on analysis of {taxghn monthly monitoring data at Station
TF5.5, suggested that the relative intpace of the transport processes to phytoplankton
variability increases when evaluating it on a longer timescale. This result was consistent
with the evaluation using higlhequency data at Station RC during 2006 to 200gure
2.6¢ and2.6d). The coeffient of determination, Ralso showed that the proportions of
variance that could be explained by the transportfatereased with the increase of
timescale, whereas the proportions that chalexplainedy the effective growth rate,

‘*  decreased.

The relative importance of contributions of local and transport processes over
continuously increasing timescalwascomparedor the period from 2006 to 2008
(Figure2.6d). The relative importance of transport processes hattegasingrendwith
increasingimescale whereas that of local processes had a decreasing trend, and they
were equally important in the monthly timescale at Station RC. The relative importance
of each contribution was more diversdimescales shorter than dailyshows that the
contribution of local processes peaked on daily and tidal timescales, whereas the
transport processes showed peaked relative importance on timescales around 6 and 18 h

(Figure2.6d). These variations are caused by the intratidal vatiahitid will be
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discussedbelow. It can be seen that tide also modulates the local processes though the net

tidal contribution is less.

Discussion
Factors affecting local and transport processes

Similar to the hydrodynamic conditions investigated fangother estuaries
(Wang et al., 2004; Barcena et al., 2012; Lemagie and Lerczak, 2015), river inflow and
tides are the two primary factors affecting the transport processes in the Upper James
Riverand contribute to phytoplankton biomass dynamics, wdtiier forcings such as

wind play less important roles.

River inflow determines the overall net letgym advection characteristics of the
Upper James Rivemhe phytoplankton biomass transported from the upstream
freshwater is generally found to be smiatlean the biomass generated in the tidal
freshwater region and estuary (eBukaveckas et al., 201Pgierls et al., 2012; Paerl et
al., 2014). As the residual current always flows downstream, the biomass is transported
downstream, resubponyy bnta Bé€fedt on phyto
viewing it from a longterm perspectiveConsistently, river inflow also had the net
Atransport outo effect in the Upper James

transport raté found on the arnmal timescale (Tabl2.1).

Tides also have substantial effects on phytoplankton variafitigy.dominant
constituent of tide in the Upper James River is the skuanhal M tide with a 12.47h
tidal period. Both advective and diffusive transport are ecgthduring either flood or
ebb tides, which increase the relative importance of transport processes on a timescale of

about onehalf of the tidal period (around 6 h); whereas the largest relative importance of
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local processes is around tidal and daily Bo@es, because the net impact on transport
processes from tides is minimal by averaging over a complete tidal cycle, it is consistent

with results inFigure2.6¢ and2.6d.

Thelocal processes are fundamental for phytoplankton variability, regardless of
the transport processes. It is found that local processes always have an important
contribution to the phytoplankton biomass dynamics in the Upper James River even on
the timescales with a large physical contributiBig(re2.6d). For the monthly
timescalethe results are more scattered withrameaseof residence timeHigure2.3b),
these large residence times usually occurred in summers when both riverine flows and
transport rate weremall Figure2.5), and the contribution of local processes became
relatively more important than that of transport processes. Local processes play critical
roles on diurnal timescales, owing to the weltognized diurnal variation that
phytoplankton biomass increases during the day because of photosynthesis, butsdecrease

at night.

Thecontribution of local processes also showed seasonal variations represented
by the effective growth rate (Figure2.5). In general, a smaller value ‘ofappeared in
summer and fall than during winter and spring. One possible reason for this seasonal
change is the phytoplankton species succes
has been found toeba determining factor on phytoplankton growth and composition in
river-dominated estuaries as it tends to selectdesting species in highow
conditions (Ferreira et al., 2005; Paerl et al., 2006; Costa et al., 2009). The maximum
freshwater dischargeccurs in the winter and spring in the James River. The enhanced

Atransport outo processes along with abund
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have relatively high intrinsic growth rates to become the dominant species in these two
seasons. Inthe u mmer and fall, when the Atransport
time increases, the percentage contribution of dinoflagellates and cyanobacteria with

lower intrinsic growth rates increases (Vald@saver et al., 2006; Marshall and Egerton,

2013) Temperature, nutrients, and grazing may be other factors affecting the seasonal
change of the contribution of local biological processes, as respiration and grazing often

peak in summer while nutrient limitation is severe though with large benthiafbut of

recycled nutrients (Kemp et al., 2005).

Long-term validation

Complex phytoplankton dynamics can be described by the balance between local
and transport processes undegadystateconditions (Lucas et al., 2009), andksit
expectedhat this b&ance is acceptable on lotgrm timescales but may be questionable
on shorter timescales. Therefore, it is interesting to examine on which timescales this

assumption is valid.

The steadystate assumption is equivalent to assumingrtkad, or that the
magnitude of is negligible compared to the magnitudes @nd"O Direct comparisons
ofrto* and'Oshow that the assumption is valid for seasonal to annual timescales in the
region ag is small. By using the roaheansquare (ms) of each rate toupntify their
magnitudes, it is found that the ratiosifyF) to rmgr) andrmg* ) tormgr) increased
as timescales increasdeiqure2.6b). This suggests that contributions of local and
transport processes have the tendency to be balanced only whendscale is longer
than 10 daysHigure2.6a and2.6b). Their difference becomes more significant for hourly

to daily timescales.
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Phytoplankton primary production

The open water method using hiffequencydissolvedoxygen data has been
widely appliedto estimate gross primary production, ecosystespirationand net
ecosystem metabolism (Staehr et al., 2012). Because of the influence of advection
processes, higirequency phytoplankton data have not often been used to estimate these
metabolic rateddere, we used higfrequencychl-a data to estimate phytoplankton gross
primary productivity similar to open water oxygen method and to evaluate the influence

of physical transport on estimation of the rate.

For each time interval (e.g0= 15 minutes)the change of phytoplankton

biomass ¥8) is described by the equation below:

"O0 0 YO 0 "O0 0 (2.12)

g<(| K

whereGPPis the 15minute phytoplankton gross primary productivity@ m? 15 min

1, RPP is the 15minute rate of total phytoplankton respiration and consumption

(including respirationgrazing,and settlingg C m? 15 mirt), which represents total
biological losses=PPis the 15minute rate of transport in or out of phytoplankton by
trarsport processeg) (C m? 15 mint?); a positiveFPP (-F < 0) means that the carbon
produced by local biological processes is transported out of this location and benefits the
food web in adjacent areas (Cloern, 2007). We als®&$tto denote the differemc

betweenrGPPandRPP,
000 "00 0 YO D 2.1B)

FPPis estimated from the product of phytoplankton biomass and transport rate,
and it was calculatedsing the transport ralecomputed from the numeal model in
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this study("O0 0 "O3). The method for computingPP andRPPis similar to the open
water method, anBPP was first computed by summation¥$j Yo andFPP for each
time interval. DailyRPPwas estimated from the extrapolation of nigh#eRPP(= the
sum of nighttime 18ninuteDPP) to one day; and dail@PPwas estimated, according to
Eq. (213), from dailyDPP (= the sum of 18ninuteDPP over one day) plus dailRPP.
Both daily GPP and RPP are in unitggo€ nm? d*. Unrealistic negatig values of daily
GPPwere found for some days (about 24%), and they were excluded from the
calculations following the way of the open water method (Caffrey, 2003). Most of the
negative dailyGPPvalues appeared on rainy days when precipitation may enttence
flushing effect from runoff from adjacent watersheds. The results are representative of
primary productivity and metabolic rates under normal weather condihloes.that the
transport raté used was computed from the numerical model that onlysepte the
physical transport as shownHhig. (26), and the results are only used to quantify the

influence of physical transport on the estimatioGetP.

For the Upper James River, the typi€akhl-a ratio equals 39 g C/chl-a with
small seasonal vability (Bukaveckas et al., 2011Because we have no winter data, the
annual phytoplankton primary production cannot be correctly estimated. Nevertheless,
we assumed that gross primary production in winter was lower than or equal to the
minimum of seasong@roduction. The annual phytoplankton gross primary production
were estimated to be about 255.90, 685.91, and 486.26 §\€ respectively, for the
years 2006, 2007, and 2008 (TaBI2). These estimations were comparable to the 12
year averaged (198001) annual phytoplankton gross primary production, around 230 g

C m?yr!, measured in the laboratory usii§ method at Station TF5.8lésius et al.,
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2007). An example of thseasonal averages @PP, RPP, andDPP in 2008are also
shown(Figure2.7), and the seasonal averages®tP during the summer 2008 was 2.31 g
C m? d?, close to the seasonal mean rate of 2.11 g?@husing the method of
dissolved oxygen incubations for the nearby York River during the same time period

(Lake et al., 2013).

The amount of primary production transported out ranges from 7% to 13%
(FPP/GPP). It suggests that the net physical transport processes naverdmpact on
estimates o6GPPandRPPon daily scale under normal weather conditions. This is

consistent withthe analysis of biomass variability on the daily timescale.

Conclusions

To evaluate the contribution of transport processes to phytoplankton biomass
variability using highfrequency observational data, we introduced the transport rate
method, which enabs us to estimate each contribution exclusively as adfidsr
approximation. The Upper James Rivwas selecteds the study site, and the results
support the hypothesis that both local and transport processes contributed significantly to
the local varbility of phytoplankton biomass, but their relative importance chaoged
differenttimescalesOn a shorterm basis such as daily and weekly timescales, even
though the transport processes could modulate phytoplankton biomass variability on an
intratidd timescale due to flood and ebb variations, the intratidal variations will be
removed over a tidal cycle. The local processes dominated the overall contributions
during the observational period; however, the relative importance of transport processes
tended to be equivalent to the local processes in thetiemg timescales (e.g., seasonal

and annual)Another analysis of this study shows ttieg local processesgere almost
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balancedy the transport process on the seasonal and annual timescales, aadhagapro
a steadystate condition for phytoplankton dynamics, whereas the time derivative term

became important for shorter timescales.

Examination of the transport rate revealed that transport processes exhibited a
persistent @At r an<demmotimeéscaleatd decreadesitughytbplaokton | o n g
biomass in this region, but it was not the case for timescales shorter than seasonal that
transport processes could either increase or decrease the biomass, corresponding to

Atransport i md oampdoltessarsportespectively.

Transport processes had a small impact on the estimation of daily gross
phytoplankton productivity. By applying method analogous to the open water oxygen
method that calculates phytoplankton gross primary production usinuriLie
observational data, the percentagemiductionflushedout was around-13% under

normal weather conditions.

The use of the transport rate is a fostler approximation for quantifying
transport processes. Zero concentrativase appliecat theboundaries for this study,
and the computed transport r&telid notaccount for the possible effeasinputs from
boundaries (though these are very loand therefore the contribution of the transport
processes considered was the redistribution of &ssproducedwithin the studyarea
due to the change of dynamics and geometry. The additional bias of the transport rate on
the hourly timescale could come from the numerical method and model grid resolution
that may not be able to simulate the microsgalility of physical processes, which
causes the patchiness of phytoplankton distribution that makes the obddraethta

fluctuate highly with a change of dynamic conditions. Besides the use of the numerical
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calculation, the transport ratan also b estimated based on field observations of
current, salinity and water depth.addition the pattern of the relative importance of
local and transport processes on different timescales demonstrated in the Upper James

River may vary at other locations tble estuary, which would warrant further study.
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Table2.1. Estimated values for each parameter for different timescales based on an#iysisyefars of highfrequency continuous
monitoring data att&tion JIMS073.37 (RC) and 24 years of ldegn monitoring data at Station TF5.5 (1981 3). Results of
transport raté are computed frorthe 3D numerical model.

Continuous Monitoring Station (JMS073.37) Long-term Monitoring Station (TF5.5)
Statistical parameters 20067 2008 19907 2013
for each timescales
Hourly Tidal Daily Springneap Monthly Seasonal Annual
(1 h) (12.5 h) (1d) (14.5 d) (30 d) (90 d) (365d)  Monthly  Seasonal  Annual
Medians of (d)
positivei 1.3795 0.2437 0.1059 0.0217 0.0106 0.0047 0.0014 0.0246 0.0148 0.0042
negativel -1.2740 -0.2443 -0.1112 -0.0245 -0.0128 -0.0073 -0.0042 -0.0213 -0.0112 -0.0027
positive-"O 1.3174 0.1359 0.0564 0.0106 0.0210 / / 0.0184 / /
negative-"O -1.1343 -0.1481 -0.0740 -0.0328 -0.031 -0.0391 -0.0406 -0.0421 -0.0469 -0.0479
positive* 1.3555 0.2987 0.1402 0.0461 0.0379 0.0379 0.0369 0.0472 0.0482 0.0496
negative' -1.3179 -0.2779 -0.1293 -0.0185 -0.0107 / / -0.0161 / /
Correlation of
determinatiorR?
® i 0.0138 0.0011 0.0071 0.1082 0.1503 0.4612 0.6106 0.1687 0.2172 0.4755
X 0.9226 0.7921 0.7184 0.2843 0.2148 0.0768 0.0211 0.5750 0.5137 0.0275
Relatively Importance
Transport 0.2189 0.3148 0.3509 0.4947 0.5067 0.5207 0.5172 0.5258 0.5081 0.4910
Local 0.7811 0.6852 0.6491 0.5053 0.4933 0.4793 0.4828 0.5485 0.5159 0.5103

54



Table 22. Estimates of annual phytoplankton gross primary produc@é), total
biological lossesRPP, including respiration, grazing and settlinDRP (GPP- RPB),
the amounbf production flushed ouHPP) at Station RC for the three years 2006 to

2008.FPP/GPPrepresenting the fraction of production flushed out are also presented.

Annual GPP  RPP  DPP*  FPP* g |F |}
phytoplankton
metabolic rates (g C N2 yrY T ” ”‘
2006 25590 27429 -1839 32.65 12.76%
2007 68591 688.50 -2.59 47.76 6.96%
2008 486.26 51242 -26.16 31.87 6.55%

lestimated using XBinute observational data
2estiatmed using numerical model
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Figure2.2. Comparison of the-B6 moving averages ofandF at Station RC in October
2008.a) time series of relative growth ratéred line), transport rate (blue line, here
plotted ag F ), and irradiance (black line); b) the relatibetweenF andr using all data
during the month (daytime + nighttime); c) the relation betw&emdr only at
nighttime.
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Figure2.3. Contributions of transport processes on monthly timescales at Station TF5.5.
a) time series afhl-a (black line," "Q) ) and residence time (blue line); b) the
relationship betweeahl-a and residence time; c) time series of relative growthrrate
(black line) and transport rate F (blue ling,); d) the relationship betweek andr. The

data used are from tlyears 2000 to 2013.
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2013 at Station TF5.5.
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Figure2.7. Phytoplankton primary production in each season of 2008 at Station RC, by
assumingO0 0 "0 (winter data are not available). Phytoplankton gross pyima
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Chapter 3. Relationships between phytoplankton biomass artdansport

time in riverine nutrient -dominated estuaries
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Abstract

In an estuarine system, physical transport processes can impact phytoplankton
dynamics through variousechanismsThe direct effect is through flushing that
transports phytoplankton outsi@f the system, artieindirect effects are through the
redistribution of dissolved or partictiéeconstituentge.g., nutrients, salts, sedimerdagd
chromophoric dissolved organic majttrat can affect biological processbs,
regulating lightandbr nutrient availabilities. In this study, we developed a simple yet
inclusive mathematical model to describe the temporal and spatial variability in
phytoplankton biomass in response to various effects of physical transport. The model
provides insight intahe relationship between phytoplankton biomass and flushing time
and its variations with environmental conditions resulting from the combined edfects
light and nutrient availabilities arftlishing on phytoplanktorihis model confirms
diverse relatiortsips between phytoplankton biomass and flushing time suggested by
observations, which can leg¢her monotonic or neamonotonic in response to the effect

of physical transport processes.

The model reveals three distinguished patterns between phytopldnimoass
and flushing time for riverine nutrieiominated estuaries. If flushing time is sufficiently
long (weak flushing), it will cause a nutrient limitation and all three patterns will show a
negative relationship between flushing time and phytoplarnktmmass. As flushing time
decreases (strong flushinge Pattersl system shifts to a positive relationship when the
system shifts from nutrient limitation to light limitatioand he Patterf2 system remains
a negative relationship if nutrient limitah remains unchangeahtil the flushing effect

on the export of both phytoplankton and nutrients becomes dominant. For the-Battern
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system, it shifts from nutrient limitation to light limitation first and then returns to
nutrient limitation as flushingrhe decreases. At an extremely short flushing time,
flushing on phytoplankton can be the dominant effect to prevent phytoplankton
accumulation in the system. In addition, this model confirms the existing of a zone of
maximum phytoplankton biomass in anussy where biomass is much higher than
elsewhere. This zone locates at the transition zone where the light limitation shifts to
nutrient limitation for both the Pattefihand Patten3 systems, but the location moves

farther upstream for the Patte2rsysem.
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Introduction

Phytoplankton is a major primary producer that provides organic matter to
support the food web of aquatic ecosystems. It is estimated that aboud60rganic
carbon is produced by phytoplankton globally each year (Behrenfeld 20@).In
highly productive estuaries and coa#itg increase of biomass and change in
composition of phytoplanktocanaffect the health status of aquatic ecosystimmigh
theloss of macrophytesnd thencrease irboth harmful algal blooms and hypaevents

(Cloern, 2001; Kemp et al., 2005).

The variability of phytoplankton biomass at a location is controlled by both local
processes (photosynthesis, respiration/excretion, grazing, sinking) and transport processes
(advective and dispersive transgriKremer and Nixon, 1978The biological processes
determinghe balance of growth and loss of phytoplankton through betife@nd top
down controlswhich are affected bipcal environmental conditions (temperature,

salinity, light availability, nutriat supply, grazing pressure, and so on).

The effects of physical transport processes can be as important as biological
processes on phytoplankton dynamics, particularly overterg timescales (Qin and
Shen, 2017). The unique feature of transport peEem estuaries theirkey role in
transporting various dissolved and particuibstancealong the estuary resulting in
generating horizontal gradients from the head to the mouth due to estuarine circulation
that is controlled by various physicakémgs, including river inflow, tide, and wind. For
example, Boynton and Kemp (2000) show that while phytoplankton growth is affected by
various environmental factors, the annual flow alone can explain 78% of the temporal

variations in biomass and 59% bt in the production at a mainstem station in the upper
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Chesapeake Bayransporfprocesses can affect phytoplankton biomass in direct and
indirect ways ucas et al., 199%|oern, 2001; Paerl et al., 2006; Lancelot and Muylaert,

2011).

The direct effecof transporiprocessethat movegphytoplanktorout of the
system has been weltcognized. Generally, a shorter time of water retention flushes
morephytoplanktorout, and this flushing effect is suggested to be able toadddr
community abundance drcomposition (e.g., Ferreira et al., 2005; Paerl et al., 2006;
Costa et al., 2009). To quantify the flushing effect for a waterbody, a variety of concepts
of transport time, such as residence time, flushing time, and age, are commonly used
(Monsen et al.2002). Transport time varies over a wide range from less than 1 day to
more than 1 year for estuaries (Nixon et al., 1996; Du and Shen, 2016). A system with
long transport time isharacterizeavith a slow exchangef water parcels and their
carrying sub&ncedetweennside and outside of the system, whicl situation
favorable fortheaccumulation of substances like nutrients phgtoplankton Hence, a
positive phytoplanktottransport time relationship is suggested as a result of this flushing
effed that has been observed in many estuaries (Lucas et al., B@@&ver, longer
transport time does not always result in higher biomass, and phytoplankton biomass can
be negatively correlated or show no relationship to transport time, as shown by

observabns across multiple systems compiled by Lucas €2@09).

In addition, while transport processes can affect phytoplankton biomass directly
through the flushing, they can regulate the biomass indirectly through their mediation on
the biological processebyaffectingdistribuion of heat energy and other substances like

nutrients, salinity, suspended sediment, and grazers.

67



One major indirect effect is through nutrient delivery that regulates the nutrient
availability in the system (e.g. Borsuk et aD02). Like the flushing effect on
phytoplankton, studies suggest that shorter residence time results in a larger exporting
rate of nutrients out of an estuary (Nixon et al., 1996). Hence, with the same nutrient
loading, a waterbody with long transport tinggairs more nutrients inside the system.

For the system where nutrient inputs are usually associated with river disc¢hginge,

river inflow, corresponding to shorter transport tifnengs inmore nutrient into the

system, which can result in a netiease of nutrient delivery by transport processes,
therefore, increasing bioavailable nutrients in the system (Paerl et al., 2014). The
resultant indirect effect of transport processas enhancphotosynthesis and higher
phytoplanktorbiomass through tom-up control when the growth ghytoplanktonin

the system is under nutrient limitation. Consequently, the direct and indirect effects of
physical transport may lead to opposite results of algal biomass variability, and this dual
role in regulating algl biomass has been linked to transport tifer examplePeierls et

al. (2012 foundthat the relationship between phytoplankton biomass and transport time
is nonrmonotonic and unimodal in two small estuaries, and also sgijbat the peak
biomass oaars when freshwater flushing time is abotkt(¥days by fitting the

observational data with an empirical function. Correspondingly, the relationship between
phytoplankton biomass and nutrient loading can be either positive in some systems (e.qg.,

Boynton anl Kemp 2000) or negative in others (e.g., Hart et al., 2015).

In asystem under light limitatioranother mode of indirect effects toansport

processess through the control dight availability in the water colummas the loading
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of sedimerd andCDOM are usuallyproportionalto the river discharge (Sanford et al.,

2001).

Theeffects of physical transport on the variability in phytoplankton biomass have
been studied using different approaches, includiagistical methodthat conduct
regressionsdtweenin situ observed biomass and river discharge or transport(grge
Boynton and KemR000)and numerical modethat conducexperimentsitherusing
threedimensional complex models developng simplified numerical model&.g., Liu
and de Swdy 2015) Nevertheless, these studies usually focus only on one or several
pieces of the effects afansport processesd can only examine them descriptively or
statistically and many studies are conducted within one system over a restricted period of
time, in which the relationships are described for a limited range of transport conditions,
and therefore the relationships found in one estuary may not be applied directly to
another estuarylhere are also literatustudying the phytoplankton dynamicsthwi
simpleanalytical analyss (e.g.O'Brien1974;Wofsy 1983;Lucas et al., 1999; 2009)
butthe various effects of trangport processeshave not beenfully examined either the
effects are not consderedat all or somepiecesare nat included (e.qg.,theindirecteffect
throudh regulatinghutrient availability) To date, itlacks a simplenathematical
framework that uniteall theelementf the direct and various indirect effects, which
can be used to reveal the relationships between biomassiasgort processemder
different environmental conditions andewaluatethe existing prevously proposed
relationships. In additiorsuch a frameworkvould alsohelp answesomescientific and
management g u elsHow dorhe effects ofdrdnsparsprocesises change the

effects of biological processe2?0n what transport timescakhall phytoplankton
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biomass reach the peak bioma3sHow is the maximum biomass affected by the
limitations of light and nutrients@nd 4.How does the change fransport processes

affect phytoplankton assembl age?0o0

Thegoalof this study is talevelopasimplified mathematical modébward the
unified framework, which cadescribe phytoplankton dynamics in response to the
hydrodynamics under nutrierdnd light limiting conditions.We aimthe modeto be as
simpleas possiblevith several assumptionget to be used toeveal basic patterns of
variations inphytoplankton biomass under ligland nutrientlimiting conditions in

resporseto increasan transportime.

Relationships between phytoplankton biomass and flushing time
Model development

In devdoping asimplified physicsbased mathematical modelstudy the
relationships between phytoplankton biomass and flushing waeonsidea well
mixedwaterbodywith a mean depthl and a volumé/, equivalent tahe upper mixed

layerof an estuaryFigure 3.1).

Governing Equation for phytoplankton biomass variability
When it is asumd that the phytoplankton biomassthe incoming watefrom
both the head and mouth is negligible, the variability oivthlametricphytoplankton

biomasgdenoted as Gj this well mixed system can be described as
— 00 wYOw p @O O, 3.0

where G is the gross growth rate, R is the total local loss rate of phytoplankton, such as
respiration/excretion, grazing, and settlibgs the returning ratioindicating the fraction
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of water flushed out of the systdhmatreentesthe system as inflonand0d  is the
volumetric rate of outflow at the mouthrom the conservation of flow and salt
(Knudsen, 1900), we have the equations under steaeycstadlition 0 o 0,

and p OO0 “YO&O "Y&owhere'YoandSab are averagsalinities within the

systemand at the mouth, respectively denotes the river inflongandd  denotesthe

inflow at the mouthThus, p @0 —0 -0 ,andd

—— p 0 ,and0 can be larger thah in estuaries (MacCready and Geyer,

2010).Thedefinitions of all parametersvith units are listed in Tabld.1.

Letting theflushing rate’O , EQ. (31) becomes:

— 00 W'YO w06 w (32)

Note that the flushing rate issed tadescrile the flushingeffect only when the transport
processes showubonetf dact anthgtdnsgottrate s i dent i
introduced in Chapter 2, for this simple modeh relatively long time scales (e.g.,
monthly, seasonal, and annual timescales), thedanfles of hydrodynamics and
biological processes ohe variability of phytoplankton biomaagproachesquilibrium

(Qin and Shen, 2017ie., the phytoplankton dynamics is closéhte steadystate
conditions(—— ). Apparently, when F is large enough, there is no positive steady
state solution, indicating that phytoplankton are washed out and its biomass keeps

decreasing— 1) until it becomegzero. The flushing effect of physical teport can

also be described by the freshwater flushing titmast — - for a welkmixed
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system (Chapra, 1997n b riverdominated system, the flushing time is inversely

proportional to the river inflow.

Light availability and nutent supply are twonportantfactors controlling
biological processes that are considered explicitlyi;migtudy The gross growth rat®
is regulated by the maximum gross growth rate at a reference tempei@tyre (
photosynthetically active radian (denoted as 1), and concentration of bioavailable
nutrients (denoted as N), for the phytoplankton, the bioavailable nutrients, N, are
dissolved inorganic nutrients. G therefonaybe expressed as (Madden and Kemp,

1996):
"0 'O & QEQORQU (3.3)

where’QOand™ Q0 are the growtHimiting functions for light and nutrient,
respectively, and both of them are within the range of 0 to 1. Thus, the dynamics in
phytoplankton biomass of thatee system needs to be examined under nutrient and light

limitations, respectively.

Light limitation

Here, we adapt the limitation function by Steele (1965) that accounts for light

inhibition, Q0 —Q . According totheBeerLambert law,0d 'OQ

where'Q is the light attenuation, and the dejatveraged daily limitation function can be

obtained a8Q'0 — Q Q in a wel-mixed system. Under the cases

‘O 'O (depth of the photic zongthe irradiance approach zero at the bottom and hence
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the first term approachesto 1. TH&IO — p Q . Note that the lightlark
cycle has ben considered by using the dadyeragedO .

Then, thedynamics of the phytoplankton biomass under the light limitatign,

can be described by:

> _— p Q 0866 O Y8 (34)

The light attenuatior) is detemined by substances that absorb, reflect, or
scatteright, including phytoplankton, suspended sediment, and water itsele ahe
two types ofsuspended sediment that have diffeedffdctsin magnitude on light
attenuation: chromophoric dissolved organic matt&@M) and other suspended
sediments. The sediment concentratianbe divided into two parts, ormmartunrelated
to flushing(base concentrations), and the other that cheawgé flushing The effectof
base sediment concentration dhd effect of particldree water are lumped into a
parametefQ . The concentration of the remaining part of suspended sediment is denoted
by S and its effect on light attenuation is denoted®Y Thus, with the effect of

phytoplankton, light attenuation can be expressed by

~ ~

D Q QY s, 35)

whereQ is the light extinction by phytoplankton that equals to the division of light
extinction by chia to the ratio of carbon to ehlof phytoplankton, i.e.}Q

Q ToPp@
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The part of sediment concentratiSican be calculated using the fumtder mass

balance equation, by assuming the majority of sediment loadlihgs(proportional to
the river inflow, i.,e.0 —— —1O, where"Y denotes the concentration of

suspended sediment of this part at the head. Under the steady state,
n —Q 0OVY] Y 3.6}

wherg denotes the locdbss rate of suspendsddiment that can be due to the decay

of CDOM and the settling of solid sediment, and its stestdye solution ready —.

The steadystate solution fod is solved to be

5 — p Q — — (3.7)

F in the first and second tesindicates the direct flushing effect of physical transport on
biomass and the indirect effecn biomass through regulating the sediment including
CDOM, respectivelyEq. (37) can be plotted to visualize the relationship of
phytoplankton and flushing time. The relationship will vary for different values of
parametersvhile the pattern hold$¢Jsingvaluesof an example systetisted in Table

3.1 and3.2, the pattern can be plotted as showRigure3.2a (chta is used to represent
the biomass). This solution shows a positi@massflushing time relationship, which
reflects the combined effects wnsport processesd light influence on phytoplankton.
At extremely short flushing timethere is no positive steadyate solutionand
phytoplankton cannot accumulate in the system. Thisgsusdocal phytoplankton
growth cannoexceedhe loss obiomass due to flushings a result dboth low growth
rate (high CDOM or TSS) and high flushing
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Nutrientlimitation
By assuming negligible allochthonous phytoplankton, the dynamics of
bioavailable nutrient concentration and phytoplankton volumetoimass only under
nutrient limitation,6 , can be described as two coupled equations:
— w O w-0Q0 00 w
(3.8)
—— Q000w ®w YO w
whereg is CN ratio, andw is the nutrient loading rate, which can be divided into
parts,onepart thatis contributed by nutrients in various forms originally imported from
outside theestuaryw , and theotherthat isonly recycled fronthe loss of the
phytoplankton through remineralizatian, ,.e.,® W W . The sources
of @ includeallochthonousources (watershed, coastal water, atmospheit)
nitrogen fixation ifit exists. Note thaallochthonousources ofo in the system (upper
mixed layer) do not only include tla#lochthonousioavailable nutrients (i.e., inorganic
nutrients), but also includdsoavailable nutrientgransported fronthe lower water
columnor sediments that ateansforned fromallochthonous organic nutrieritsrough
remineralizationw is the loading rate including all possible contribution from the
loss of phytoplankton, includintdpe direct release of inorganic nutrieritse
remineralization ophytoplanktororganic nutrientshat is within the systepandthe
portion of remineralizedutrients coming back to the systémough theegeneratiorof
phytoplanktorthat issettledinto the lower water column or sedimerfeting the ratig

to be the fraction of the total bioavailable nutrients recycled from the loss of

phytoplanktonthe expression ab becomesv - "%
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Therefore, dividingV in two sides oEg. (31) and settingO — ——and

0 — returns the governing equations at steady state:

mo - % 00 -'Q0 06

o . : (3.9)
m Q0 06 Yo @
Phytoplankton biomass can be expressed as:
6 — 0 "0u (3.10)

Eq. (310) provides the basic form of phytoplankton biomass under nutrient limitation

0 includesthe direct input of N and the portion from allochthonous organic

nutrients through remineralization. The direct input of N can be expressedas 0 ,
where the nonpoirgource N loading rate equals— —® ,0 istheN

concentration of river discharge, and the remaining portion can be denaiethbyis

not related to flushing. Similarly, the N loading rate due to allochthonous organic
nutrients can be related to the loading rate of allochthonous organents

—® 0 times the fraction of allochthonous organic nutrients that contributes to the
N loading rate (denoted by, i.e., this portion of N loading rate is expressed as

- —0O 0 .Thereforep —® 0 -—0O 0

Transport processes can also affect the two paramesed , and their explicit
expressions as a function of F are achieved thraudgtailed examination on
phytoplankton dynamics and its interaction with nutrient cyclasgoresented ithe
Appendix. In general, both of them increase with flushing time. By adapting the Monod
type limitation function for gross growth rate under nutrient limitation, g},
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——, wherel is the halfsaturation coeffient for N uptake, we can explicitly calculate

Eq. (39) as a function of F. The steadtation solutions read:

o} — 0 0 -—0 0 "00
(3.11)

Eq. (311) shows explicitly the effects by physical transport on phytoplankton dynamics
under nutrient limitation: the flushing effect, denoted by F indir@ominator

p T Y "Qand the indirect effects of nutrient supply denoted by F in several terms:

direct import—"0 , and export,0———10 , and remaining input from the

transformation of allochthonous organic nutrients into N and tkeenal recycling of

phytoplankton (terms associated witandf ).

Apparently, the relationship betweén and flushing depends on the relative
contribution oftheN loading rate from the portion positively related to F. In the riverine
nutrientdominated estuaries; is proportional to the river inflow, aride major N

loading is, in general, positively related to F.

Figure3.2b shows the pattern of the biomass distribution in terms of flushing time
(using the valug of parameters listed in Tal8&l and3.2). For different parameters
incorporated into the model, the curve will change, but the pattern distrilbatiains
thesame. As shown iRigure3.2b, the solution indicates that the indirect effect
dominates the dynamics of biomass wlies large (small F), and asdecreases (F
increases), nutrient loading rate increases and more natbiecdmevailable that

results in an increase of the biomass, but whieecomes short enough (a large F), the
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physical transport dominates andstes phytoplankton out of the systefgain, at
extremely short flushing timephytoplankton cannot accumulate in the system due to the

high flushing even the growth rate is relatively high (high nutrient availability).

It is interesting to note that tleteadystate nutrient concentration unaer
nutrientlimiting condition is not affected by the nutrient loadiiig. 3.3) indicating the
key role of the nutrient uptake by phytoplankton, recycling, and the modulation of

dynamics (flushing rate) in the mignt dynamics.

Combined solution

Phytoplankton dynamics can be explained by combining the cases of light
limitation and nutrient limitation. For a system, the biomass can only increase when both
light and nutrients are available, or maximum biomassigdd by the scarce sources.
Thus, phytoplankton biomass under various environmental conditions can be described

by the minimum of biomass described by E§s6)and 8.9), i.e.,6 & QH D

w— p Q — —h U0 6

5 ) (312)
——— —® -0 0 -0 O——0 FOm
v

In addition, the areal phytoplankton biomass (denotedl)lman be obtained by
the integration over depth, which expressed as the production of biomass C and water

depth H for the well mixed system, i.6., 6 'O

As a summary, the effects wansport processesnsidered in the mathematical
model include the direct effect (flushing phytoplankton out of the system), and indirect

effects (importing bioavailable nignts andCDOM into the system, flushing the
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nutrients andCDOM out of the system, respectively, and acting its roles in the
remineralization of allochthonous organic nutrients and the internal recycling of

phytoplankton).

Patterns and the maximum mean biomass

A system with a specific combination of environmental conditions and
phytoplankton ecophysiology can have a specific phytoplankton biomass curve in terms
of flushing time. Nevertheless, the@lationships with flushing time can be grouped into
3 patternsas illustrated ifrigure3.3. Note that the flushing time of an estuary can only
vary within a confined range. All 3 patterns show a flustdogrinant regime at
extremely short flushing timeand no positive equilibrium in phytoplankton biomass

exists, indicating that phytoplankton cannot accumulate in this regime.

The first pattern shows that the light is limiting when flushing is large (flushing
time is short), and the biomass increaseh ¥liishing time, while nutriestarelimiting
when flushing is small (flushing time is long) and the biomass decreases with increasing
flushing time .Note that sme estuaries, either wittrelatively short length oalarge
flushing rate, may only expemce the light limitation if their flushing times vary only
within the light limitation regime, in which the corresponding phytoplankton biomass

always shows a positive correlation to flushing time.

The seond pattern shows the nutridmhiting condition The environmental
conditions for this patterareeither with high light irradiance or low nutrient loading. In
this case, the system is only under nutrient limitation, the biomass increases with flushing
time when the flushing time is small, but it keefecreasing after the flushing time

reaches a certain value.
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The third pattern may be rare in the nature, but it can happen theoretically.
Compared to the first pattern, the system can be under nutrient limitation again when

flushing is extremely high thicating the flushing rate is higher thidoe upgake rate.

As T becomes large, the biomass increases Witfst and then decreases, and
therefore the maximum biomass occurs whent . Apparently,t varies with the

change in environmentabnditions.

For a system that is under the nutrient limitation with a small flushing effect but
under light limitation with a large flushing effect, the maximum biomass occurs when the
system shifts from light limitation into nutrient limitation, i.e.,fatleadingtod 0 .

In this example system, the maximum in mean phytoplankton biomass octurefat

around 8.6 dayd{gure3.3a).

For a system that is under nutrient limitation even with a large flushing effect
(small flushing time)the maximum mean phytoplankton biomass occurs with a relatively
small flushing time. Typically, the flushing tinfe equals less than a few days, and it

equals around 3 days for shown in the example systefigure3.3b).

Impacts of environmatal conditions and ecophysiology of phytoplankton

While there are three patterns of the relationship between biomass and flushing,
the detailed curve can vary with different combinations of environmental conditions and
ecophysiology of phytoplankton, atite change in relationship can be diagnosed using

this mathematical model by tuning the parameters.

Apparently, since the relationship is related to both nutrient limitation and light

limitation, the relationship will change for any changes in environaheonditions that
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affect light and nutrient availabilities. A decreasédand/or an increase iiY increases
the biomass under light limitatiofigure3.4a), anda system with biomass close to the
maximum can switch from under nutrient lintitan to under light limitation. Change in
light extinction coefficientsQ andQ due to CDOMor TSS also affect the light
availability (e.g. Figure3.3). Similarly, a decrease in N loading H) and/or in
allochthonous organic mignt loading § H ) lowers the biomass under nutrient
limitation (Figure3.4b) and can let a system switch from under light limitation to under
nutrient limitation. The relationship is also affected by the contribution from the
remineralizatiorof organic nutrients (denoted byand the recycle of phytoplankton

(denoted by ) (Figure3.4c), a higher orf alleviates the nutrient limitation.

Changes inO and'Y also vary the relationshifrigure3.4d). A system with a
higher"O has a higher biomass C, while that with a higher R has a lower biomass.
Although the response of C to G or R is clear, the relative importance of the change of G
and R on the change of the magnitude of C, however, deperfdéonexample, wheth
is large and the system is under nutrient limitation, it is more likely that the change in C
caused by the relative change in R is larger than that in G. Wikesmall, especially
when the system is under light limitation, G is as important &rike diffeent
phytoplankton species hadifferent combinations 6O and’Y, the mathematical model

canalso be helpful to diagnose the difference response for different species.

The temperature is a major factor affecting the phytoplankton growth in the
estwaries, and its impacts have been implicitly included in the mathematical model

through temperaturgensitive parameters, including , O, and. In general, higher
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temperature leads to higher rates of bacterial activities and hence highef rates

remineralization (larger) and recycle (largér), and also leads to high® and'.

Biomass at locally spatial scales in rivedominated estuaries
The relationship of the mean phytoplankton biomass in the system to the flushing
time can bex@ended to diagnose the biomass at a local scale. Here, we only consider the

river-dominated estuary with one major source of water and nutrients from the head.

Spatial distribution of biomass
Following the way irPeierlset al., (2012), an estuary candieided into a series

of segments, and each segment has the domain from the head of the estuary to a location
(Figure3.5). Sincet —, with the same river inflow, the flushing time of each segment

is proportional to the size of the segment, which can be used as a spatial coordinate. Then
the mean phytoplankton biomass of each segnient, can be estimated usitige

mathematical model, as shownFigure3.6 for the example system.

Local biomass variability
Since only phytoplankton biomass at fixed stations along an estuary, rather than
the mean biomass of an estuary, is measured in the field, it is worthavhktledly how

the local variability in biomass at one fixed station is affected byréimsport processes

For a fixed station, its biomass is represented by the mean phytoplankton biomass
of the waterbody around this station. For example, for the statated downstrearof

thesegmeni-1 but within segmernjt the biomass can be estimated by the mean biomass
of the local waterbodj;, 6 , Which equals the ratio of the difference in total biomass

to the volumes difference of the two segisen
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Forj=1,0 0 . Note that the value ef——— increases with location, but it is

independent of time). For a series of segments with a constant increment in volume,

equals (1 1) for the segmentwith j > 1. Because each segment corresponds to

the same river inflow at each time, the spatial change in volume of each segment can be

estimated byo , andtherefae, The spatial distribution af can be

related to the spatial variations in flushing time of each segment, using-Areaothj

andj-1 segment:

5 8 (3.14)

Eq. (314) can describe the spatial distribution of phytoplankton biomass at a specific

time. Compared to the spatial distribution of segreemtraged biomass , the Ical
biomass is higher tha® ~ wheno 0 , but lower wherd 0

(Figure3.6), and therefore the distribution@f  shows a shraer peak thag

There exists a zone of maximum phytoplankton biomass in the egtefmyed to ashe
estuarine phytoplankton maximum©PM hereafter), located between the segment with
the flushing time off  and its landward segment. The location of the EfNlke shifts
toward the head with a longer flushing time of the systeigu¢e3.7). In those systems

that the entire locations are under light limitation, the biomass tends to be monotonically

higher seaward, and the EPM zone exists at the seaward gredsystem. If all
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conditions including the hydrology are similar, biomass in the EPM zone for Pattern
estuaries is in general higher than Patiestuarieshatis due to a lower biomass taking
up less nutrients in the upper region in Pattesstuaes and hence a higher nutrient

availability in the EPM zone.

At a fixed stationthe temporal variations in local biomass , described by
Eq. (313), mainly follows the relationship betweeén and flushing time of that
segmen and itis higher tha® ~ wheno 0 , but lower wherd 0

Therefore 0 also shows a monotonic relationship to flushing time of the segment
(Figure3.8). When the growtlof phytoplankton is under nutrient limitatidor a long
flushing time, an increase in river inflow can result in an increase in biomass; but when
the flushing becomes large enough, it can result in a reduced biomass, because the
flushing effect otranspat processesurpasses its effect on nutrient supply or the

limiting factor on the growth at the station is switched to light limitation. The biomass of

a local waterbody reaches high at the time when it becomes the ETM zone of the system.

The model is egected to resemble the spatial distribution of both the segment
averaged biomass and local biomass well if the variability in other parameters is much
smaller than that in flushing time. In some estuaries, nevertheless, the distribution can
deviate signiftantly from the model prediction at some locations where parameters show
large spatial gradients even though the general pattern may still hold, likeestuhene
turbidity maximum (ETM) zone where tiseispended sediment concentration may be
largely ekvated In the ETM zone, the low clarity can decline the light availability and

push the condition of the zone toward light limitation, and this @amng effect on light
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can be large in some estuaries but small in others. The biomass, correspondihgly, in

ETM zone can be low and deviate from the mathematical model if theetng effect

is significant. In extreme cases, the ETM zone may cause the biomass to be near zero that
separates the entire estuary into distinct two regions, and biomass dwstréadong the

main channel of each region can be described, respectively, lhathematicamodel

with a specific environmental condition combinatibmthe James River, the biomass is
significantly low in the ETM zone that exists in the middle of thieary, and the

biomass distribution can be studied separately for the upper tidal freshwater region and

the lower saline water region (Bukaveckas et al., 2018).

Zone of maximum phytoplankton biomass

A zone of maximum phytoplankton biomass (EPM) in an egtoas been widely
observed. When every location in the system is under the nutrient limitation for
phytoplankton growth, the EPM zone is near the head where both the flushing effect on
phytoplankton and nutrient limitation are alleviated, and in the dondhat the
phytoplankton irtheupper estuary experience the light limitation in growth, the EPM
zone can locate further downstream. Due to the effedtamdport processethe
location of EPM zone varies with hydrology, such as the change inmil@wi(Figure

37).

The EPM zone is sometimes suggested to be associated with the ETM zone
(Azhikodan and Yokoyama, 2016), and it is observed to locate landward (e.g.,
Bukaveckas et al., 2018), seaward (e.g., Fisher et al., 1988), or within the ETM zone
(e.g., Cloern et al., 1983; Cole et al., 1992; Kocum et al., 2002) across various systems.

Nevertheless, as indicated by this study, the formatidhedPM zone is associated with
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the interaction betweemansport processesd various environmental coridis, and
this mechanism is different to that forming the ETM zone. Therefore, though they may be
geographically tied nearby, the EPM zone does not necessarily associated with the ETM

zone and their location relations can vary with hydrology.

Revealing ofrelationships in natural systems

According to the mathematical model, under one combination of environmental
conditions and ecophysiology of phytoplankton, the relationship between biomass and
flushing time corresponds to one curve. In nature, howevedeatized data set exists,
every parameter has its spatial and temporal variability. Nevertheless, if the variability in
biomass is regulated dominantly tosgnsport processgthe biomass$lushing time
relationship should follow one curve with a narrosvidtion range, and theon
monotonic relationshipf increasing first but decreasing later is evident. Here, we
diagnose the relationships in some natural estuaries and compare them to the patterns

described by the model.

Annual timescale

For phytoplankta dynamics in a specific system, the annual timescale is good to
reveal the biomasBushing time relationship. On the timescales longer than monthly,
variations in parameters caused by episodic perturbations oiteiroroscillations with
periods less #n a month in the environmental conditions and ecophysiology of
phytoplankton are smoothed out and much reduced. When considering the annual
timescale, the interannual variations in temperature and light irradiance are no longer as
large as their monthlynal seasonal variations, resulting in relatively small interannual

variations in those temperaturelated and lightelated parameters arttence a
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relatively large variation in F compared to tbéashorter timescales. For example, Qin

and Shen (2017) sk that even without considering the indirect effectsarfisport
processeghe direct flushing effect increases with timescale and can be as important as
the effect of local processes on the phytoplankton dynamics on the annual timescale. In
addition, \ariations in parameters caused by climate change or human activity on the
annual timescale may not be as large as that on longer timescales (e.g. decades), such as
the variations in the nonpoksburce nutrient concentration and sediment concentration.
Thus, effects ofransport processesepresented by F drin the mathematical model, are
relatively important on the annual timescale and can be the dominant regulation on
phytoplankton dynamics in many estuaries. In fact, most studies clearly showing the
effects oftransport processese based on the annu@hescale (e.g., Boynton and Kemp,

2000).

Seasonal timescale

We can also compare the summer biomass to the spring biomass in a system, i.e.,
compare the relationships on the seasonal timescale. On the seasonal timescale, the
flushing time can vary signdantly, e.g., in the temperate estuaries, the variations in
environmental conditions temperature 83dand that in remineralization coefficients
and' also show sting seasonality. Corresponditggthe change in temperature, the
ecophysiology of phytoplankto® and’Y also reacta maximum in the summer arad
minimum in the winter. Note th& is a combination of respiration/excretion, grazing,
settling, and net vertical transport, and the high grazing usually casveitthehigh
temperature in the summer. Thus, the relationships between biomass and flushing time

for different seasmtollow different trajectories and even different patterns.
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In temperate estuaries, from the spring to the summer, both surface light and
temperature increase while the input of CDOM and solid sediments decreases due to the
reducediver inflow, the gross growthate also increases, and therefore all the changes in
the environmental conditions and ecophysiological coefficients increases the biomass
under light limitation, and thé curve is higher, indicating an alleviation in light
limitation. On the othehand, while the riverine nutrient loading is relatively low in the
summer, the recycled nutrient loading can be elevated largely, and the loss term also
increasesvhichtends to lower biomass. Therefore, the chandkd curve is case
specific. Corespondingly, the flushing time associated with maximum bioimsatsfted.

For example, in one estuary, if the limiting factor changes from light availability in the
spring to nutrient availability in the summer, the location of maximum biomass zone

shifts toward the head.

Case studies: The tidal freshwater region of James River

A realistic case was provided in the tidal freshwater region of James River, a
partially-mixed tributary of Chesapeake Bay. In this region, the dominant nutrient input is
from the river discharge at the head, and phytoplankton growth is suggested to be mainly
under light limitation (Bukaveckas et al., 2011). Diatoms and chlorophytes dominate the
phytoplankton assemblage (Bukaveckas et al., 2018). Monthly data over 1992013
were collectedrom the longterm monitoring stations hiyne Chesapeake Bay Program

(http://www.chesapeakebay.neflhe river dischargdataat the faltline were collected

by the United States Geological Sey(USGS).

The entire mainstem of the tidal freshwater regiotheflames River was divided

into 49 local waterbodies witsimilar volumes of about 5.557 x10m3, with volumes
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determined using the James Ri&&fDC model (Shen et al., 2016)he sixmain-channel

monitoring stations (TF5.2, TF5.2A, TF5.3, TF5.5, TF5.5A, and TF5.6) located &t the 1

2nd 39 111 19" and40" local waterboiks respectively. The volume of a specific

segmenf(j= 1, 2 é 49) was cal cul dronetde filogal s u mma r

waterbody to th¢" local waterbody.

Datespecific flushing times for each station and for the entire region were
calculated based on the method described in Alber and Sheldon (1999). Because this
region is dominated by freshwater wdhlinity less than 0.5, the fraction of freshwater,

—is close to 1. At one station locateg'alocal waterbody, the datpecific flushing

time for thej'!" segment at a specific observational date was computed by dividing the
volume of thg™ segment by datepecific average river discharge over gaia period

between the chosen date and some antecedent days, while the period was determined by
iteratively adding the river discharge at an additional antecedent day into the average

until the period equals the flushing time.

Overall, phytoplankton ckh shows noimonotonic relationships to daspecific
flushing time at these stationsigure3.9a). Due to the variations in local conditidnoth
specificcurves of relationship anfd to reach the maximum biomass can vary \ilitn
station. At Station TF5.5;, was close to 12 d in the summer and 18 d in the winter

(Figure3.9b).

Wintertime and summertime averages ofaldt each local waterbodyeve
computed for each yeay lextrapolating the averages of -@hat 6 stations linearly to the
entire region. The mean ehlfor the entire tidal freshwater James River was then

computed by averaging the ehlover the entire region, which shows a-meonotonic
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relationship to datspecific flushing time for the entire regioRigure3.9c). The
maximum mean chh occurred around 225 d, suggesting that the region was the
Patternl or Patters8 system over the majoritf time, and the maximum phytoplankton

biomass occuedwhen it $ifts from light limitation to nutrient limitation.

The spatial variabilities in phytoplankton biomass varied with time, and the
location of maximum ch& among the 6 stations switched at different observational date
(Figure3.10a and3.10b). In the sumnrethe zone of EPM shifts toward the downstream

with shorter flushing timeHigure3.10Db).

Overall, the wintertime and summertime averages ohahnler 1992013
resemble spatial variabilities as described in the mathematical niagiedg3.10c). The
maximum value located at Station TF5.5 in the summethéa upstream than the winter

location at Station TF5.5A.

Discussion
Otherrelationshipsbetween variables

While this study focuses on hawe physical transpodffectsbiomass, the model
can be usetb diagnose other relationships between phytoplankton biomass and other
variables explicitly under steagjate conditions, which helps to examine relationships
between measured variables including those already known from statistical regression

models othosenot yetrevealed.

Productivity vs. biomass vs. flushing time
Under steady state, the areal phytoplankton gross primary productivity (GPP) can

be estimated @0 0 "O Y 8, either under nutrient limitation or light limitation.
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Therefore, primarproductivity is correlated positively to the biomass, and@ed)

ratio is dependent on both the flushing effect and loss term. Unless with a sufficiently
large F, the ratio can be relatively constant to flushing time, on the annual timescale
(Figure 3.11a), e.g., the correlation between mean production aral ichthe

Chesapeake Bay (Harding et al. 2002). On the seasonal timescale, both F and R can vary
significantly with time, and the seasonal variations i@t g ratio need to be

considerd in two cases. In the systems or locations of one system where flushing time is
relatively long resulting in a comparable smaller seasonality in F than that in R, such as
the lower estuary where phytoplankton growth is under nutrient limitation all year

around, the 00 @ is expected to be low in the summer as R is temperature related;

while in the systems with large seasonal variations in F, such as the upper estuary, the
hydrological cycle that large F in the winter/spring time but low F in the summer can
countebalance the seasonality in R, which indicates that the ratio is not necessarily small

in the summer.

In a system where the flushing time is relatively large and phytoplankton growth
is under nutrient limitation, the interannual variability in biomas®eddent largely on
thetransport processeand therefore the primary productivity also decreases with
flushing time Figure3.11a). For example, the interannual variability of phytoplankton
primary productivity in the makstem of Chesapeake Bay is susjgd to be correlated
highly to annual river inflow and nutrient loading (Boynton et al. 1982; Harding et al.

2002).
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Nutrient concentration vs. flushing time
Eq. (37) can be used to study the relationship between nutrient concentration and

flushing time,and it can be transformed into:

o ——0 (3.15)

In the system under nutrient limitation, accordindetp (315), the steadgtate nutrient
concentration decreases with the increase in the flushing time ¢dashen Figure

3.11b), which confirms the relationships in observations (e.g., Peierls et al., 2012).
Because the biomass decreases with shorter flushing time when the system esperience
light limitation, this negative relationship betwegrand still holds (solid line inFigure

3.90).

When temperature increases, biological paraméferand R also increase, and it
results in the decrease in nutrient concentration. If the F also decreases, N becomes even
smaller. Thus, in the temperate estuarsesnmertime N with high temperature and low
flushing is generally much lower than the wintertime N (e.g., Peierls et al., 2012). When
the flushing time is sufficiently long, the steastate N response in small variations with

the changes in temperature.

Because of the direct uptake by phytoplankton, the decreasing rate of N with
increasing flushing time is expected to be higher than that in exporting organic nutrients

and total nutrient.
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Biomass/productivity vs. nutrient loading rate vs. nutrient cotnagan
As shown using the example system, the phytoplankton biomass increases with
the nutrient loading rate, when a system is under nutrient limitéigare3.11c).

According toEg. (36), the biomass under nutrient limitation is a functiob of
ag&oa & o0 aglagEp Y O (3.16)

Correspondingly, the expression for primary productivity is:

at¢O0b@e O ag O A&y 'O aép 1Y 'O (317)
When the flishing time is relatively long (smdtandN), Egs. 8.16) and 8.17) suggest
that the relationships of biomass/productivity to nutrient loading rate can be roughly
fitted by a positive natural legansformed linear regression, i.@.& @ & ,
& & "GLA08 , which has been shown using crasgstem data on the annual timescale in
Nixon (1992) and Nixon et al. (1996) though their correlations may be damped by
variations in other biological parameters. Note that the linear relatiagbipot require
the separation of nutrient loadings into different sources, therefore a high nutrient loading
can be either from a high ngroint source input or from a high poisdurce input, and
the relationships exist not only for rivdominated sysims but also for other types of
estuaries as long as the flushing effect on exporting nutrient is not extremely strong. For a
system that the major nutrient loading is proportional to F, the relationship deviates from
the linear regression wheén becomes large, corresponding to a large F. For example, in

river-dominated estuaries, the biomass shows such a natutehleiormed linear

relationship to riverine nutrient loading when the riverine nutrient loading rate is low, but
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tends to aproach flat as the loading rate increases, such as the observations by Peierls et

al., (2012).

When F is extremely large, the high flushing reverses the relationship, as also
suggested by Peierls et al., (2012) where they find one observation dodknotife
linear positive relationship during a low flushing time periotheNew River estuary. In
addition, the system does not have to be in extremely high flushing condition because a
system becomes more likely to be under light limitation as F isesedarge flow results
in large nutrient loading rate, which also generates large flushing effect and high
sediment loading input, which in turn reduces the biomass as indicaksgl (811), and

biomass does not exhibit a positive correlation to nutteading rate.

The biomass/productivity is positively correlated to the concentration of the
limiting nutrient at long flushing times, when the system is under nutrient limitation.
However, the nutrient eeentration is not the determinifector on
biomass/productivity, and higher biomass/productivity does not necessarily correspond to
higher nutrient concentration. The analysis here supports that phytoplankton biomass has
a good relationship with the nutrient loading rate rather than the nutrient t@tioen as

suggested by Boynton et al., (1982).

Biomass deposition vBushingtime

Transport of organic matt@roduced by phytoplankton from the upper layer to
the lower layer or the bottom sediment can contribute significantly to the oxygen
consumpibn and the associated hypoxia issues in an estuary. Biomass deposition is one
loss term in the mathematical model, and its rate egudls Thereforethe deposition at

one location is proportional to the areal biomass B on the annual timescalejsvhic
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expected to increase with river inflow when it is under nutrient limitation, but decreases
at large river inflow. Spatially, the maximum biomass deposition location is near the
EPM zone. This agrees with the finding at a fixed station in Chesapegh®y Boynton

and Kemp (2000) that shows a Amonotonic relationship between ehldeposition and

river flow, and supports their explanation that the decline in biomass in the year with the

extreme strong flow is due to the shift of the EPM zone towaneérfatownstream.

Model accuracy and limitation

Some assumptions are used to develop the mathematical model, because the
purpose of this study is not to use the model to simulate the phytoplankton biomass
accurately, which can be achieved by numerical nspdheit to provide a frame that can
analytically study the variability of biomass under the effectsanfsport processedth
various environmental conditions. The model is developed by assuming a complete
mixing, which cannot accurately resemble thetreteship in a natural system on short
term timescales or local fine scales. The temporal variations in biological processes
always exist, and may become large enough compared to the variations in physical
transport, especially when flushing time becomegddF becomes small). This daemp
the accuracy of this model in revealing the relationship between biomass and flushing
effect in downstream estuary if the system has a long flushing time. In addition, due to
the simplicity of this model, the effect dfatification and mixing of water column by
tide or wind on the vertical transport is not explicitly included in the model, but it has
been included implicitly in the paramet¥ifor phytoplankton dynamics and in the
parameters and{ for nutrient dynanics. This is another source of variations for the

relationships between biomass and flushing time for a realistic study.
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This mathematical model may not be applied for the very shallow sybtegms
with low turbidity, in those systems, light can penedrt the bottom, and the irradiance
at the bottom is not vanished. In addition, phytoplankton may not be the dominant
primary producerNicLusky and Elliott, 2004 and the interactions with other primary
producers (e.g., SAVS, benthic microalgae, macreglgersh) may play an important

role in phytoplankton dynamics.

The mathematical model is developed with a focus on the batpooontrol,
while the grazing of phytoplankton by secondary produ@egs, zooplankton, benthic
bivalves)is implicitly included for the model closurtesing a grazing rate as a part of R

that is independent to flushinghe grazing term in the governing equation Eqg. (3.1) may

be expressed explicitly 8 —— dfor an individual secondary producerhere™O is the

gross growth rate of secondary produceris the halfsaturation coefficient for taking

up phytoplankton, andis the biomass of secondary produ¢emmany estuanie
systemsthegrazing rate can be assumed reasonably to be a rate relatively independent to
both phytoplankton biomasand flushing. For exampla) systems whereooplankton is

the main component alecondary producgrthe total zooplankton biomass niasy

roughly assumed to be constantly proportional to phytoplankton biamassy cases

(Park et al.20®b), especially when the phytoplankton is not a limiting resource to the
growth of zooplankton. In Chesapeake Bay, the spatial distibaf zooplankon

abundance does general agree with that of phytoplankton biomass, showing their
maximum abundance located near the maximum phytoplankton biomass zone (Kemp et
al., 2005). The elevated zooplankton abundance is also widely found in the ETM zone of

othe estuaries (e.g., Morgan et al., 1997; Kimmerer et al., 1998pme otheestuaries
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however this assumption may not holaind the grazing rate cannot be assumed as an
independent parameter when studying phytoplanktmsport time relationship.
Nevatheless, if the grazingverallis a small term, deviations from the model curves may
be expected to be smalhdthe nonmonotonic relationship is still haldBut if the

grazing pressure is significaylarge,the grazing rate may vary largely with tsport

time, and the relationship between phytoplankton biomass and transport time can either

follow or not followthe nonmonotonic relationship shown in this study.

This model does not separatgtriens into nitrogen or phosphate. In an estuary,
the upstream region is usually suggested to suffer phosphate limitation, whereas the
downstream region is undeitrogenlimitation (Kemp et al., 2005yand the limiting

resource caalsovary seasonally from phosphate to nitrog¢one location

The discussedpatial distribution of the biomass requires the major input of
nutrients from the head of the system, and it imagff the model curves for the systems

having the major input of nutrients from the coastal seas.

Conclusions

A mathematical model is dewgded to diagnose the effectstEnsport processes
on the variability of phytoplankton biomass over ldgagn timescales, including the
direct flushing effect, and indirect effects by importing and exporting nutrients and
sediments. When the system is antight limitation, the flushing effect and the effect
through regulating sediments dominate biomass variability that terid induce a
positive phytoplanktotilushing time relationship; when the system is under nutrient
limitation, the flushing effecacts against the effect through regulating nutrients that tend

to induce a negative relationship, and the biomass only increases with flushing time at
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short flushing times but decreases afterward. For the system that can switch between light
limitation ard nutrient limitation, it tends to be under light limitation at small flushing

times butundernutrient limitation at long flushing timewith the maximum biomass

occuring at a middle flushing time. The variability in biomass at a local station also

shows a similar normonotonic pattern with flushing time. The spatial distribution of
biomass along a rivatominated estuary can also be shown by the model, and the upper
estuary at short flushing times generally shows an increase in biomass downstream while

the lower estuary shows a decrease if there is under nutrient limitation.

In addition, the mathematical model can be used to verify and mechanically
explain various relationships between variables obtained in observatiang.vdriables
show monotonic dationships to flushing timeothers, however, can exhibit non
monotonic relationshipg.his study suggests that when relationships between variables

are examined, the effectstodnsport processesed to be considered.

Appendix. Expressions fort and
The full calculation of phytoplankton biomass under nutrient limitation requires
an examination on phytoplankton dynamics and its interaction with nutrient cycling,

including the dynamics of both inorganic nutrients and organic nutrients.

The total los rate of phytoplanktoriy, can be divided inta biologically-related
part (respiration/excretion, grazing, and natural death, denot&d)@anda physically
related part (sinking and vertical transport, denoted hyand the dynamics of

phytoplankton biomaskq. (32) becomes:

— 08 08 Y 1 & (A1)
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The gain (+) of the organic nutrients in gyestem include the import from
outside of the system (allochthonous sources), and the traragfon of inorganic
nutrients to organic nutrients in the system (autochthonous sourcasgr-dominated
estuaries, the nonpoisburce loading rate aflochthonousrganic nutrients from the
watershed is proportional to the flushirg® , whae 0 is the organic nutrient
concentration of the water from the watershed, and the remaining portion of
allochthonourganic nutrient loading rate is denotediby The transformation of
inorganic nutrients to organic nutrients is primary tigio phytoplankton uptake.
Bioavailable nutrients are assimilated to become organic nutrients by phytoplankton, and
they are released into the water column through the biologicdHyed loss of
phytoplankton. Sét to be the fraction of dissolveditrients in the total nutrients that
are directly released into the water from the recycled phytoplankton, the portion of

organic nutrients isp |

The loss {) of organic nutrients includes the flushiagt by physical transport
and the transfonation of organic nutrients to inorganic nutrients. The loss to fish
landings is neglected here as it generally accounts for a very small percent (Nixon et al.,
1996). For simplicity, the remineralization rate in the syst@mand loss rate due to
settling and vertical transport, , for organic nutrients from two sources are assumed the

same in the derivation.

The equations for dynamics of organic nutrient concentration are developed for
allochthonous sources (denotediby and autochthonoussrces (denoted by ),

respectively:
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— —® 0 B Q7 O (A2)

— -Y8p 1 & Q7 O (A3)

Under the steadystate condition, the concentrationsiofandd can be calculated:

6 — (A4)

5 -— (A5)

With respect to the dynamics of dissolved nutrients, the gain processes (+) include the

loading,® , and the loading from thecycled phytoplanktory ,i.e.,0 @
® . The los processeg) include the uptake via phytoplankton£"006 uand

flushing by physical transport (O0 o

Setd — and) —, theEq. (34) for N becomes:

— 5 D —"08 "0 (A6)

0 includes the inputs of dissolved nutrientgginally from the outside of thestuary
through a variety of sources (Nonpesdurce input of N from the watershed, input from
coastal areas, atmospiwedeposition, underground water input, and psimirce input
from sewage treatment plantd)e transform of allochthonous organic nutrients into
inorganic nutrientsand nitrogen fixation it exists Similarly to the assumption used for
organic nutrents, in riverdominated estuaries, the nonpesaurce loading rate of
allochthonousN from the watershed is proportional to the flushird , where0 is

the N concentration of the water from the watershed, and the remaining portion of
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allochthonous\ loading rate is denoted ldy. 0 includes all the recycling ways of

phytoplankton (directly into inorganic trients with an expression efY 0f , and the

regeneration of autochthonous organic nutrients and the settled phytoplamken).
transformation of organic nutrients to inorganic nutrients is through remineralization,
which can happen in ¢hsystem or in the lower layer or the bottom sediments after their

sinking.

The dynamics of inorganic and organic nutrients and settled phytoplankton in the
lower water column or the sediment are not explicitly formulated here. For those settled
organic mitrients and phytoplankton, only a portion of them can be remineralized into
inorganic nutrients and recycled back to system, the remaining portion (the fraction is
denoted by ) leaves the system permanently, e.g., through bury or denitrification (only
for nitrogen). Therefore, thexpressions for the transformations of allochthonous and
autochthonous organic nutrientsa@ p (1 0 and™@Q p 71 U,

respectively, and the expression for the transformations of settled phytoplankton is
- p [ 1 O.Note thatthe nutrients in organic form settled into the lower layer and

bottom sediment may not be fully recycled during some periods, andlisresan
accumulative effect that in one period, both the nutrients current settled and previously
settled provide the recycled N flux. This accumulative effect that provides extra recycled
N loading rate from the previous settled organic nutrients teemtidynamics at the

current state may not be significant when the annual timescale is considered, but it may
be neglected on the seasonal timescale. For example, a large amount of organic nutrients
and phytoplankton are either imported or produced ispeg, and the amount of

nutrients in organic form settled into the bottom sediment also significantly enhanced.
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These organic nutrients may not be fully recycled in the spring, and the uncycled part is
remineralized in the summer along with the newlylesg organic nutrients when the high
temperature enhances the microbial activity. In the model, the extra recycled N loading
rate in some periods caused by the accumulative effect is implicitly includediim
summary,

6 —® 0 Q@ p 1 O

0 Y6 -p 16 Q p 11 O (A7)

Substituting Eqgs. (A4) and (A5) infeg. (A7), and settie expressions far and

0 read:
0 —® 0 -—0O 0
0 NS p 118 -YEp (A8)
where- ———, is the fraction of allochthonous organic nutrients that contributes to

the N loading rate. The value oftherefore, approaches to 0 with a large F (short
flushing timet), and approaches tp —— with a small Flpng flushing timet),

indicating that the input N loading from the remineralization of organic nutrients, from
both allochthonous and autochthonous sources, becomes smaller with a larger flushing

effect because a larger portion is flushed out.

Substituing Egs. (A8) and (Al) into (A6), under the steadgte conditions, the

eqguation for N becomes

n —®p -« 0 -0 O0 -YOp T p - -0 11 0, (A9)
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wheree —, and the associated stn for biomas® is

8 p -,—® O -0 "Of. (A10)

Compared to the basic form for biom&ss (36),

I p : (A11)

I is the parameter describing the recycling nutrient loading from the phytoplankton,
which is associated with . As] varies positively with, any change of conditions
that alters the value efalso change the valwét , including the flushing rate F.

decreases with a larger F (shortgrindicating that the recycled portion of phytoplankton

becomes smaller with a larger flushing effect.

The total nutrient”(Y) includes the inorganic nutrients (N), organutrients in

the water { and0 ), and the assimilated portion within living phytoplankte {.e.,

Y 0 0 +0 -, and the equation fély dynamics sums Egs. (AA3) and (A6)
— 0 oY -1 6 10 1 0 (A12)
where0d —©® 0 —0O 0 isthevolumetri¢Y loading rate.
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Table3.1. The list of parameters required in the mathematical méael(312), and
their values on the annual timescased in the example Pattetrsystem Note that
and are two parametetbatvary with flushing time, and their explicit expressions
using additional parameters are presentadappendix, with values listed in Table

3.2.
Abbreviation Description Unit Value
Physical settings
KO) Depth of system m 3
— 07T p O 0.5
Nutrient related
0 N of the water from the watershed gNm?3 0.5
0 O of the water from the watershed gNm3 0.3
0 Volumetric N laading rate from the direct gN m?3d? 0.001
allochthonous N input except for nonpoint sourc
0 Volumetric O loading rate from the direct gNm3d?! 0.0006
allochthonous O input except for nonpoint sourc
- Fraction of allochthonous organic rients that Varying
contributes to the N loading rate
f Fraction of the total bioavailable nutrients recycl Varying
from the loss of phytoplankton
Light related
0 PAR at the surface ‘Em?st 300
Q Light attenuation by paxle-free water and by nrt 0.96
partial contribution from suspended sediment
includingCDOM that is assumed to be constant
o) Light attenuation by suspended sediments and | (g S)* n? 0.06
partial contribution from suspended sediment
includingCDOM that varies withlushing
o) Light extinction by chlorophyia (gchka)tm? 16.7
Sediment related
Y “Yof the water from the watershed gsSnt 14
1 Loss rate for suspended sediments due to settlii d* 0.33
and vertical transport
Phytoplankton related
O Maximum G as a function of temperature d? 1.0
Y Total local loss rate due to respiration/excretion, d* 0.3
grazing, settling, and vertical transport
| C:Nrafo gC/gN 5.68
(o]0 o XC Carbon to chdrophylta ratio of phytoplankton gCl/gchta 45
0 Half-saturation coefficient for N uptake gNm3 0.2
(@] Optimal PAR leading to maximum growth rate  ‘* Em?s? 300
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Table3.2. The list of parameters for calculatingandf (Apperdix) and their values on
the annual timescale used in the example case.

Abbreviation Description Unit Value
Nutrient related
i Fraction of dissolved nutrients in the total nutriel 0.2

that are directly released into the water from the
recycled phyaplankton

r Fraction of settled organic nutrients and 0.25
phytoplankton leaving the system permanently

ko) Remineralization rate of organic nutrients in the d* 0.05
waterbody of the system

1 Loss rate for organic nutrients due to settfland  d* 0.033

vertical transport

Phytoplankton related
Y Biologically-related loss rate d?! 0.2
1 Physicallyrelated loss rate for phytoplankton du¢ d* 0.1

to settling and vertical transport
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Notation of all variables and paraneters.

Abbreviation Description Unit

Physical settings

o Time d

@ Volume of system m®

W Volume of segment me

KO) Depth of system m

a Depth ranged from O (surface)itdl (bottom) m

O Depth of photic zone m

0 Water inut from the watershed me d?

0 Inflow rate e d?

0 Outflow rate e d?

© Returning ratio

Yo a Mean salinity of the system ppt

Yo a Salinity at the mouth ppt

— The ratio ofd to 0

O Flushing rate d?

T Flushing timepj "O d

+ Flushing time for segment d

T Flushing time of mean biomass maximum d

t Flushing time of segmetaveraged biomass maximum d

Nutrient related

0 Bioavailable nutrient concentratio gN 3

0 Allochthonous organic nutrient concentration gN 3

0 Autochthonous organic nutrient concentration gNm?3

Y Total nutrient concentrationy 0 0O 0 OF gNm?3

0 N of the water from the watershed gN 3

0 O of the water from the watershed gN 3

. 0 70

@ Total N loading rate gNd?

W N loading ratewith sources originally from outside syster gN d*

W N loading rate from the recycled gbyplankton gNd?!

0 ®w T gNm3d?

0 w T® gN m3d?

0 Volumetric N loading rate from the direct allochthonous g N nr3d?
input except for nonpoint source

0 Volumetric O loading rate ém the direct allochthonous C g N nr3 d*
input except for nonpoint source

0 Volumetric"Y loading rate gNnmid?

Fraction of allochthonous organic nutrients that contribu

to the N loading rate

Fraction of the total bioaylable nutrients recycled from

the loss of phytoplankton

Fraction of dissolved nutrients in the total nutrients that

directly released into the water from the recycled
phytoplankton
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r Fraction of settled organic nutrients and phytoplankt
leaving the system permanently
Q Remineralization rate of organic nutrients in the waterbc d*
of the system
1 Loss rate for organic nutrients due to settling and vertici d*
transport

Light related

(@] Photosynthetically active ration (PAR) ‘Em?s?
0 PAR at the surface ‘Em?s?
o) Light attenuation mt
o) Light attenuation by particledee water and by partial nrt
contribution from suspended sediment includZigOM
that is assumed to be constant
o) Light attenuation by suspended sediments and by partic (g S)* n?
contribution from suspended sediment includZigOM
that varies with flushing
o) Light attenuation by chlorophyé (g chia) * n?
o) Q 7o (9C)tn?
Sediment andCDOM related
Y Suspended sediment concentration gsSm?
Y “Yof the water from the watershed gsSm?
0 Volumetric suspended sediment loading rate gSmid?
1 Loss rate for suspended sediments due to se#thidg d?

vertical transport

Phytoplankton related

0 Volumetric biomass gCnd

0 Volumetric biomass under nutrient limitation only gCn

0 Volumetric biomass under light limitation only gCnr

o) Areal phytoplankton biomass gCn?

o) Segmenraveraged volumetric biomass gCn

0 Mean volumetric biomass for local waterbody gCn

"00 0 Phytoplankton gross primary productivity gCm2d?

O Gross growth rate d?

O Maximum G as a functioof temperature d?

Y Total local loss rate due to respiration/excretion, grazing d*
settling, and vertical transport

Y Biologically related loss rate d?

1 Physicallyrelated loss rate for phytoplankton due to d?
settling and vertical tresport

| C:N rafo gC/gN

OdD Carbon to chlorophyl& ratio of phytoplankton gC/gchta

"Q0 Growth limiting function for light

Q0 Growth limiting function for nutrient

0 Half-saturation coefficient for N uptake gN 3

0 Optimal PAR leading to maximum growth rate ‘Em?st

Secondary producerrelated
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O=O:8:

Biomassof secondary producer
Gross growth ratas a function of temperature
Half-saturation coefficient fo€ uptake

gCnm?3

gCm?3
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Figure3.1. lllustration of physical settings and hydrodynamics in an estuary. The system
considered in this study is the upper mixed layer (logkty layer).
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Figure3.2. Relationship between volumetric phytoplankton biomass @epted by chl
a) and flushing timet. a) under light limitation onlyd ), and b) nutrient limitation only
(6 ). The example system uses values of parameters listed in3lhlaled3.2.
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Figure3.3. Three patterns of relationships in the system between phytoplankton biomass,
0, and flushing time}, under various environmental conditions and ecophysiology of
phytoplankton. a) phytoplankton growth shifts from under light limitation at short

flushing times to under nutrient limitation at longer flushing times (Pattesmith),

values of parameters for the example system listed in Table 3.1 abjl §@wth is

under nutrient limitation at all flushing times (Pattern 2), compared to the example

Patternl system, only the light extinction by partidtee water an€DOM (Q )

changes from 0.961* to 0.095m™. ¢) growth is under nutrient limitation at short flushing
times, and shifts to under light limitation but then shifts to under nutrient limitation again

(Pattern 3), with & & m™.
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Figure3.4. Impacts of envonmental conditions and ecophysiology of phytoplankton on
the relationships between phytoplankton biomass and flushing time, as demonstrated
using the mathematical model by tuning related parameters (1.5 times larger or smaller).
The base represents ttedationship in the example system. a) decrease in surface PAR
('O and increase in suspended sediment concentration of river infQwéspectively.

b) decreases in nutrient loading rate due to decreases in nesqaioé nutrient
concentrations in both dissolved inorganic Y and organic{{ ) forms, and decreases in
remaining portios of nutrient loading ratel)( and0 ), respectively. c) decrease in
fraction of allochthonous organic nutrients that transforms into bioavailable nutrignts (
and decrease in fraction of the total biaable nutrients recycled from the loss of
phytoplankton?(), respectively. d) increases in gross growth r&e @nd total loss rate
(Y), respectively.
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Figure3.6. Spatial distribution of the means of phytoplankton biomass for each segment
(6 ) and for each local waterbody (), respectively, in the example system. a)
distributions o6  ando on the scale of flushing time for segmeht () for

Patternl system, respectively, when the flushing time for the entire system is about 15.8
d. b) for Patters2 systems.
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freshwater region of James River. Data are separated into the averages of winter months
(December, January, and February) and averages of summesrthmnth, July, and

August).

123



<
N ™ 0
0 Yo}
L L
- - -
25ra) —6—2011-12, 7= 11.56 (d)|
=A—2013-12, 7 = 34.78 (d)
20k 2009-02, 7 = 34.68 (d)| -
T —8—2006-01, 7 = 12.87 (d)
o _

80+ b) =0—2013-07, 7=6.752 (d) | -
=A—1991-07, 7 = 23.29 (d)
2000-07, = 36.72 (d)

()]
o
T
L

chl-a (ug I'"
N
o

N
o

50 T T T

=6 Wintertime averages
—A— Summertime averages

40

1

30

20

10

Mean chl-a over 1990-2013 (ug I'1)

TF5.2A -
TF5.5

Figure3.10. Various spatial variabilities in the phytoplankton-ahh the tidal freshwater
region of James River, with maximum biomass occurring at different tafiba xaxis

is the normalized volume of segment te thist segmentDates are chosen to be in a)
winter months and b) summer months; ¢) Spatial variabilities in the mean phytoplankton
chl-a over the studying period (192013) for winter months and summer months,
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Chapter 4. Physical transportprocessesffect the origins of harmful

algal blooms in estuaries
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Abstract

The effects ophysical transponprocessesn the initiation of harmful algal
blooms (HABSs)in estuaries were investigated through both mathematical model
simulationsand numerical experimenthis studyhighlights the contribution of flushing
effect. The model results show that the spatial difference in the flushing effect at different
waterbodies due to the geometry complexity is one major factor causing the spatially
inhomogeneity of algal aesity during the HAB initiation, and the ratio of transport time
to volume is one of the key variables to determine the differential flushing effect on HAB
initiation in multiple interconnected system. As a result, a HAB tends to be observed first
in the bcations with relatively long residence time, such as tributaries or areas with large
eddies; and multiple unconnected originating locations caexish within an estuary.
Two numerical experiments were conducted for studying the contribution of flushing
effect to the annualochlodinium(recentlyrenamedMargalefidiniun) polykrikoides
bloomin the lower James Rivefhe results show th#te flushing effectan bethe
major factor driving the spatial difference in the densit€ opolykrikoidesduring tre
bloom initiation, and the relatively small waterbody with the long residence time of
Lafayette Rivera subtributary, iéavorable for the first bloom occurraneehich
explains the observations that the Lafayette River is one originating locatiorsfor th
bloom. The impact of cyst distributionssiggested to beomparably small to the
flushing effect on the spatial gradients of algal density in this system, a@d the
polykrikoidesbloom in the lower James Rivprovides an example showing that the

HAB originating locations do not have to be the beds with abundant cysts.
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Introduction

Over the past half century, human activities have been comigbgrteatly to
facilitate the deterioration of water quality in many estuarine and coastal aquatic
environments (Cloern, 2001; Kemp et al., 2005)v&fouswater quality issues, harmful
algal blooms (HABSs) receive more and mattentiondue to their impct on ecosystems
and economic loss. HABS a variety ofdifferentspecies have been observed widely in
estuaries throughout the world (Grandi and Turner, 2006; Lewitus et al., 2012), and
eutrophication through nutrient enrichment is thought tarieportant reason for their
expansion in the U.S. and other nations (&mayda,1990; Anderson et al., 2002;
Gl ibert et al., 2005, Hei sl er et al., 2008
understanding the environmental conditions promdtiogms and also in developing the
policies and techniques for the prevention, control, and mitigation (Kudela and Gobler,
2012), which requires examinatioolsfundamental processes that affect algal growth and

accumulation in estuaries.

Both local processs (e.g., photosynthesis, respiration, grazing, settling, and
possible vertical migration) amghysicaltransport processdisrough advection and
dispersion affect thdevelopmenof HABs (Donaghay and Osborn, 1997). Like other
nonHAB algal species, whilecal biological processes determine the local growth of
phytoplantkoniransport processedso show great impacts on the variability of
phtyoplankton over a wide range of timescales (Lucas et al., 1999; Pitcher et al., 2010;
Qin and Shen, 2017The latercan be as important #% formerin regulating HABS in
estuarine and coastal systems, such as altering the relationship between anthropogenic

nutrinet enrichment and HABs at local scaleavidson et al., 2014 he local processes
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can be affected dictly by many environmental factors, including temperature, light,
nutrients, grazing pressure, pH, stratification, and so forth, and their impacts on HABs
have been investigated intensively for a varitiy of HAB species (e.g., Wells et al., 2015).
The effect of transport processesn be divided into direct and indirect effects. Because
the flow redistributes the algal biomass within the system and exchange with adjacent
waterbodiestransport processesn affect HABs directly in a variety of wafrem the
beginning and throughout each staf@itiation, development, and terminatiorhe

effect of flushing algae out of the systéasbeen highlighted as the primary effect of
physical transport on dynamics of phytoplankton including HAB species, whickitean
local algal community abundance and composition (Ferreira et al., 2005; Paerl et al.,
2006; Costa et al., 2009). The changes in flushing effect can cause changes in the
frequency and timing of the HAB occurrence (e.g., AlveBamado et al., 2008 arl et

al., 2011). In addition, horizontalansport processéy circulation can transport initial
population to the habitats where HABsored(e.g., Tyler and Seliger, 197B; et al.,
2000;McGillicuddy et al., 2003Hall et al., 2008; Kim et al., 2®); cantransporthe
developed HABs from its origins to other areas to induce a btbers(e.g.,MacFadyen

et al., 2005; Giddings et al., 2014); can concentrate cells in local areas (e.g., Hall et al.,
2008; Escalera et al., 201@nd caract as a baiter to inhibit the shoreward transport of
HABSs from offshore coastal waterbodies (e.g., Hickey et al., 2005). Studies also reveal
that the flushing effect interacts with algal behaviors, such as the swimming behavior that
changes the vertical position @fjae in the water column (e.g., Anderson and
Stolzenbach, 198®onaghay and Osborn, 19%alston et al., 2015). Besides the

flushing effecttransport processesin impact the local phytoplankton growth indirectly
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through their mediation on the biologlgrocesses, since the flow can distribute heat
energy that influences local temperature and other substances like nutrients, salinity,

suspended sediment, grazers, and@murring algae.

While the impacts ofransport processesm HABsin coastal upwdihg systems,
largely induced by the atmospheric oscillations through its influence on both the upper
layer water stratification and retention (Pitcher et al., 20i#)e been investigated, the
effects oftransport processes estuarine HABs are much sediscussed. Though the
initiation and development of some estuarine HABs are strongly impacted by physical
conditions in the adjacent coastal areas through upwealtmgwelling cycle and
onshoreoffshore transport (e.g., Fermin et al., 19@6)ual occtrences of HABs in
many estuaries have been suggested to originate \hth@stuaries (Anderson, 1997;
Mulholland et al., 200p It then would bemportant to understand the mechanisms and
the associated environmental conditions leading to the lodattioit of the estuarine
bloomsand their retention within the systeRecent studies in Nauset Estuary on Cape
Cod, USA, suggest that water temperature and water retention are the two dominant
factors in controlling thédlexandrium fundyenddoom that omginates from three salt

ponds within the estuary (Ralston et al., 204015).

Due to the complex interaction between physical forcings and geometry, the
flushing effectmaynotbe uniform throughouwn estuarymakingthe role of flushing
effect oftrangort processesiore than a simple loss tetimtprevens the accumulation
of algae and delaythe occurance of HABs in estuariésthis studywe used both

mathematical and numerical models to demonstrate that this spatial difference in flushing
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can afect and even determine spatial gradients in algal density and locations of estuarine

HAB initiation.

Specifically, the bloom o€ochlodinium polykrikoidem the lower James River,
USA, is used as an exampl&. polykrikoidesrecently proposed to be renad
Margalefidinium polykrikoide$Gamez et al., 201Y, is a primary dinoflagellate species
that regularly forms HABs in the coastal waters of Southeast Bai@peand North
America for many decades, and has b&®wn toexpam across the globe (Kuteand
Gobler, 2012)Although the precise toxirsadingto its toxicity hae not yet to be
confirmed it has been widely found thtite blooms ofC. polykrikoideggenerally
characterized by densities > 1000 cells'inlthe lower James River, accordittgMorse
et al., 2013) are strongly toxandcould kill most marine organisms including other
algae, copepod, bivalves, coral reefs, and fish during bloom events (e.g. Jiang et al.,

2009; 2010; Tang and Gobler, 2009a; 2009b; 2010; Richlen et al., 2010).

Theunderlying mechanisms of the initiation, growth, andaffeof C.
polykrikoidesblooms howeverare not fully known due to the complex processes they
involve. C. polykrikoidesare suggested to have a variety of strategies for growing well in
estuares(Kudela and Gobler, 20123uch as vertical migration behavior, uptake of
organic nitrogen, grazing suppression, mixotrophic consumgimiopathic effectsand
the formation of both temporary and resting cy$tss prevents scientists from
accuratey predicting when and where these blooms will occur, and how large they will
be, thus resulting in a challenge to find an effective strategy to control the bloom.
Virginia, for example, is one of the locations on the East Coast of thkdilsawe been

reported to haveE. polykrikoidesblooms for over 40 years (Mackiernan, 1968; Ho and
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Zubkoff, 1979). Whilemonitoring programs demonstrate that blooms occur almost
annually in the lower Chesapeake Bay and its tributaries in late suroveetbe past

two de@des (Morse et al., 2013), many questions on the initatiGnmdlykrikoides

blooms remain unanswered. Within the scope of this study, we examined one question by
highlighting the flushing effect dfansport processe#/hy thetributaries of the lower

James RiverLafayette River and its adjacent Elizabeth River theemajor originating

locationsof the bloom (Mulholland et al., 2009; Morse et al., 2011)

Dynamics of HAB algal density
Governing equation

In the estuarine systems, the dynamics of haraifial (HA) density in the water
column at a given location and time can be described by theffitst reaction transport

equation, including both the local processes and transport processes:

— 60— —0— Q6 Y (4.1)

whereC denotes algal density (cell 1)l x andt denote location and time, respectively,

is current velocity (m'Y), K is diffusivity (n? s1), andg denotes the net growth raié

the algae (d) as a resulof local processes including photosynthesis, respiration,

mortality, and settlingS denotes external sources or sinks of al§f@ethose HA species

that can produce cysts, the germination of cysts from the bottom sediments can be treated

as external lading as well.

Using the approach of Qin and Shen (2017), the transport processes can be
represented by a transport rate (denotdél) dlsat describes the variability of flushing

effect, the dynamics of algal density at a location can be described as:
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— "6 06 Y (42)

where the impacts of local biological processesteartsport processese decomposed

as the first and second termrsthe right hand side, which we hereafter refer to ad loca
andtransport processeBefine relative growth rate as — (i.e.,06 6 Q ), where

0 isthe initial densitythe equation for the rates can be obtained by dividing C on both

sides ofEq. (42), which gives:
i "Q "0 "Wo. (4.3)

Flushing effect on time required for HAB initiation

A HAB initiation in this study is referred t@sthe process dflA growing from its
presence in the water column to the level of bloonsitgrand its timelurationis
affected by both the initial algal density and the relative growth rate. The relative growth
rate,i , is controlled by ecophysiology of the specific HA species and environmental
conditions, which varies in time and locatiamd it can be either positive (increase in
density) or negative (decrease in density). Therefore, a presence of harmful algae in the
water columrdoesnot necessdy result ina HAB at that location. A successful initiation
of a HAB requires 1) a suffient period of time for harmful algae to grow to the level of
bloom density, and 2) a positive mean relative growth rate during that pEnedme

required for its initiationo , is a function of the positive mean relative growth rété;
0 4 16 j6 (44)

0

whereo is the bloom density. Definition of algal density as andative presence

and bloom varies with algal species and cases. Specifically for the initiatian of
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polykrikoidesbloomin the lower James Rivewe usel cellml? to indicate the presence
and1000 cells mt or higher as the level of HABVorse et al.2013) The time required

for the algal growing to the bloom level is given by:
o O—Oj lp T TTdmys, or O G—Oweeks. 4.%)

For example, for thdapanese straof C. polykrikoidesvith the net maximum daily
growth rateof about 0.41 @ (Kim et al., 2004)Eq. (45) suggestthat itwould still
require over 2 weeks to leaddadiAB even under the optimgrowth condition Figure

4.1).

Thus, according t&q. (44), any environmental factor that can alter the value of
relative growth rate can affect the time required for a Hi#iation, and the flushing by
transport processes therefore is one critical factor in regulating the initiation time. The
flushing effect can be either Atransport o
shortens the required time, indicagiby a positive or a negative transport rate,

respectively.

Spatial distribution of algal density

In an estuary, the complex geometry and the incompletely mixing of estuaries
results in the large spatial variability in both the flushing effect and pyoaksses,
which creates variousegmentsvith different environmental conditions for HAB
initiation. During the initiation of a HAB event, the bloom density can be reached earlier
in the areas with persistently higher algal density, therefore, the spHigagénce in algal
density and the associated environmental conditions need to be examined to better

understand the existence and characteristics of the originating locations for HABs in a
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system. To understand the underlying mechanism, a mathematal fmoexamining

the spatial distribution of algal density is developed.

Mathematical model

We consider a system consisting of two connected waterbodies 1 Rigti (
4.2). In an estuary, these two waterbodies can represent the mainstem of theaestuary
anadjoiningtributary, respectivelywhichis very common in many estuaries. The
analysis of HAB initiation in this system requires the comparison of algal density
between these two waterbodies. Assume that both waterbodies 1 and 2 are completely
mixed for simplicity. Under steady state, conservation requises® & and0
0 0 , wherewand0 denote the volume and outflow of the system, respectively;

and® denote the volumes amd and0 denote the inflovinto the two waterbodies,

respectively.

The dynamics oélgal density in these two waterbodies can be describethbg

balance equationsvith the assumption of no input of algae from inflows

O— 6w 06 O O 6 06, 4(6.1)
W— Q6w U6 0 0 0O, 46.2)
with initial conditionsd 0 \ ando 0 ~,ato T where0 and0 denote the

mean @nsity in the two waterbodies, respectivély, and’Q denote the mean net growth
rate, respectively, andl denotes the exchange flow between the two waterbddizs.
that the external loading by germinati@irf Eq.4.1) is not included ithe mathematical

model While the initial contributioncan bemplicitly included in the initial densityno
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additional germinatioms considereaccurs as its relative contribution to density
varidion (last terms in Eqst.2 and4.3) during the initiatbn becomesmall, particularly
with increasing algadlensity compared to that due to the local growth or horizontal

transport (Crespo et al., 2011).

We further used residence time for each waterbody to represent the flushing effect
of physical transporResidence timandicates the mean time required for substdace
leavethe system, whicks a good indicator of the flushing effect tivaegrates all the
impacts from physical forcings, such as freshwater advection, tidal mixingviadd
inducedcirculation(Monsen et al., 2002and it can be used diagnose the flushing
effect oftransport processem the algal growtlover large scales (Lucas et al., 2009). A
region with long residence timg recognize@s a stable aquatic environment with a slow
exchange between water parcels and their carrying substances inside and outside of a
region. The general formula for residence titeenoted byt) can be computed using the
remnant function R (Takeoka, 1984). For a completely mixing system, the remnant

functionisR 6 'Q 7 and the residence time equals tHelding time (Prandle, 1984).
This can be equivalently expressedas -0. For a system dfigure4.2, the

expressions for local residence timieandt , for waterbaly 1 and 2, respectively, can

be mathematically derived by assuming that concentrations of input flow are zero.
w— O v 0 O (4.7.1)

w— (Vo (4.7.2)
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Therefore, the partial residence time for waterbody 1 and 2 are expredsed as

,andt  —, respectively. One advantage of using residencetbrgeantify

the flushing effect is because the residence time for any system (either completely or
incompletely mixed) can be computed using numerical modeling approaches (e.g.,

Delhez et al., 2004; Du and Shen, 2016).

The dynamics of algal density candberived by dividingo andw for the two

equations, respectively. Set —, and- that indicates the information of

exchange between the two waterbodies, and appldghét7) of residence time, we can

get

— Q9 -6 =98 (4.8.1)

— Q6 -6 —b 48.2)

Sinced | 0 for a typical estuary; is positive and close to 1.

Spatial gradients in density

Set%oto be the ratio of algal density in waterbody 2 to that in waterbody 1, i.e.,

%o —, we can get the firatrder equatior— "Q%o for %.from Eqgs. 4.8.1) and
(4.8.2:

— Q% (P %o © (4.9)
where
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The timedependent solign for %.in Eq. (49) can be calculated explicitly, but it
is easier to understand the patterfoddy interpretingeq. (49) into a vector field. An
example of the vector field fdq. (49) assumingQ "Q is shown inFigure4.3, in
which onlythe flushing effect is considered. Specifically, the typical parameters of this

example system are = 6.66 days} = 9.31 days—= 0.0085~ = 1.It can be shown
that there is one positive stable fixed pd#tthat makes— Ttfor Eq. (49), which

means thatokeeps increasing towabéh when it is smaller thats but decreases when
it is larger. Thus¥%o. is the equilibrium ratio 0b to ¢ , indicating that it is the ratio of
algal density, rather than theiffdrence, that approaches a constant under a steady

hydrodynamic condition.

d , Which is always larger thangk long as

Apparently, as a < G40

Tt p — —. Inadditionsince an estuary usually has a strorggehange flow
than riverine flow by a factor of-34 at the head (MacCready and Geyer, 2016,
close to 1. Therefore, from the extreme case assuming that, the necessary condition

for having a%s larger than in estuarine systems require$ t  —or

S 4.10)
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EQ. (410) suggests that, for such a system with two connected waterbodies, the
gradients of algal density between waterbodies ardetetmined by residence time
only, but by residence time normalized to volume, and the waterbody with a relatively
long residence time and small volume has high algal density when equilibrium is reached.
In an estuary, tributaries or areas with large esldre usually areas with high algal
density because of their long residence time as well as small volumes resiiing a

much larger than.1

The value of6s can be used to compare the algal density between the
waterbodies, which varies in different systems and greatly depends on the ratios of both

residence timef | T , andvolume,— and- (Figure4 .4). For a system with a large value

of %¢, asimple expression fd6e can be approximated % — - — p , which

requiresd | ST @or an equivalent condition thae | —. For the system iRigure

4.3, the value ofe calculated by this simple expression is 48.87, close to its accurate

value of 51.18.

The time required to reach equilibrium also varies, which depends not only on
tj T and—-but also on the absolute values of residemoe.tA smaller residence time
or a higher flushing effect can shorten the time required to reach equilibrium. As shown
in Figure4.3b, with an initialeequal zero, it requires about 158.7 days for such an
example system dfigure4.3a to reach the densitgtio above 99% of the equilibriupés

of 51.18, but only 79.4 days is needed if both residence times are shortened by half.

In a natural system with an equilibri%§ above 1, as the HAB event can occur

without fully reaching equilibrium, it isery likely that the time required for the initiation
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of a HAB is shorter than the time required ¥@reaching equilibriun%s, and hence the

value of%.can be smaller thatio when a HAB appears. However, whiteabove 1 is

required for the watbody 2 to have an earlier HAB occurren¥#ejoes not have to reach

the value of the equilibriurtés. Also, the time required fdito reach 1 is quite short
compared to the total time for reaching the equilibriubilifegins with a value lower

than % and for this example system, even with an infadhat equals zero, the time

required to reachbo p only takes about 7.8 days, while it takes an additional 31 days to
get% p mWhile most HAB species usually grow relatively sldsvayda,1997; Jeong

et al., 2015) and hence the time of HAB initiation usually longer than weekd 8q.

the values o%oare usually above 1 during the initiation and the ratios become large when

a HAB first appears in the system.

Thus, a hypothesis is proposed that wtienflushing effect ofransport processes
is the dominant factor in regulating the spatial gradients of algal density, a HAB tends to
first appear in the areas with a relatively large ratio of residence time to volume in

estuaries.

Contributions of localand transport processes to density distribution
According toEg. (49), the impact of local processes on the density Y&t

through the coefficient b, and the relative contributions of local and transport processes

on the spatial difference can be compared through the valu& of'Q and — — .

Particularly, if 'Q "Q is much smallettan — — |, the contribution ofocal

processes téhis negligible.
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Temperature is a primary factor in regulating algal growth, and there is an optimal
temperature range for the growth of a specific HAB algal species (Wells et al., 2015)
Since temperature of a year shows a cycle that is high in the summer but low in the
winter, the growth rate of a HAB specigsalways shows an increase during the
initiation. When a HAB species first appears in the system, the environmental conditions
usually have not reached the optimal conditions in this early stage, and their growth

rate,’Q at each waterbody is low in magnitude, and therefore the differ&ace™Q is
much smaller than— — and the contribution of local processes is negligible. During

the initiation of HABs, environmental conditions become niawerablefor algal
growth, and the growth rate increases correspondingly. The valdéteoénce

"Q "Q and the contribution of local processes to the spatial difference in algal density
can also increase, which, in fact, is largely affectethk indirect effects dfansport
processethat can generate horizontal gradients in heat, salinity, nutrient concentrations,
suspended sediment concentrations, grazing pressure-acdwoing norHAB algal
concentrations. Nevertheless, the differeincine flushing effect of the two waterbodies,
dependent on the hydrodynamics, does not decreases during the initiation, and their
relative contribution to the spatial difference in algal density is still important, and it can
be always larger than therdabution of local processes in many systems. An example of
comparing the relative contribution of local and transport processes to the algal density
distribution duringC. polykrikoidedloom initiationin the lower James River is

discussed later.
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Flushing effect in the lower James River
To understand the dynamic effects on the coupled lower James River and its
subestuary of Elizabeth River and Lafayette River, we can examine and compare

residence time associated with each waterbody.

We applied a calitated and verified redime 3D numerical model (Shen et al.,
2016) to compute the local residence time following the method proposed by Delhez et
al. (2004). The model was forced by hourly tide and salinity at the mouth and hourly
wind and heat flux, witl3,066 grid cells in the horizontal and 8 layers in the vertical. We
focused on 4 segments in the lower James Rivelydingthe Lafayette River, the
Elizabeth River, the Nansemond River, andNtrenstem conne@dto the Elizabeth
River and the NansemdrRiverwith mean summer salinity larger than 10 becdlise
polykrikoidescannot grow well with low salinityHigure4.5). The volumeaveraged

local residence time was calculated from 2Q04.3 for each segments (Tallé).

The results show that the Namsond River had the longest mean residence time
of about 25.53 d during Majuly for the years 2008013, followed by the Lafayette
River of about 9.31 d and the mainstem of about 6.66 d, and the Elizabeth River had the
shortest residence time of aroun@4bd (Tablet.1). After normalized by theespective
volumes, the Lafayette River had the largest value of the ratio of residence time to
volume (7w), while the mainstem had the smallest value. Therefore, accorditty to
(4.10), for summertime HABs imeding C. polykrikoidelooms in the lower James
River, it is expected thalhe Lafayette River wilfeach the bloom densifist, followed
by Nansemond River and Elizabeth River and the mainstem be the last one to reach

bloom density based on the flusbieffect due tdéransport processes
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C. polykrikoidesbloom initiation

In this section, we examined the initiation@fpolykrikoidedbloom in the lower
James River using numerical model experimehtsording to the analysis above, we
hypothesized that) the flushing effect ofransport processeésthe dominant factor
regulating the spatial variability of growth Gf polykrikoidedetween the mainstem and
tributaries(e.g., the Lafayette Rivem the lower James River if biological process is
same m each waterbodynd HABs will occur in the waterbody witklatively long
residence time; 2) the flushing effean be the determinant factardeterming the
location of the first bloom appearaneesn wherthe effect of local processesdifferent

among those waterbodies

To test the hypotheses, we conducted two numerical HAB experiments with
realistic hydrodynamic fields of the year 2009. The purpose of the experiments is to
examine effects of flushing and net biological process rather than simguati
polykrikoidesto match the real cases, some processes were not included such as nutrient

and light limitation, uptake of DOC, and grazing.

Experiment with constant growth rate
Scenario 1 is to examine the flushing effectrahsport processesly, and we
set the growth ratéQ to be a constant of 0.41'dwhich is about the maximum growth
rate measured in the laboratory under optimal conditions (Kim et al., 2004; Gobler et al.,
2012). Theswimming behavioof C. polykrikoidess considered by faing the algae to

stay at the surface layer during the daytime.

The laboratory cultures by Tang and Gobler (2012) showed #d¥%®of resting

cysts can germinate successfully ai2I& within 12-31 daysin the upper Lafayette
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River, the water temperatihad exceeded 18€C and salinity was above 16 by April 22,
2009,accordingo the hydrodynamics model resylsd the environment conditions can
have a growth rat& higher than 0.1 8according to the experimental results reported
by Kim et al. (2004). Temperature went up to above 22€ by April 29, 2009. In addition
to resting cysts, temporal cysts producedbyolykrikoidesnay also exist in the lower
James Rer, which have been shown to be able to overwinter (Kim et al., 2002) and
revert to vegetative cells within 1 day to 1 week (Tang and Gobler, 2012; Shin et al.,
2017).Thus, the germination and release processes can start from April and last into
May. According to Morse et al. (2013), in the end of May to early June of Z009,
polykrikoideswith a density larger thancell mr! were found to be presentivater

samples collected from the Lafayette River and Elizabeth River. Thtiee humerical
experments,C. polykrikoidesvere released initially from the bottom layer at the
mainstem of the James with a density a&ll mr?, and the release date was chosen to be
June 1, 2009The release at the mainstem of the James is on purpose to show the
transpot processew induce HABs initially in the region with long residence time. N
Anewd algae were input from the mouwndh of
cellscould betransporteadut during ebb tidevhile some fractiorcould reenter the
eguaryon the followingflood tide. Additionally, © demonstrate the process of the
increase ikoto an equilibrium, the release area in Scenario 1 was restricted over the
mainstem [Figure4.6a). After the first release in the mainstem, the algae soomdpre

over the lower James River including both the mainstem and its tributaries by estuarine

circulation Figure4.6b).
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The mean algal density for each segnvesisobtained as volumetric averages at
each time step. The result shows @apolykrikoidesn the Lafayette River first reached
the bloom density near the surface after 24.2@etthe releaseHigures4.6cand4.7a),
followed by theNansemond Riveafter 26.25 d and the Elizabeth Riadter 29.29 d
(Figure4.7a), and lastly in the mainstem dfd lower James River near the mouth after
33.54 d Figures 4.6d and4.73). Under this growth condition, the bloom occurred in the

mainstem about 9.25 days later than that in the tributaries.

The increase dkoduring the initiation ofC. polykrikoidedbloom is also clearly
illustrated inFigure4.7b. Since the algae were only released in the mainstem at the
beginning, the ratios of algal density in the three tributaries to that in the maibgtem,
started with initial values of zerand it only took aboud few days for the average
density in tributaries to be higher than that in the mains¥m X) under the tidal
oscillation.%cthen varied with the changes in the hydrodynamic field but increased to
values on the orders larger than 1, and the magnitiutthe values o%.is consistent to

the results of analytical analysis using the calculated residence time.

Although we only focus on comparison of the mean algal density of each
segment, algal density at different locations within one segment didarease in the
same pace due to the local changes of geometry and the inhomogeneity of the
hydrodynamic field, which resulted in the inhomogeneous spatial distribution.
Apparently,C. polykrikoidesn some areas of éhwestern branch of the Elizabeth River
and the eastern shoal of the Nansemond River also reached the bloom &eqnsi¢y (
4.7¢) although the Lafayette River became the first tributary having the mean surface

density over the bloom density among the tributaries and mainstem,
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The results of Sewrio 1 support the hypothesis that the bloom occurs earlier in
tributaries with relatively longer residence time than the mainstem in the lower James

River.

Experiment with varying growth rate

In Scenario 2, we examined the relative importance of tistifig effect of
transport processeghen the local processes are also included. For the purpose of this
experimentwe neglectedettling and grazing and theref@ssumedQequals the
specific growth rate. We further neglected the nutrient limitation and light limitation
because these two limiting factors may not be as important as temperature and salinity
during the initiation (Morse et al., 2013). Thus, the growth ig&arying spatially only
as a function of temperature and salinity in this Scenario,Qe.,
Q0O Qa4 [ Qi fd 6@ TOOWRErER is the maximum specific growth rate ai6ls

the function between-0.

In the lower James Riveboth the impacts of temperature and salinity on the
growth of C. polykrikoidesare significant. The optimal temperature @rpolykrikoides
growth is between 227 €, while salinity is generally lower than the optimal salinity for
growth (2540). Thevalues of specific growth rate were then calculated in the model as a
function of temperature and salinity using the culture results presented in Kim et al.
(2004). However, calculations suggested that there was a gap betwealttiteted
specificgrowthrate and thebservedspecificgrowth rate. According to the values
reported by Morse et al. (2018), polykrikoidesvas detected at concentrations €8 7
cells mi* on June 4 in the upper Lafayette River, and its abundance increased to 437 cells

mlt by June 27, and reached 1515 cells iy June 30 as an indication of the bloom.
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Therefore, during the bloom initiation, the estimated relative growth rate from June 4 to
June 27 was 0.173dand from June 4 to June 30 was 0.202Tthese were already

close to the valuef specific growth ratealculated using the culture results according to
Kim et al. (2004), which was approximately 0.189uhder the conditions of temperature
and salinity during that perio@he calculated relative growth rateould belower than

the calculated specific growth rg@& 19 d') because athe flushing effegtand itwould
bealsolowerthanthe observed relative growth ra@1730.202d. This suggestthat
thereal specific growth ratm nature shoulthave a higheraluethan thatcalculatecone
using culture results in Kim et al. (2004). This dpgtween observed and calculated
valuesmay be due to two possible reasons. The first one is that the results by Kim et al.
(2004) are obtained from culture experiments dapanese strain @f. polykrikoidesn
culture and may underestimate the growth rate of American/Malaysian ribotype at the
same salinity region, since the American/Malysian ribotype is suggested to have a wider
salinity tolerance (Kudela and Gobler, 201&)14:10 (day: night) culture experiment for
C. polykrikoidescollected in the lower Chesapeake Bay suggests that their growth rate
with the salinity of approximately 2% about 0.8.7 d* (personal communication with

Kim Reece, unpublished data). Treesnd one is mixotrophic growt@. polykrikoides

can prey on algae with a size smaller thah 1®and maintain a high growth rate (Jeong
et al., 2004), and also take up a variety of organic carbons (Mulholland et al., 2009;
2018). Mulholland et al. (2018) indicates that uptake of organic carbon may be an
important source of carbon for dinoflagé#lancludingC. polykrikoidesn the Lafayette
River. For our model experiment, we used locally estimgtedth rate, the value was

2.3 times the reported cultural valigg and the value of 2.3 is close to the ratio of
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mixotrophic to autotrophic grativ rate (Jeong et al., 2004; 201A)detailed analysis of
the contribution of mixotrophic growth 1. polykrikoidegyrowth is discussed in

Chapter 5.

Both release time and algal density of the initial release were the same as Scenario
1, but the releasmareas included the mesohaline and polyhaline regions of the lower
James River and its tributaridsigure4.8a). Therefore the initial ratios of the algal

density in the tributaries to that in the mainstem equaled 1.

For Scenario 2, the growth ratg), varies across the estuaRidure4.9b) due to
the spatial variations in temperature and salinity. The results show that the algal density
was still higher in the tributaries with a relatively longer residence time than that in the
main-stem Figure4.8b). Tre mean algal density the Lafayette Riveduring the
initiation was also the highest among the tributaries and mainstem, and thérefore
Lafayette Rivemwas the tributary where the systewide HAB occurred firstCompared
to Scenario 1, howevaheNansemond River had lower algal density than that in the
Elizabeth River during the initiation period, which is due to the low salilmtiact,
though the temperature and salinity were similar to the Lafayette Rivpglykrikoides
did not developvell in the upper Elizabeth River throughout the modeling period. This
pattern ofC. polykrikoideglistribution that appeared in the Lafayette River but not in the
upper Elizabeth River in the year 2002 @sistent to the observation by Mores et al.
(2013). This difference in the HAB locations between Scenarios 1 and 2 exhibits the

effect of local processes contributing to the HAB.

The effects of local processes and the flushing effettansport processes the

spatial difference in algal densityrche evaluated usirtgq. (43) for Scenario 2. For the
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entire water column at each waterbody in the lower James River, the mean growth rate
d@ivas estimated by averaging the vertically averd@ddring the initiation from the

release tim@ to first bloom timed , and the mean relative growth rate was computed as

G0 —a & T6 ,whered andd are the vertically averaged algal densitp at

ando , respectively. Tie associated mearahsport ratesf@) are calculated by the
subtraction of the meaffrom the mean relative growth ra@® GO 6. To
study the difference in the rates between two segments, the spatially averaged rates for

each segment were also obtaineddkmng volumetric averages.

The impacts of flushing and local processes on the algal distribution between two
waterbodies are reflected by the difference in spatalbraged transport ratég, and
growth rate;Q of the two waterbodies, respectiveResults of Scenario 2 show that the
spatially averagetwas about 0.42&* and 0.460 d for algae inLafayette River and
the mainstem of the lower James River, respectively, and their difference, 3,088sd
much smaller than that of the differennehe spatiallyaveragedQ 0.189 . This
suggests that the impact of flushing was larger than that of local processes cauSing the
polykrikoidesbloom to initially appear in the tributaries rather than in the mainstem of

the lower James River.

Thelocal processes are more important in regulating the density difference
between the tributaries because the difference in the transport rate between two tributaries
is smaller than that between a tributary and the mainstem. For example, the initiation of
C. polykrikoidedloomin the Nansemond River and the Elizabeth River is determined by

both local and transport processes. Without considering the local processes, both the algal
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density and the equilibriuidin the Nansemond River was higher than that in the
Elizabeth River as shown in Scenarid=ig(ire4.7). But in Scenario 2, the relatively low
salinity in the Nansemond River led to a comparably lower local growth and algal density
than that the ElizabetRiver Figure4.8b). The difference in thepatially averagedffect
growth rate between the Elizabeth River and the Nansemond River isdd,W8hich is

higher than the difference in tispatially averagettansport rate of 0.11@* for the
modelingperiod, suggesting that both the flushing effect and the effect of local processes

are important in the distribution of algal density between these two tributaries.

The results of two scenarios support the hypothesis that the flushing effect of
transporfprocessess one of the dominant factors in regulating the spatial gradient in
algal density in the lower James River, while the local processes can shape the density

distribution among those tributaries.

Discussion

Flushing effect in each waterbody

While transport processagashalgae out othe system during HAB initiationthe
flushing effect varies with time and location, which can be evaluated using the
mathematical modelUsing the ratio of algal densit¥y the relative growth rate for each

waterbody, respectively, is expressed as:

—  Q —p — (4.11.1)

— Q —p - (4.11.2)
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Eq. (411) provides the explicitly expressions for the transport r&teis, Eq. (43) for
the two waterbodies, respectively. Apparently, the flushing effect in the two waterbodies
depends on the values®§andis net ef fect can be either @t

ino for an embayment. Parti cul%exprgsseddyor a
% - — p ,Finthe two waterbodies are both close-tavhen%.reacheshe

equilibrium %o, indicating equilibrium between the two waterbodies is eventually

determined by the flushing in waterbody 2.

When%.is much smaller than 1 (i.e.,€ C1) that giveske< —, such as during the

beginning period of Scenario the ret flushing effect for the waterbody 2 leads to a
Atransport ino process, + @pr+eideatngehdtthby t he

exchange flow between the two waterbodies results in a net transport of algae from the
waterbody 1 tdhe waterbody 2. But the flushing effect for waterbody 2 becomes a net

At r ans p o rstbecomes largeratifan Tehe net flushing effect for the waterbody 1
is Atransport outo fi—rmts— ,bdhemomesmuch ed by t

smaller askobecomes sufficiently large as a result of receiving water with algae in high

density from the waterbody 2. During most of the time, both waterbodies show net
Atransport outo pr oc e $igueed.3, folfe@mpletwmenthe oupl ed
valueof%i s | arger than 1.0, net flushing effec
out 0 processes during t hFgurgdila)cCGnlywherittewar d t
value of%.is smaller than 1.0, the waterbody 2 showstandit r ansport i no pr
the maximum time for this period is about 10 days, regardless of the initial vakées of

This is also demonstrated by the results of Scenaifiglie4.10b).

152



Multiple origins in an estuary

An originating location is wherne HAB can initiate independently during the
early period of the event, and it is more likely to locate in an area with a relatively long
residence time such as tributaries or areas associated with local eddies, which reduce
flushing effect according tdnis study. As multiple locations of HAB initiation can
coexist in an estuaryubestuary system, an initiation location can exist as either a single
or as multiple origins in an estuary. In the lower James River, for example, while the
Lafayette River is sbwn to be an origin fo€. polykrikoidedloom, the Elizabeth River
also has the relatively long residence time compared to the mainstem during the summer
while the salinity there is also high enough to sustain a relatively high growth @te of
polykrikades indicating that the Elizabeth River can also be another originating location
besides the Lafayette River. Indeed, it is evident ti@at@olykrikoidedbloom can
initiate in the Elizabeth River independently from that initiated in the Lafayette River
(e.g., Morse et al., 2011As shown bythe model resultghough the mea@.
polykrikoidesdensity of the entire Elizabeth River was not comparable to that of the
Lafayette Riverthe western branch of the Elizabeth Riskowed high densitguring
the nitiation. Observations show that many other dinoflagellates fkashiwo
sanguineaGymnodinium uncatenur8crippsiella trochoidepalso bloom in these
tributaries (Morse et al., 2013; Egerton et al., 2014; Mulholland et al., 2018), suggesting
that thes locations have suitable environments for the growth and accumulation of a
variety of algae due to their relatively long residence time. Besides the tributaries,
originating locations are also suggested to exist in some areas of thetemiof the

lower James River. During 2008, Morse et al. (2011) observed that high chl
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concentrations patched in the northern shoreline in the main stem during the bloom
period in the Lafayette and Elizabeth River before the heavy bloom was transported into
the main stemindicating that there may exist the high densit€ opolykrikoidesormed

locally.

The local processes also regulate the algal growth and hence influence the
distribution of the origins in an estuary. As shown by the different results of the two
scenaios for algal growth in the Nansemond River, low salinity can be one reason that
prevents this tributary to be an originating location though it has a relatively long
residence time. While HABs can initiate much earlier in these origins than other areas,
the time required for a HAB appearance in these origins has smaller difference.
Therefore, among those origins, the location that has the first appearance of HAB across
the entire system can vary interannually, which is also influenced by the local psocess
or indirect effects ofransport processéisat generate spatial gradients in temperature,

salinity, nutrients, or grazing pressure.

The model simulation shows that the mainstem of the lower James and tributaries
are strongly coupled and transport meses can quickly transport algae to these sub
systems regardless of where it is initiated, while it requires sufficient time for algae to
grow to the level of bloom density. For this study, while we focus on the transport
processes and local environmemtapact on HAB, the origination of the HAB can also
depend on the distribution of cysts. Because there are insufficient data for the distribution
of cysts, we are not able to address the impact of cysts realistitallgrtheless, in the
lower James Riveudter cysts are germinated to vegetative cells, they are transported

quickly by circulation and tide to spread throughout the entire &hearesults of
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Scenario 1 with an initial zero density in the tributaries in this study suggested that the
originaing locations ofC. polykrikoidesbloom do not need to have higlgst abundances

or even the existence of cysts, because the germinated vegetative cells can be imported
from adjunct areas (e.g., Tyler and Seliger, 1978). This indicates that, in the domes J
River, the distribution of cysts may not be the major factor in determining originating
locations ofC. polykrikoidedloom, and this insensitivity has been also suggested in
HABS in others estuarine systems. For example, observations by Cresg@@t H).
suggested that germination of cystdofundyensenly accounted for a small percentage

of the peak density during the blooms in the Nauset Marsh System of Cape Cod, and the
algal density in a location were likely to be influenced more by thetgrather than the
initial cyst abundance, which is supported by Ralston et al. (2015) through modeling

efforts.

Conclusions

While the environmental conditions, such as temperature, light, nutrient supply,
grazing pressure, salinity, stratification, atters, are all important in affecting the
location and timing of a HAB, in this study, we highlighted the rolasfsport
processeswhich plays a critical role for HAB and cannot be neglected. We showed how
the flushing effect ofransport processedfects the spatial distribution of harmful algae
and the origins of HAB initiation in estuaries, which tends to cause a HAB to first appear
in areas with relatively long residence time. We also demonstrated that this flushing
effect oftransport processean be one of the key environmental factors in determining
the originating locations of HABs in many aquatic systems,dikpolykrikoidesloom

in the lower James River. Thus, the impadrafsport processesn play a critical role
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in mediating estuame HABs, and it needs to be taken into consideration when studying

the spatial distribution and the timing of a HAB occurrence in estuaries.

Both the analytical analysis using the mathematical model and the numerical case
study in the lower James Riverpgort our hypotheses that a HAEnds to first appear in
the originating locations with relatively long residence time, and multiple originating
locations can cexist in an estuary. While the analytical analysis is conducted for a
simplified system, it ppvides general underlying processes that modulate initiation of
HABSs, which is applicable to other systems. Additionally, it is also demonstrated that
while the formation and germination of cysts can be critical to cause annual occurrence of
HABs in many stuarine systemsh¢ originating locations of these blooms do not
necessarily coincide to the seed beds with abundant cysts and thepioysioél

transport processa$fiould be analyzed in conjunction with analysis of observations.
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Table4.1. Residence time, volume, and their ratio for each segment of the lower James
River for May-July over 20062013.

Lafayette Elizabeth Nansemond
Main Stem
River River River
Residence time\WMd) 6.66 9.31 5.24 25.53
Volume, V (x 10’ m3) 89.53 0.76 14.97 5.68
WV (x10°7d md) 0.07 12.24 0.35 4.50
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Waterbody 1

Waterbody 2

Figure4.2. Schematic of the system with two waterbodies for the mathematical model.
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dotted line show the processes with half the values and doubled the values.
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Figure4.6. The results of Scenario 1 of the initiation®fpolykrikoidedloom in the

lower James River since thetial release. The daytime and nighttime growth rates,

are set to be constants of 0.82 and'Qrdspectivelya) The initial release at the bottom

with a density of 1 cell mf, b) the spread of cells over the lower James River after 0.75
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reached the bloom density (1000 cellsynandd) the time when the averaged surface
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Chapter 5. Physcal processes regulate the timing a@ochlodinium

polykrikoidesbloom occurrence in the Lafayette River, USA
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Abstract

While Cochlodinium(recentlyrenamedMargalefidiniun) polykrikoidesblooms
almost annually occur in the Chesapeake Bay and its tributarties summer, the timing
of its first appearanca the Lafayette River, one primary originating location in the
lower James River, varies interannually from late June to late Ju$ysftlidly examines
the critical environmental factors controlling tingerannual variabilitghroughbothdata
analysis and numerical modeling. Tinemerical model fosimulatingC. polykrikoides
bloomhas beemlevelopedncluding the strategies used kY. polykrikoidesuch as
mixotrophic growth, swimming behavior, cystrgenation, and grazing suppression.
Results show that temperature and the flushing effqutydical transport processa®
the two dominant factors controlling the interannual variability in the timir@. of
polykrikoidesbloom occurrence in the LafayetRiver Physical transport processem
delay the bloom occurrence by weeks. On the subtidal timescale, southerignaind
heavy rainfalinteracting withspringneaptide can significantly affect the estuarine
circulation and flushing in theafayetteRiver, whichcan causenterrupting, or even
terminating,bloominitiation. In contrast, stratification or rainfallongmay not be a

necessary condition to triggtite bloom
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Introduction

Harmful algal blooms (HABs) have been observed over many estuard
coastal systems, and anthropogenic nutrient enrichment has been suggested to its
worldwide expansioifHeisler et al., 2008 ochlodinium polykrikoides
(Margalefidinium polykrikoidesis one HAB species that annually blooms in the lower
ChesapeakBay and its tributaries such #ee James and York RivefMorse et al.,

2013.

TheC. polykrikoidesbloom always occurs in the summer, as a result of the
temperaturesensitive specific growth rate 6f polykrikoideghat reaches the maximum
at the optinal condition of about 25 € Kudela and Gobler, 20}2However, monitoring
observes that the timing of the density first reaching the bloom density (>c&l®ni?)
varies interannually, swinging from late June to late July with a range of several weeks
In addition, the duration of the develop&dpolykrikoidesloom also varies
interannually from several days to several weeks. To explain these variabilities and find
the possible dominant environmental factors controlling the interannual variabtlig in
timing of C. polykrikoideloom occurrence, a detailed examination is needed on both

theC. polykrikoideslynamics and the contribution of each environmental factor.

C. polykrikoidesbloomscan be affected by many procesf@i€sdela and Gobler,
2012)that are related to 1) the ecophysiologyCofolykrikoidessuch as the effects of
temperature, salinity, light and nutrient availabilities on the growth rates, the ability to
have mixotrophic growth, and swimming behaviors, 2) fa@d interactions ifdading
ecological impacts of. polykrikoidedloons, its grazing suppression and allelopathy

effects on competitors, 3) transport processes, and 4) the formation of cysts in its life
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cycle to avoid the unfavorable environmental conditions andehminaion of cysts to

vegetative cells when conditions become suitable.

It has been suggeted that thepolykrikoidesloomis able toinitiate within the
lower James Rivegnd the Lafayette Rivea subtributary of the lower James Riveés,
one primary orighating location(Mulholland et al., 2009; Morse et al., 2Q1This
suggests that the timing of this bloom occurrence is determined by local growth and

accumulation, rather than bloom conditions in adjacent coastal areas.

The objectives of this study at@ analyze possible controlling environmental
factors as well as growth strategastrollingthe interannual variability in the timing of
C. polykrikoidesbloom occurrence in the lower James River and its tributaries, and also
to examine possible roles$ physical transport processisoughtheflushing effect. The
Lafayette River ishefocus of this studgince it is one primary originating location that
always has the first bloom occurrence, and the possible important physical forcings are
discussedTo quantify the contribution of each factor, we developed a numerical model

for C. polykrikoidesbloom and applied tb the entire James River.

Methods

Site description
James River is a tributary of the lower Chesapeake Bay, USA, and the Lafayette
Riveris a suktributary of the lower James River, one of the originating locationS .for

polykrikoidesblooms in the lower James River (Figure 5.1).

Time series of monthly environmental data including chloropliylbncentration

(chl-a) at longmonitoring Sations LFAO1, LFBO1, LE5.6, and LE5.4 over 260313

181



were collectedy the Chesapeake Bay Program, and weekly-fiaadata of chla were
collected and then averagedily at Stations LE5.6 and LE5.4. Aldagh-frequency (15
min) data of chi fluoresceoe at Stations NYCC over 202914 in the Lafayette River
were collected fron€Chesapeake Bay National Estuarine Research Reserve in Virginia
(CBNERRVA) andareavailablethrough theVirginia Estuarine and Coastal Observing

System (VECOShttp://web2.vims.edu/vecgsWind speed and directiatata collected

atYorktown USCG Training Centevere measured at 48in intervals by NOAA.
Measured 18nin light irradiance data were also collectedaskinas Creela tribuary

of York River, by the CBNERRVAHourly precipitation data were collected at the
nearby Newport News airpotlourly watter level data were collected at Sewells Point
by NOAA to compute the tidal range in this areaaddition, he timeswhenC.
polykikoidesdensity reached the bloom density for each year from-20Q8 except

for 201Q werecollected from literature and reports.

A HAB Model for C. polykrikoides bloom in James River

A HAB model was developed by extending the simplified model in @nalp
and it was built into th&€FDC model. This model focused on the stage of the life cycle
as the vegetative cell, and includes many strategies for growing usedgbiykrikoides

such as swimming behavior, mixotrophic growtstingcyst formationrand germination

The transformation of vegetative cells into temporary cysts is largely affected by the light

availability, and it has been shown that the formation and germination of temporary cysts

may be within 12 hours due to the ligtdark cycle of alay (Shin et al., 2017). Thus,

while the formation and germination of temporary cysts can cause a significant variability

in the density of vegetative cells in the diurnal cycle, they may not be important when the
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timescale considered is daily. Rather thading the complexity and uncertairitythe

model The current modealoesnot consider the dynamics of temporary cysts.

Governing equation

This is a carbofbased HAB model, consistewtth the eutrophicatiormodel in
EFDC, and the biomass 6f polykriloidesis simulated. The results are compared to
observational data reported@spolykrikoidegdensity or abundance, in unitsagllsml
! using a conversiofactor. The conversion from density usitb carbon uniis 550
cellsmlt&1000° "@a =1"Q#a  (Jiang et al., 2010), i.e.,cellml* & 1.818x 10°

O &

At a given location, the governing equation @rpolykrikoideslynamicscan be

described as:

74

6 16 16 16 1 18 1 18
ro Tw Tw Ta't!ow!ow
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ot o !alad

—n

OY 06 0 — QA 4QE ddiYo  (5.1)

where G is the gross growth rate, R is the respiration/excretioranal®| is the

mortality rate due to natural deafivazing, and parasitism. The respiratory loss due to
photosynthesis is also included in this model as the term proportional to the phototrophic
growth ratei("O), whereO is phototrophic growth ratéQQ i denotes the input rate

from the gemination of resting cyst§) ¢ @ dsia 8ink term denoting the loss rate of

vegetative cells due to cyst formation, &wenotes other external sources.
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Mixotrophic growth

Without considering interactions between phototrophic growth and heternatroph
growth, the gross growth rate for mixotrophic growth can be expressed as a combination
of phototrophic growth and heterotrophic growth, which cannot exceed the optimal

growth rateO (Ghyoot et al., 2017):
"0 @ QE0 "OhO (5.2)

There are many limiting factors f@. polykrikoidegrowth, and temperature, salinity,
light irradiance, and nutrients are considered in the model. The current model does not
simulate the effect d¥itamin B, a possible limiting factoundernatural condition that

is suggested in the literatu¢@ang et al., 2010; Koch et al., 2014

Phototrophic growth
The gross growth rate for phototrophic growth is expressed as a function of

temperature, salinity, lightradiance and dissolved nutrient concentrations:
"0 0 QYQYOdE QEQORQO 0OKQ0 00 (5.3)

where' Q"Y, "QY & 8Q°0, 'Q0 "0 "Q0 "Olare the growthimiting functions for
tempeature Y, salinity "Y® dirradiance "0, dissolved inorganic nitrogef© ‘O and
dissolved inorganiphosphate’O "O0 respectively, and their expressions are listed in

Table 5.1. The Monod type equation was adopted for both nstaedtligh limitations.

Heterotrophic growth
C. polykrikoidesan take up organic matter (OM) to maintain a high

heterotrophic growth rate (Jeong et al., 2004), and the sources includedf@igtjon of
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POM and organisms with size smaller thari 18 such as ciytophyte (Jeong et al.,

2004) and bacteria (Seong et al., 2006). Thus, the formulatio fisr
'O 0O QYQYO®RO O h (5.4)

where"Q"Y and"Q"Y & are the same fqghototrophiogrossgrowthrate™O in Eq. (5.3),
andthe Monod type equation was adapted@s 0 following the culture experiment
in Jeong et al. (2004). In the numerical modeghilableorganic matteis provided by the
two groups of simulated algae messC. polykrikoidesand also by the other organic
matter.0 O Bwwd U0 ,whereis the fraction of organisms smaller than 12
* @ with '(x 2 or 3indicating the index of algae groumd
006 & YOO 6D O 0 0h6
00 é("Qé’Oi30~cI)'Y6~i36~db i)t?l'jj'é'c‘)(j(’ﬁi,
O0UV ® YOOU® DDLUV O
whered 0 @ndd O @&re nitrogen to carbon ratio and phosphate to carbon ratio,
respectively. Correspondinglthe uptake of organic matter corresponding to mixotrophic
growth is"O 6, and it contributes to kinetic equations for the other two simulated
phytoplankton species, dissolved organic carbon (DOC), refractory particulate organic
carbon (RPOC), labilparticulate organic carbon (LPOC), dissolved organic nitrogen
(DON), refractory particulate organic nitrogen (RPON), labile particulate organic
nitrogen (LPON), dissolved organic phosphate (DOP), refractory particulate organic
phosphate (RPOPandlabile particulate organic phosphate (LPO®Rhile mefficienta

denotes the fraction of particulate organic matter smaller thanddand @ ,® ,® |,

@ ,® ,and® are the fraction for each componemspectively
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In the model, the contributiamecycle) to nutrient poos calculated by adding a
sinking term ( "O 6 ). for each kinetic egption, where. denotes the fractions of each
component resembling O , respectively. Specificallfhe corresponding sinking term

for the dynamics of the other two phytoplankton species is expressed as:

~

Gmménaénbo§§ﬂnqém

For carbon cycle:

00 00 6
Ou g — T
VL OuvuO0 W YOLULOW LLULO
YO O 0 0 @ YO U6
L LAY — — T
LU OVO W YDLUVLOW LULULO
54, 00 O O00 6
D WO " .
VLU OUuUO0O ®W YOLLOW LLULO
nitrogen cycle:
00 4, 60 00§ .
U ua,.. —————— 0,0 0
VU OuuvL ®w YOLULUW VLULULWUD
YO b 0 0 O YOO O
LU ————— =000
Lv OuvUL ®Ww YOLUW VLULVLULU
~op 00 G 0000
L L LY. —_————————0.00
VU OuuvL ®w YOLULUW VLLULWU
and phosphate cycle
06§ 00 ow .
0] T T o 7 % — =00 O
DU OUuUUL W YOLLW LLULVD

186



Yo o 00 @ YOO D .
LU ———————— ——=0:0 0
VU OuL W YOLULW LLULWU
v a 00 000D L.
0 0 Ldy. — — 7 = -0,0 O

VL OUULVL ® YOLULUW LLULWUD

Carbon to chia ratio

For C. polykrikoidesNoh et al. (2018) reported that the-ehtontent of the
cultured strain is 30 pg clalcell, i.e., 30 "@ A& per 1000 cells/ml. In the numerical
model, a constartarbon to chi raio (#d¢ B Was usedThe chta content is assumed to
be 30 pg chb/cell thatwasobtained fromalaboratorymeasuremer(Noh et al, 2018),

and the correspondirg# Ei$ 60.6°Q# 7°0A A

Loss terms
The sink ofC. polykrikoideshiomass includes thespiration/excretion, grazing,
degradatiorby bacteria (e.gRark et al., 2015 and resting cysts germinatiomote that

loss to temporary cysts omitted).

The basic metabolism is a function of temperature. The respiratory loss due to
photosynthesigs an additional metabolism to respiration/excretion, and the ratio to
phototrophic growth ratéQ, is estimated from the curve between specific growth rate

and light irradiance.

The grazing suppression is included by assuraiggazing rateM, equas zeroin

theJames River model

The resting cysts are generally produced in the intensepiiaa HAB event. The
mechanisms of forming resting cysts are still not clear. Some studies suggest that the

resting cyst formation occurs when the environmental conditions are not suitable, such as
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scarcity of macronutrients. Other studies suggest legfiormation of resting cysts
endogenousgegudated (é.gAndersdn and Keafer, 1987). In the model, the loss

due to the formation of resting cysts is not included.

For the termination of. polykrikoidedlooms, observations show that tiieom
usually declinesifter September of the year and eventually disagp&amta analysis
shows that within one year, the temperature is suitableCfgoolykrikoidegyrowth from
May to June in this area, anctén be a significant limiting factor durinige high
temperature period (e.g., Augudtiowever it becomes suitable agdnmom late
September through October. If vegetative cell€ gpolykrikoidesould survive to the
second suitable period for temperature, they could grow again with a high gabevth
and cause a bloom. This suggests that there must beusdam@vnmechanisms causing
the decline ofC. polykrikoidedlooms and prevent thaeturn While a mandatory
dormancy for resting cysts may prevent thénrgation of the bloom (Kremp and
Anderson, 2000), the mechanisms for the collapse still remain unkaoarhypotheses
may include the unsuitable environmental conditions (e.g., shortage of nutrients), resting
cyst formation, parasitism, and aggregatiorthe numerical modeling, the cglise is
implicitly considered. Tdoeconsistent with observations, the gross growth rate is
assumed to be zero after r@ptember every year, and thepolykrikoideiomasss

removed from the water column by October 1.

Swimming
The svimming ability ofdinoflagellates allows the cells thhange their vertical
position in the water column, and studies suggesirhae daytimeC. polykrikoides

can swim up to the near surface where the potential to receive high light irradiance is
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better(Kudela and Gbler, 2012. The maximum swimming speed Gf polykrikoidess

reported to be 1445 ai  (Jeong et al., 2015). The swimming behavior is modeled

with the measured values of speed in Sohn et al. (2011), where they observe in laboratory
that the meanvemming speeds at ZZ for single cell, tweg four-, and eighicell chain

are 391, 599, 800, 856 ai , respectively. Chakiformationprovides them a more
competitive advantage in receiving ligktudela and Gobler2012). The corresponding
velocities are 34744 'Q , respectively. In the model, the swimming speed is set to be

0 L W Q , and the cells are only allowed to swim upwhraddition, it is possible

that the upward swimming can stop at those layers where the light mcadgnot a

limiting factor.

At nightthere may not be a speciBawimmingfor swimming and therefore the
verticalswimming speed is set to be zero in the model. The vertical mixing, nevertheless,

can transport surface cells to the lower layers.

Cyst gemination
The external source of vegetat@e polykrikoidess from the germination of
resting cysts (input from the germination of temporary cyst is omitted), and its input rate
depends on the cyst density and the temperafependent success rate ofrgaation
that is.Tang and Gobler (2012) observed that@®% of cultured resting cysts germinated

within 12 to 31 days with a temperature betweei218C.

In this model, this process is simplified by assuming atone release of
vegetative cells in thikottom layer over the mesohaline and polyhaline James River and

its tributaries to avoid the uncertainties in the temporal variability in germination rate.
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Calibration and sensitive tests

The model forC. polykrikoideslynamics was applied to exami@e
polykrikoidesbloom in the James River and its tributaries over 28063, which
updated the thredimensional James River hydrodynamic model and water quality model
that have been developed amell-calibrated (Shen et al., 2016). Values of parameters
were estimated based on culture experiments and the calibration prbioedmal values

of model parameters are listedTiable 5.2.

The values for optimal gross growth rate were estimated based on the culture
experiments in Gobler et al. (2012) where thegyorted the maximum specific growth
rate to be 0.48.44 d* for growth onDIN and 0.53 @ for growth on glutamic acid at
21°C on a 14:10 light:dark cycle. The rate ®ypolykrikoideson DIN is close to that
reported by Kim et al. (2004), 0.41 d\ote that these daitgveraged growth ragevere
transformed to instantaneous gtbwates that applied to each time step in model
experiments. Heterotrophic growth was assumexttorin both light and dark
conditions. The values of parameters for comgul'’Y and™Q"Y @ @ere also
determined based on the culture experiment results in Kim et al. (2004 plsasy
squardit. The parameter for the effect of light availability @ was based on values

reported in Kim et al. (2004) and Oh et @006).

C. polykrikoidesan take up various forms of nitrogen. It is slightly different
between thdalf-saturation coefficients for nitrite and ammonia based on the single
nitrogen substrate experiments, but overall they are similar (Kudela etG8;,@0bler et

al., 2012). The values bfalf-saturation coefficients fd® "O&ndO "Olsed in the model
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were 0.0280N n® (2* 1) and 0.0177CP n1® (0.57* 1), respectively, according to the

culture experiments in Kim et al. (2001).

For the heterotrophic growth, thalf-saturation coefficient for organic
matterU0 , was estimated based on the culture experiment in Jeong et al. (2004),
where the mixotrophic growth @. polykrikoidesncreases with cryptophyte

concentration.

For the release of vegetative cells, the date was chosen to be June 4 of each year,
more than 31 days after the water temperature raises up to abtwed@indmid-April

in this area, and the initial density waescribedo be 1 cell mt.

Sensitivity tests were conducted for examining the effects of mixotrophic growth,
swimming, anctyst germination on the initiation and development opolykrikoides
blooms in thelamesRiver. The year 2012 wassedas an example, and the experiments

were listed in Table 5.3.

Examination on contributions of strategies and environmental conditions

The heterotrophic growth rat&) , was compared to the phototrophic growth rate,
"0, to quantify the contribution of mixotrophic growfthr initiating and developing.
polykrikoidesblooms. In addition, a switebff numerical experiment was alsonducted
to investigate the role of mixotrophic growth, by maki@gequalto zero throughout the

entire study period.

Values of each limiting function that regulatee gross growth rate during the
bloom were compared to examine the relative comtiob of environmental factors (.

polykrikoidesblooms. The relative contribution dfeflushing effect can be quantified
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using the rate equation introduced in Qin and Shen (2017), where the effect of local
processegwithout considering nottransporfprocesseon the dynamics .
polykrikoideswas estimated by effective growth rate and the flushing effect of transport
processes (including both physical transport andpiorsical transport) was estimated by

the difference between relative growth ratel effective growth rate.

Integrating Eq. (5.1) over the water column and applying the assumptions used in

the model (e.g., neglect grazing) returns the deyptyrated equation:

— ¢ Y6 06 "QQi aQE GGV (5.5)

whered 0 'Qi§ the deptkintegrated biomasg,is the vertical location, anid is the

water depth’dis vertical mean gross growth rate that accounts for the grovBhanfd

:\(5 ,

"0 is the transport rate accounting for the effect of transport processes, and

0 - 60— bV— 0U— —O— —O— —0— Q&

Note that the intagtion oftheswimming term equals zero.

Becausehe experiment in this study usednetime release of initial density for
representing the cyst germination and did not explicitly consider cyst formation, both
"QQi andQ¢ o drie pero during #abloom event simulated here. Without considering
other external sources (i.€Y, 1), the rate equation for depihtegratedC.

polykrikoidesdynamics reads

— & vy O (5.6)
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With thenumerical model, the relative contribution of each term in Eq. (5.6) was
examined by comparing their values over each bloom event. Particifangs

computed by the balance of the remaining terms.

Results

Model simulation results

Model resultgeasonably simulated the ann@alpolykrikoideblooms in the
James River and its tributarjesgreeing well with observed ehlat the 4 longerm
monitoring stations, with peaks occurring in the sumgRaures 5.2 The resultshow
an interannual vaability in magnitudeand he yeas 2010 and 201hadrelatively small
blooms compared to other yea@odcomparisos also exisbetween simulated and
observedC. polykrikoidegdensityin the Lafayette RivefFigure5.3), and between
simulated and obsegd high-frequency chia fluorescence data at Station NYCC (Figure
5.4).The bloom peak occurrdtbm late June to early August in 2012, but the bloom had

not been well developed uniilid-August in 2013.

Neverthelesssome biases exist@ad the model redts. For examplethe peak in
the early August, 2012, was not well simulat®@dses between model results and
observational data may come from various sources. First, the model resaatiera(
hundred meters) may not be fine enougpreperlysimulae the local variability of ckh&
in the small tributary, and laterieshwater input from the watershed may also affect the
dynamicsIn addition,because the model focused on @heolykrikoidesloomthat
locally originated within the James River atgltributaries, bloom developedtside of
James River had not been taken into account, which may introduce biasesdié gty

C. polykrikoidess transported into the studying area. Second, the uncertainties in values
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of parameters (e.gd, or the constant C:Chl) or variables (e.g., temperature) of the model
or in the observational data may exist. Third, the current structure of model may also
introduce biases in the simulation, both @rpolykrikoidesand for other variablesor
example, only the dynamics @f. polykrikoidesvas modeled explicitly as a watquality
variable, other algal species were lumped into two groups simulated by two variables. In
nature, however, eoccurring algal species have their own characteristicspeayd
significantly shape the modeled dynamic£ofpolykrikoideghrough direct interactions

or a competition for light and nutrient availability, and the impacts may not be well
simulated in the model. Field work by Morse et al. (2013) shows that thitadieitates
Gymnodinium uncatenur8crippsiella trochoidegandAkashiwo sanguineaere the

dominant species during tka polykrikoidedbloom initiation in 2009.

Contribution of growth strategies to bloom

The overall mixotrophic growth rate'€) wereabout 0.227, 0.126, 0.255, and
0.320 d!, respectivelyat the four longerm monitoring stations LFAO1, LFBO1, LE5.6,
and LE5.4 (Table 5.4).1e heterotrophic growth was found to be the dominant way for
C. polykrikoideggrowth."O accounted for 788% of ‘() and this percent can be larger
than 90% in some years (Supplementary Table-S5.4)."O was about 2.1 times of
the phototrophic growth raté) , over different years at the four stations. Thus, the
model results suggest the inmfaonce of mixotrophic growth as a strategy@or
polykrikoidesto grow in this area. This monsistent to the experimahtesults in
Mulholland et al. (2018 They found that dissolved inorganic carbon only accounted for
a very small fraction of the takt carbon uptake by mixotrophic dinoflagellate species

includingC. polykrikoidesduring both bloom and nelbbloom periods in the Lafayette
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River, suggesting that phototrophic growth was low and mixotragomth contributed
substantially to their growtiWhen the heterotrophic growth rate was set to be zero, i.e.,
C. polykrikoideshad the phototrophic growth only, results show @apolykrikoides

blooms cannot show up in either the Lafayette River or the lower James River, indicating
that mxotrophic gowth ensured the occurrence of the bloom (Supplementary Figure
S5.1). The sensitivity test also shows that both phagotrophic growth (engulfing
particulate organic matter) and osmotrophic growth (taking up dissolved inorganic
matter) contribute to the bloomagnitude. Withouincludingphagotrophic growtha(=

b =0), C. polykrikoidedlooms can still occur and the variability in denssgimilar,

thoughthe bloom magnituds much reduced.

In addition, here was no significant change in bloom magnitudemswimming
speed was decreased from®32 to 204 Q (Supplementary Figure S5.2
However, vhen the swimming speed was set to be zero, the bloom could not occur
(results were not shown), and it may be due tovéngcal positios of initially released
cells thatareconcentratedvithin the bottom layer in the numerical experiments.
Nevertheless, this indicates thlaé swimming behavior isnimportantstrategy and the
variability in density may be sensitive to swimming only when the spe€d of
polykrikoidess lower thana certiin value(the value is lower than 20 'Q according to
the sensitivity test). Since the swimming spee@ gbolykrikoidess in general greater
than 344 'Q (Sohn et a].2011) the variability in densitys expectedo notbe

sensitive to the changes in swimming spieetthe sesitivity test neither.
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The 10fold decreased or increased initial density of released vegetative cells did
not induce a large change in the variations or the overall magnitude of blooms, but the

change varies the timing of the bloom occurrence, yet witQidays (Figure 5.5).

Contribution of each environmental factor to bloom

The contribution of each environmental factor wagestigatedy examinng its
limiting function on gross growth rate (Table 5.5). At the surface layer, overall, the
growthlimiting functionfor inorganic nutrients@IN andDIP) had the lowest values
whenC. polykrikoidegpresented in the water colurmand the function foOMj2 had the
highest valuesModel results show that bofdlP andDIN can be the limiting factor on
phototrophc growth in the blooms (Figure 5.6). Note that the values of limiting functions
are reported as da#gveraged values, ari@’Owas zero at night but was much higher
thanthatreported in the daytime. In additiathe limiting function ofDIP depends on the
half-saturation coefficient fobIP, 0 , and the value ai was assigned using the result
of a culture expément in Kim et al. (2001) that may contain a large uncertainty. If

had a lower value, the phosphate limitation would be alleviated.

Flushing also played a critical role @ polykrikoidedlooms. The transport
rates,’O, had the mean vads of 0.113;0.033, 0.149, and 0.219'drespectively, at the
four longterm monitoring stations LFAOL, LFBO1, LE5.6, and LE5.4. These values are
not trivial compared to the mean gross growth ra@J,able 5.4), and the absolute
values of meafOj "dwereabout 50%, 26%, 58%, and 68%, respectivBlyecifically,
though™O shows an interannual variability with both negative and positive vatues a
Station LFBO1 in the upper Lafayette River (Supplementary Table S5.2), its overall
negatie mean value-Q.033d?) indicates that this station experiencedat ft-r anspor
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i no p Alahe etkesthree stations had positive value¥ofor every year, showing
net At-ow@dndsé pmitloet Bushing effectC. polykrikoidesat these stations

would reach much higher density.

Discussion
Factors controlling the timing of bloom occurrence
As discussed in Chapter(Bq. 4.4) the time required for the bloom initiation is

computed by:
0 74 16 |6 (5.7)

where0 andé arethe bloom density and the initial density, respectiv@Is
the mean relative growth rate over the initiation peridtus, the interannual variability
of timing of C. polykrikoidesbloom occurrence is controlled by the initial density and

factors that can regulate theative growth rate.

Cyst germination contributes the timing of bloom occurrence by determining the
initial density. The condition foryst germination cadiffer across years, and the initial
density of vegetative cells may also vary largely for each year. The effect of variance in
& can be evaluated. Based on Eq. (5.7), without considering the variabit'the

change i due to change it is expressed as:
Yo 5o | é (5.8)

Eq. (5.8) suggests that an increas®in results in a shorter , and the change is
affected by relative growth rate. Even with afd@ increase or decreasedn , a mean

value of 0.10.3 d* for @ Gbnly leads to a change of 31® days ind . Model results
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show thaimeanrelative growth rate of. polykrikoidesan reach t0.1-0.3 d* or even
higheroverthe initiation period (late April to late June or July) in this studying area.
Thus, giverthelargevariability in 0 observed in the Lafayette River (more than 4
weeks) it suggests that thelative growth rate plays a more important role than cyst
germination in driving the interannual variability in the timingofpolykrikoidesloom

occurrence.

Environmental facts that can regulate the relative growth rate and influ€nce
polykrikoidesbloom, described by Eqg. (5.1), are examined individuadlys species
shows grazing deterrencBhere isno specific consumption dd. polykrikoidesand the
loss of biomass df. polykrikoidedo grazers are along with other algae. While grazing is
low for the James River, grazing pressure is not likely to largely affect the interannual
variability of C. polykrikoideggrowth during the initiation. Due to the mobility Gf
polykiikoides the impact of settling or stratification is also unimportant. In addition,
Tang and Gobler (2012¢portecthat thecystformation rate is less than 1 cyst / 1000
cells in the culture experimerithereforethe formation rate of cells to restingsts is
not likely to be an important factor to reduce @epolykrikoidesbiomass/density,
especially during the initiation. Thus, the interannual variability of timinG.of
polykrikoidesbloom occurrence is more controlled by flushing and factorsctrat

regulate themixotrophic gross growth rate.

As shown in Egs. (5.3) and (5.4), temperature and salinity are two factors that
regulate both phototrophic and heterotrophic growatbs therefore, they can play an
important role in affecting the interamal variability in the timing of the bloonfrurther

analysis reveals that the interannual variability in gross growth rate regulated by
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temperaturés about 4.6 times thaty salinity diring the initiation During summerthe

light attenuation is lovin this areathat provides abundant light in the upper water

column andthe swimming behavior o€. polykrikoidesallows them to stay near the
surface of the water column during the daytime while they also receive little impact from
seltshading when their deity is not high during the HAB initiation. By comparing the
measured light to optiméight (Kim et al., 20040h et al, 2006, calculation shows that

no light limitation in the daytime for more than 97% of days during théjm@m period

for C. polykrkoides The supply of dissolved inorganic nutrients is a limiting factor for
the phototrophic growth. ThoudbIN andDIP in the lower James River are regulated by
other dominant phytoplankton during the HAB initiation, as shown in 2012 and 2013
(Figures5.6e and 5.6f), the concentrationsN andDIP were low forthe earlystage

C. polykrikoidegyrowth since it has relatilyelargehalf-saturation coefficients fdpIN

(2-3 M) and DIP (0.57 pM). Nevertheless, the model results show that the heterotrophic
growth, in fact, is the majonechanisnior C. polykrikoideggrowth during the bloom
initiation (e.g, Figure5.6a and 5.6b). Therefore, the interannual variability in timing of
bloom occurrence is greatly affected by environmental factors that can eciipalat
heterotrophic growth. Organic matter smaller thaphavas relatively abundant during

the bloom initiation, and its interannual variability in the effect to growth rate was

comparably smaller than that in temperature.

The flushing effect ofranspat processealso affects the required time
significantly. It has been shown in Chapter 4 that a successful initiation requires a

positive mean relative growth rate over the initiation period, and the time required to
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reach the bloom density is affectedthg relative growth rate. Thus, flushing can delay

the bloom at originating locations by reducing the relative growth rate.

The above discussion suggests that temperature, salinitiraasgort processes
are the three important factors contributinghte interannual variability i , while the
variability in initial density due to cyst germination is not very importahts
suggestion,n fact,is also supported by a sim@ealysis In this simpleanalysisthe
initiation density of Icell mI™* on June 4vasfirst assumedor every yearBy assuming
the variations irgrowth rate vere only induced by that temperature and salinitthe
daily-averagedjrowth ratewas calculated a8 p&z 8@ F "Q'Y'Q"Y® where the
daily-averaged phototrophic specific growth ratekiiy et al. (2004), 0.41 d, was
applied.The growth ratéQwas multiplied by a factor of 1.8 to account for the
mixotrophic growth and effects from other limiting environmental facteesause the
mixotrophic growth is a combination of phototrophic and hétephic growth The
transport rateF, was estimated using the residence time for the Lafayette River,
following Eq. (4.11.2) in Chapter Relative growth rate was then calculated as"Q
"Q and it was averaged over the-pteom period for each year¢im June # to the
observedloom date) to obtaifi OTherefore, e time required for bloorfor each year
with the calculated Givas obtained according to Eq. (5.7), whicidedthe first day,
June ¥, returnedthe calculatedbloom dateResults sha that he calculated bloom date
for each year was close to the observed bloom(&&dere 5.7) suggesting that the
interannual variabilityn the timing ofC. polykrikoidesloom in the Lafayette River can

be wellderivedby thecontribution fromthethree environmental factors only
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In the study years, since the mean temperatures over the initiation were above the
optimal temperature (about 2€), the mean relative growth rate decreases with
increasing temperature, and therefore, the time requiredifiation increases with mean
temperature. In addition, as shown by the difference between the blue line with
considering flushing and the red line without considering flushing, the required time for
bloom with including flushing can be delayledm daysto weeks. This simplestimation
also shows the importance of relative growth rate to induce such a large interannual

variability (more than 4 weeks) in the timing of bloom occurrence.

Thus, during the initiatioperiodfor each year, while many factaran contribute
to the timing ofa C. polykrikoidesloom in the Lafayette River, temperature and the

flushing effect are two critical factors controlling its interannual variability.

Transportprocessesaffect the impact of temperature

The temperatureariesfrom late June to late Jylwhich has a largenpacton
bloominitiation until the bloormoccurs While both temperature anhnsport processes
play determinant roles in the interannual variability in the timin@.gbolykrikoides
bloom in the Lafayie River,transport processesnindirectly affect the timing by

shapng the impact of temperature.

Flushing decreases the relative growth rate and therefore delays the initiation of
C. polykrikoideloom As illustrated in Figure 5.6, the delayed igion makesC.
polykrikoidesgrow in days laterwhich isgenerallyunderhigher temperaturebefore
their density reaches the bloom density, and the tempeiddpendent specific growth
rate also changes significantly. In the Lafayette River, sinceethperature alwayis

beyond the optimal range f@. polykrikoideggrowth, the existence of flushing effect
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results in a lower mean relative growth rate over the initiation if longer time is required
for initiation. For example, the mean mixotrophic gtbwate during the initiation (up to
late July) in 2013 was lower than that in 2012 (up to late June), mainly thaough

temperaturdimiting effect (Figure 5.6a and 5.6b).

The existence of the flushing effecttodinsport processesdits variability
contribute to the increase in the variability in the timingZofpolykrikoidesloom
occurrence. Because the temperature shows an annual cycle with the peak in the summer,
the interannual variability in temperature for a fixed range of the year (e.g., June),
however, is much less than the variability during the entire initiation that may or may not
span into July, and correspondingly, the growth rate for each month also shows a less
variability. For example, the standard deviations in temperature and tlogagesso
mixotrophic growth rate of the time June 1 to June 20 for Z2WAB are about 1.3&
and 0.026 d, respectively, which are less thawskof the entire initiation, 2.08C and

0.042 d', respectively.

Effect of wind on interannual variability inbloom timing

Since a successful initiation 6f polykrikoidesbloom requires at least several
weeks (Chapter 4}he flushing effect afransport processe®eds to be considered on
the subtidal or longer timescales, which is regulated by the estuadunkaton and can
be affected by various physical forcings, including wind, runoff induced by

rainfall/precipitation, and tide.

Among these physical forcings, the wind has been recognized to significantly
influence both the vertical mixing and horizortainsport in estuaries (Wang and Elliot,

1978; Scully et al., 2005), and play key roles in many water quality issues, such as in
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oxygen dynamics (Scully, 2010a; 2010b). Particularly, the changes in direction of the
wind can shift estuarine circulation banh direction and magnitude, and hence alter the
transport processes in the system. A recent study by Hong et al. (2018) using dye release
experimens showed that the southerly wind increased the exchange between the lower
James River and its tributaryiEdbeth River and enhanced the transport of dissolved
substances to the main channel of the James River, whilst the northerly wind reduced the

exchange and inhil@tithe transport.

The changes itheflushing effect by wind may explain the good correlatio
between the date of first bloom appearance in the Lafayette River and the mean wind
speed for the nortbouth direction during the ptdoom period of each year (averaged

over June 1 to the date thiefirst bloom appearance) (Figure 5.8).

While the wird in theC. polykrikoidesbloom initiation inthe Lafayette River
may be through the flushing, the correlation between the mean Southerly/Northerly wind
speed and the time required for bloom may also be partially due wetibewariability
and passindrontal systenthat results in a covariance between Southerly/Northerly wind

speed and temperature. This warrants further study.

Perturbation of flushing during a HAB event

While the overall flushing over the bloom initiation can affect the interannual
variability in bloom occurrence, individual perturbation by the flushing also matters for
individual HAB event. In this section, we demonstrate that how the individual
perturbations affect the initiation of a HAB event and even affect the further developmen

after it has successfully initiated.
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After the algal density reaches the bloom density, the duration of the bloom
depends on the environmental conditions, includiagsport processeBlushing effect
can be the key factor terminating a HAB event farse shortasting HABs at the
originating locations. The mechanism is that a strong flushing effect can wash out algae
from the originating location into a much larger area, and decreases the local algal
density significantly, and it requires anotheriatibn with a long time period for algae to
reach bloom density again, as shown in the idealized illustration (Figure 5.9). Under the
normal flushing condition, the algae grow to the bloom density after tens of days, and a
HAB event occurs. Shortly aftené¢ occurrence of the bloom, it encounters with a strong
perturbation and collapses. The bloom enters the second round of initiation that requires
other tens of days to build up the density again. This idealized illustration also indicates
there may be morihan one initiation period for a HAB event. Because the transport
effect of flushing requires that the incoming water has a lower algal density than the
location, this cause of bloom termination by transport processes mor@odtaswhen
a HAB is ust initialized at the originating locations when algal density at other locations

remains under bloom density.

Thus, it is likely that an initiated bloom can only last for several days as a result of
the flushing effect. In the Lafayette River, strongtberly wind, heavy rainfall, and
spring tide are important environmental conditions in inducing large flushing during a
HAB event, and a strong perturbation on the HAB dynamics occurs when there is a
combination of these conditions, capable of interrgptor even terminating, HAB

initiation.
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The rainfall and the associated +offi have various effects on the algal dynamics
at the local scale. The water input contains substances including nutrients and sediments,
but no algae (neither HAB species nor ++AB specie}. Therefore, the rainfall results
in an increase in nutrient concentration
dynamics of HAB algal density, the contribution of the effect of rainfall and the
associated ruoff on nutrient avadbility changes in different stages of a HAB event, it
may beinsignificantduring the bloom initiation when the nutrient availability is not a
limitation, but it can be significant for sustaining the bloom when the bloom is fully
developed and the nutrieconcentration is low. The flushing effect by rainfall always
exists and increases with the input of watdrereforeit is small during a light rainfall
that is also inhibited by other effects, but it can become the dominant effect auring
heavy rainfd at any stageespecially for tributary with small water volumerge runoff
induced by rainfall can increase flushing for tributalfpr example, a significantly
negative correlation between the relative growth rate and precipitation for summer 2014
is shown in Figure 5.10, which explains 27.6% of the variabilithiemelative growth

rate.

On the subtidal timescale, the sprmgap tidal cycle also plays a role in
regulating the flushing effect on the dynamics of HAB algal density at the originating
locations. During the initiation, since the algal density outside of the originating locations
is lower, the flushing effect is net transpotit, and it increases with the exchange flow.

During the spring tide, the strong exchange flow leads to a stramgporiout effect.

The collapse of a shelastC. polykrikoidedbloomin 2014in the Lafayette River

may be caused by the flushing effectrahsport processe¥hebloom was observed in
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early July However it only lasted for several days and cofiad, andhere was no
persistently intensef C. polykrikoideslensityafterward. The examination on time series

of southerly/northerly wind speed, precipitation, tidal rangeaglandC. polykrikoides
density suggests that the bloom collapse was cadaidth a combination of southerly

wind, heavy rainfall, and spring tide (Figure 5.11), and that the flushing effect may be the
main cause. This collapse was followed by the second round of bloom initiation.
However, the density dE. polykrikoidesiever eached to the bloom density again, and

the density declined after another combination of southerly wind, heavy rainfall, and
spring tide, suggesting that the flushing effect may also be the main cause of the

termination of the second initiation.

Model limitation and future work

The model presents reasonably well results in simul&ingplykrikoidedlooms
in the Lafayette River, and it can help to understand the advantage of strategies used by
this algal species such e mixotrophic growth and the atribution of each
environmental factor to the blooms. However, modeling for some procesdaseima
simplified in the current version, and improvement of the model may be needed in the

future work.

The harmful effectof C. polykrikoidego organisms beceoe significant when
their densityreaches 330ellsml™? (Tang and Gobler, 2009; Gobler et al., 2012). Thus, in
the future version of the HAB model, the grazing ritecan be assumed to equal zero
only when their dengjtexceed$830cellsml?, otherwiseit can be assumed be

proportional taC. polykrikoideshiomass as a function of temperature, 0 — 0.
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The model adopted a constant speed and a fixed direction (upwa@l) for
polykrikoidesswimming during the daytim&wimming speeds, however, are affected by
temperature, nutrients, and irradiance (Smaf@@2), andhle swimmingspeed may
need be allowed to vary with temperature or growth rate. In addition, the direction of
swimming may also be related to nutrient gradients at night if the nutrient is shown to be

a factor beside light for influencing this behavior.

Algae including dinoflagellats, can photoacclimate their ehalcontent according
to changes in environmental conditions such as temperature, light irradiance, and nutrient
(Geider et al., 1997). Correspondingly, carbon teectatio ¢d# B hlso varies. FOE.
polykikoides Noh et al. (2018) measured @htontent for a survey cruise durin€a
polykrikoidesbloom, whichequakd43.1+ 15.8 pg chla/cell andangel from 30.1 to
81.2 pg chia/cell. In the James Rivetg¢ Edlso varies largely during@. polykrikotes

bloom, as shown iMarshall and Egerton (2013).

In the future version of the numerical model, thealsbntent can be assumed to
vary according to environmental conditions, and a varijt Ei$ usedThe chia
content can be assumed to be 30 pepétell that obtained from the laboratory (Noh et
al. 2018), when thphototrophiogrowth is unlimited by light and nutrient, and the
correspondingtd# Ei$ 60.6°Q# 7°OA EZA When its pbtotrophicgrowth is under light
limitation, the chla content cabe assumed to be 81.2 pg-elitell, and the
corresponding carbon to ehlratio#dt Ei$ 22.4°Q# T"OA A When thephototrophic
growth is under nutrient limitatiowd# Eviaries. This change will result in a higher-ehl
when light is limiting and gower chla when nutrient is limiting for the same simulated

biomass. The maximusg# Erhay be set to b33 "Q# 7 QA EA adopted fronthe
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empiricalmodelin Cloern et al. (19954 possible expression ¢fgt Efor C.

polykrikoidesmaybe proposed as:

PON ) MQ®RE a Q@O N0

I.’l, r er Al 8 ™~ o, ”" 1 9, ) \ , 14 o, 1 e 1 o, 14 1
ot E | aWw—hoo Q®: QWA Qd Q0 wo Q¢ ¢

e . 8 - e s e w s v a s s e

0O o— = ho oo Q®E QOO0 1 @& O OO Q¢ ¢

Vg

The mechanism for the collapse®@fpolykrikoidesat the late stage of a HAB
event, and current model used an artifielgiorithm to make the collapssonsistent to
observations, which should be updated in future versions after the mechanism is revealed.
Here,anatural mortality hypothesis proposedAfter a cell ofC. polykrikoideshas
reached a certain age, its life stage as a vegetative cellldredgegetative cell®stdue
to the naturaimortality can befurtherassumed to become resting cy3ise hypothesis

may be tested using a laboratory culture experiment.

The current model cannot simulate the complete life cyce polykrikoides
becaus the cyst dynamics was not included. Nevertheless, it is possible to include the
stage of resting cyst in future work. The equation for the cyst dynamics that can be

coupled witheq. (5.1) for vegetative cells is:

0 V) 0 — V00— —U0— —U0—
QE OOIYO 6wi & 60i & — QQI &Y (5.9)
where'’Y is the decay rate) is the grazing rate by benthas, is the settling

velocity of the resting cystQQ i denotes the input rate from the germination of resting

cysts,Q ¢ @ dsia 8ink term dnoting the loss rate of vegetative cells due to cyst
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formation, andY denotes other external sources such as those through the ballast
water input.The timing of ¢st germination can be assumed to be temperdependent.

For example, a corett cyst input rate can be assumed to last 30 days for each year in the
model, after the temperature reaches the suitable temperature range that is larger than
18°C. Nevertheless, @@mprehensive modeling oyst germination rate may require to
consider avironmental factors regulating germination such as temperature, irradiance,

and oxygen conditions (Kremp and Anderson, 2000).

Conclusions

A numerical model fo€. polykrikoidesbloom is developed, which includes
competitive advantages such as mixotrogavth, swimming behavior, and cyst
germination. The model results show that during the bloom initiation, the interannual
variability in gross growth rate @. polykrikoidesn the Lafayette River is influenced
more by temperature than other factors, tredflushing bytransport processedso
significantly lowers relative growth rate that delays the bloom initiation. Results also
show that the strategies used@ypolykrikoidesalso contribute greatly to the initiation
of this bloom in the Lafayette Rer. The heterotrophic growth rate by taking up organic
matter is higher than the phototrophic growth rate, and the resulted mixotrophic growth
(phototrophic + heterotrophic) counterbalanced the flushing and other unsuitable
environmental conditions and®ires tha€C. polykrikoidesan grow to the bloom

density with a high growth rate in the area.

Temperature anphysical transport processa® the two dominant factors
controlling the interannual variability in the timing of its initiatidtar a specift HAB

event, the contribution of each perturbation by flushing can effectively delay, interrupt, or
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even terminate the bloom initiation. In the Lafayette River, southerly wind, heavy rainfall
interacting withspringneaptide aresuggestedo be importanphysical conditions to
increase the flushing effect, and a combination of these three conditions can significantly

affect theC. polykrikoidedbloom by preventing their accumulation.
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Table 5.1. The€. polykrikoidesnodel structure.

Abbreviation

Description

Expression

0

0"y

QYo a

"Q0 00

"Q0 00

Q0

"Q0 0

Gross growth rate

Growthlimiting function for
temperature

Growthlimiting function for
salinity

Growthlimiting function for
DIN

Growthlimiting function for
DIP

Growth-limiting function for
light irradiance

Growthlimiting function for

organic matter smaller thdr2

A
Respiration/excretion rate

If "O

0
0

"Q0 00

Q0

Y

"0 & 'QE0 "OhO
"0 "0 ,then

0
0

QY Q
QY Q
QYoo Q
QYwa Q
"Q0 00

"Q0 U

G x4

< <

<<

AYO &Y &

RYO a"Y &
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Table 5.2. The&. polykrikoidesnodel parameters and their values used in the

experiment.

Abbreviation Description Unit Value

O Maximum instantaneous gross growth ratt¢he d? 1.06
optimal condition during daytime

O Phototrophic instantaneous gross growth satine d? 1.06
optimal condition during daytime

O Heterotrophic instantaneous gross growth aatthe  d? 0.62
optimal condition

Q respiratory losses associated with photosyighesa 0.16
ratio to"O

Y Basic metabolism rate 20 C d? 0.025

0 Swimming velocity ofC. polykrikoides m d? 55

Y Optimal temperature for growth C 25

o) Temperature effect on growth bel6¥ C 2 0.047

Ko) Temperature effect on growth abdwe C? 0.0530

o) Salinity effect on growth beloW @ & 0.0024

o) Salinity effect on growth beloWy ¢ & 0.0222

O Half-saturatiorcoefficientfor light irradiance ‘Em?s! 30

0 Half-saturatiorcoefficientfor DIN "QON m? 0.028

0 Half-saturatiorcoefficientfor DIP QP md  0.0177

— Constant for quantifying the temperature effect on 1.07
respiration rate

00 Half saturation coefficient for organic matter smalle "QC n® 0.0263
than 12 &

() Fraction of particulate organic matter smaller than : 0.3
‘a

) Fraction of organisms smaller than‘12x 0.3
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Table 5.3 Sensitivity tests for examingithe effects of mixotrophic growth, swimming,
and cyst germination on the initiation and developme.gfolykrikoidedbloomsin the
year 2012. The different values of parameters to the control experiment were bolded.

Experiment 1] (") a b o 1(m d?) © eﬁmll)
control 0.62 0.3 0.3 55 1
1 0.62 0.1 0.1 55 1
2 0.62 0 0 55 1
3 0 0.3 0.3 55 1
3 0.62 0.3 0.3 20 1
4 0.62 0.3 0.3 55 0.1
5 0.62 0.3 0.3 55 10
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Table 5.4The overall mean of relative growth rait€mixotrophic gross growth ratéh
phototrophic growth ratéQ , heterotrophic growth raté), basicmetabolisnrate,
Y,— ¢ Trespiratory losses associated with photosynth@sid, and transport rate for the

effectof transport processes), during the blooms in 2068013, in unitsof d. Note
that the values are for the dejtitegrated biomass described in Eq. (5.6).

Station > 1 ik 71 { 7 - a0

LFAO1 0.065 0.227 0.052 0.175 -0.042 -0.008 -0.113
LFBO1 0.108 0.126 0.031 0.095 -0.047 -0.005 0.033
LES.6 0.061 0.255 0.044 0.211 -0.040 -0.007 -0.149
LES.4 0.060 0.320 0.039 0.282 -0.038 -0.006 -0.219
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Table 5.5The overall mean of daigvelaged growtHimiting function for each
environmental factor, includingmperature”t, salinity (Y &),drradiance () dissolved
inorganic nitrogen® "O)) dissolved inorganic phosphat® ‘Qvand organic matter
smaller than 12 &(0 0 ), during the blooms in 2008013 Note that the values are for
the surface layer only, arif@Oequals zero at night.

Station | K Bir= HN- Br-" HNr-F HE°

LFAO1 0.643 0.652 0.544 0.385 0.267 0.869
LFBO1 0.450 0.574 0.541 0.353 0.447 0.886
LES.6 0.737 0.665 0.490 0.269 0.228 0.866
LE5.4 0.832 0.710 0.524 0.170 0.234 0.928
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Figure 5.1. Map of the lower James River and itstsiblotary Lafayette River, USA.
The hollow squares denote the locations of {targh monitoing stations LE5.4, LES.6,
LFAO1, and LFBO1, and the filled circle denotes the location of the continuous
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lines)C. polykrikoidesdensityat two Stations LFAOL1 and LFBO1 to the weekleraged
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Figure 5.4. Comparison of model results ofaldata (blue lines) to higinequency
observatnal chta data (black lines) at continues monitoring Station NYCC for the years
2012 and 2013. Thick lines denote the daWeraged chh and thin lines denote the

hourly chta. Solid blue lines denote the modeled dawgraged cha for the entire wate
column, whereas dashed blue lines denote the maximum and minimum values of
modeled chh.
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Figure5.7. The timing of first bloom appearance in the Lafayette River. The comparison
between observed and the calculated timing using the data of temperature, salinity, and
residence time. The blue and red lines show the results with/without including the
flushing effect. For the calculation, the initial density is assumed to be 1 ¢edindune

4 of each yeaBecause the data of measured densit helatively low resolutions

(several locations) in space and time (water samples were collected everyedagyor
several days), uncertainties exist for the timing of first bloom appearance. Theredore, t
error bar having a length of one week is used, indicating the possible likelihood when the
mean density of the entire Lafayette River reaches the bloontydensi
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Figure 5.8The timing of first bloom occurring in the Lafayette River ¥& mean
Southerly/Northerly wind speed (mtdduring the initiation period, which is assigned a
positive (+) / negative-) sign, respectively. A linear regression shaw$of 0.458, and

ap value of 0.065Because the data of measured densite helatively low resolutions
(several locations) in space and time (water samples were collected every day or every
several days), uncertainties exist for the timing of firsbbii@ppearance. Thereforket

error bar having a length of one week is used, indicating the possible likelihood when the
mean density of the entire Lafayette River reaches the bloom density.
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Figure 5.9. An idealized illustration of the impact ofiindual perturbation by flushing

on a HAB initiation. Red dashed line denotes the bloom density (assumed to be 1000
cells mf! corresponding t€&€. polykrikoidesloom density. The initial density is set to

be 1cell ml?, thegrowth rateg is set to be @ d. The transport ratis characterized by

a halfsinusoid with an expression @ & & i "Qé—st‘) hrgt v for representing
the flushing effect under normal springap conditions, and a high transport rate is set
with an expression 60 & © ki "Qé—8c‘) fr8t v for inducing a strong flushing just

afterC. polykrikoidesabundancéasreache the bloom densityThis strong flushing
causes the collapse of the bloom, and the initiation restarts, which requires another tens of
days forC. polykrikoidego reach bloom density again.
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Supplementary

Table S5.1The mean of relative growth raid; mixotrophic gross growth ratéh
phototrophic growth ratéQ , heterotrophic growth raté), basicmetabolisnrate,

Y,— ¢ Trespiratory losses assated with photosynthesi®)'d, and transport rate for the
effect of transport processé®, over each bloom event in unabd?, at Station LFAO1.

Year ir 1 "0 "0 Yy ¢ A0 "0

2005 0.076 0.256 0.029 0.227 -0.035 -0.005 -0.142

2006 0.057 0.265 0.064 0.202 -0.042 -0.010 -0.159

2007 0.072 0.204 0.046 0.158 -0.044  -0.007 -0.083

2008 0.074 0.188 0.045 0.143 -0.044  -0.007 -0.064

2009 0.051 0.236 0.057 0.180 -0.041 -0.009 -0.13

2010 0.072 0.185 0.047 0.138 -0.045 -0.008 -0.062

2011 0.053 0.215 0.067 0.148 -0.043 -0.011 -0.110

2012 0.067 0.236 0.055 0.180 -0.043 -0.009 -0.119

2013 0.065 0.252 0.054 0.198 -0.041 -0.009 -0.140

Overall 0.065 0.227 0.052 0.175 -0.042 -0.008 -0.113
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Table S52. The mean of relative growth raid; mixotrophic gross growth raté)
phototrophic growth ratéQ , heterotrophic growth raté), basicmetabolisnrate,

Y,— ¢ Trespiratory losses associated with pisghthesis)d'd, and transport rate for the
effect of transport processé®, over each bloom event in unabd?, at Station LFBO1.

Year ir & "0 "0 Yy ST a0 "0

2005 0.075 0214 0.019 0.195 -0.037  -0.003 -0.101

2006 0.212 0.149 0.042 0.107 -0.047  -0.007 0.116

2007 0.122 0.095 0.027 0.068 -0.050  -0.004 0.081

2008 0.071 0.070 0.019 0.051 -0.051  -0.003 0.054

2009 0.056 0.137 0.040 0.098 -0.046  -0.006  -0.030

2010 0.131 0.084 0.026 0.058 -0.051  -0.004 0.101

2011 0.157 0.105 0.036 0.070 -0.049  -0.006 0.106

2012 0.076 0.143 0.039 0.105 -0.048 -0.006 -0.014

2013 0.068 0.141 0.032 0.109 -0.046  -0.005 -0.022

Overall 0.108 0.126 0.031 0.095 -0.047  -0.005 0.033
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Table S53.Themean of relative growth rate[ mixotrophic gross growth ratéh
phototrophic growth ratéQ , heterotrophic growth raté), basicmetabolisnrate,

Y,— ¢ Trespiratory losses associated with photosynth@sid, and transport rate for the
effect of transport processé®, over each bloom event in unabd?, at Station LE5.6.

Year ir & "0 "0 Yy ST a0 "0

2005 0.068 0.262 0.026 0.236 -0.034  -0.004 -0.158

2006 0.049 0.296 0.053 0.244 -0.040 -0.008 -0.202

2007 0.068 0.225 0.029 0.196 -0.041 -0.005 -0.113

2008 0.069 0.212 0.030 0.182 -0.042  -0.005 -0.099

2009 0.056 0.260 0.046 0.214 -0.039 -0.007 -0.160

2010 0.065 0.231 0.050 0.181 -0.043  -0.008 -0.117

2011 0.053 0.255 0.067 0.189 -0.041 -0.011 -0.153

2012 0.061 0.254 0.041 0.212 -0.042  -0.007 -0.147

2013 0.060 0.295 0.051 0.244 -0.039 -0.008 -0.191

Overall 0.061 0.255 0.044 0.211 -0.040 -0.007 -0.149
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Table S54. The mearof relative growth ratd,[ mixotrophic gross growth raté
phototrophic growth ratéQ , heterotrophic growth raté), basicmetabolisnrate,

Y,— ¢ Trespiratory losses associated with photosynth@sid, and transport rate for the
effect of transport processé®, over each bloom event in unabd?, at Station LE5.4.

Year ir & "0 "0 Yy ST a0 "0

2005 0.074 0.303 0.027 0.276 -0.035  -0.04 -0.192

2006 0.043 0.349 0.045 0.304 -0.037  -0.007 -0.264

2007 0.068 0.308 0.025 0.283 -0.039 -0.004 -0.200

2008 0.066 0.299 0.025 0.274 -0.038 -0.004 -0.193

2009 0.060 0.323 0.044 0.279 -0.037  -0.007 -0.221

2010 0.066 0.308 0.040 0.268 -0.040 -0.006  -0.198

2011 0.053 0.314 0.048 0.266 -0.038 -0.008 -0.218

2012 0.057 0.306 0.032 0.275 -0.040 -0.005 -0.207

2013 0.053 0.374 0.063 0.311 -0.037  -0.010 -0.278

Overall 0.060 0.320 0.039 0.282 -0.038 -0.006 -0.219
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Figure S5.1. The results ofkansiivity test on the effect of mixotrophic growth. Modeled
density was presented ah6ur intervas. The red lines indicate the bloom density (1000
cells mt).
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Chapter 6. Conclusions
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This dissertation discusses the effects of transport processes in phytoplankton
dynamics and highlights their role, using thentxanation of data analysis, theoretical

analysis, and numerical model simulations.

The relative importance of local processes and transport processes varies with
timescales from hours to years. In general, the importance of transport processes tends to
beequivalent to that of the local processes over the longer seasonal and annual timescales
(Chapter 2). The steady state assumption for studying the variability in phytoplankton

biomass is found to be valid only when the ldagn timescales are considered.

Two original mathematical models are developed in this dissertation to
theoretically examine the effects of transport processes on estuarine phytoplankton

dynamics and HAB initiation, which can be applied to many other estuaries.

In Chapter 3, the simelyet inclusive mathematical model for estuarine
phytoplankton dynamics under various environmental conditions is developed. This is a
steadystate model that solves the phytoplankton biomass oveitésngtimescales,
which is able to explicitly analyz&e effect of transport processes on phytoplankton
dynamics that is through various ways. Under the combined effect of light availability,
nutrient availability, and flushing effect on phytoplankton, three patterns of the
relationship between phytoplanktbiomass and flushing time are revealed for the
riverine-nutrient dominated estuaries. The flushing time associated with maximum
biomass shifts with environmental conditions and ecophysiology of phytoplankton, and
it, in general, is much shorter in Patt&gystems than Patteinor Patters8 systems.

While this model is derived for exanimating the effect of transport processes on

variability in phytoplankton biomass, it can provide implications, from a theoretical
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perspective, in other studies on variogpexcts of phytoplankton dynamics, such as the
effect of transport processes on phytoplankton assemblage or the phytoplankton biomass

decline in response to nutrient reduction management.

In Chapter 4, the mathematical model for HAB initiation in estsabgstuary
systems is developed to examine how the differential flushing effect of transport
processes affects the spatial distribution of the density in two connected waterbodies.
Because the initiation of a HAB event can happen within several weeksvblaem a
dramatic increase in HA density, this model considers the time derivative of HA density
(i.e., nonsteadystate). Results suggest that HABs tend to first appear in locations with

relatively long residence time.

A numerical module in EFDC is dewgled for the HAB speciesCochlodinium
polykrikoides(Chapters 4 and 5), including mixotrophic growth, swimming behavior,
cyst germination, and grazing suppression. This HAB model is applied to
polykrikoidesblooms in the lower James River, and conéichthat the Lafayette River, a
subtributary of the James River, is one originating location of the bloom because of its
relatively long residence tim&lodel results also suggest that the mixotrophic growth is

important to maintain a high growth Gf polykrikoidesin this area.

Among those various physical factors, physical transport is one determinant factor
along with temperature to control the interannual variability in the timing of its initiation,
and the southerly wind, heavy rainfall, and spridg &re important environmental
conditions capable of interrupting, or even terminating, the initiatigh gblykrikoides

bloom in the James River. Contrary to the traditional thoughts, the analysis of
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mechanisms of HAB initiation shows that rainfall tiasification may not be a necessary

condition to trigger HABS.

The concept of transport rate is introduced and its computation method using
numerical models is provided (Chapter 2). Complementary to the various concepts of
transport time, transport ratan quantitatively describe the flushing effect of transport
processes on phytoplankton dynamics at local and-t#rontscales, especially the
Atransport ino effect that the | ocal phyto
incoming flow with higher biorass. While the concept of transport rate is first proposed
for phytoplankton dynamics, it can be widely used to describe the flushing effect of

transport processes on the dynamics of other substances.

In addition, this dissertation introduces an open mettta method that can be
used to estimate phytoplankton primary production using-tieffuency chi data
(Chapter 2), which is expected to be applied to other ecosystems. Although the estimation
may have some biases, these biases are relatively srdastematical, and they do not
prohibit the ecological interpretation that requires information on changes in

phytoplankton primary production over lotgrm timescales.
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