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Nutrient loading has been linked with severe water quality impairment, ranging from
hypoxia to increased frequency of harmful algal blooms (HABs), loss of fisheries, and
changes in biodiversit Waters around the globe are experiencing deleterious effects of
eutrophication; however, the relative amount of nitrogen (N) and phosphorus (P) reaching
these waters is not changing proportionately, with high N loads increasingly enriched in
chemicallyreduced N formsResearch involving two urbdreshwateand nutrient
enrichedsystems, the Anacostia River, USA, a tributaiyhe Potomac River feeding

into the Chesapeake Bay, and West Lake, Hangzhou, Zhejiang Province, China, was
conducted to assedstresponse of phytoplankton communities to changhhgyid and
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enriched withNH," lead to increased abundance of chlorophytes and cyanobathesia.
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supports communities dominated by more chlorophytes and cyanobdweriather

phytoplankton groups.
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Chapter 1: Nitrogen form determining recent phytoplankton dynamics and

community structure in the urbanized Anacostia River, Washington, D.C.

INTRODUCTION

An estimated 5old increase in reactive nitrogen (N) use compaogare
industrial time in the United States has led to the enrichment of N relative to phosphorus
(P; increased N:P) imanycoastal waterHoultonet al, 2013, Peuelaset al, 2013,
Glibertet al, 2014. Imbalances in N:P loadingavebeen identifiecas havingdirect and
indirect effects omrganismalmetabolism, species composition, and ultimately food
webs(Sterner andElser, 2002Hall, 2009,Glibertet al, 2011, Peuelaset al, 2013.

Despite knowledge that increased N:P loading is occurring worldwide, gdapionate
changes in N forms reachimganycoastal waters are also occurring, specifically
increasing loads of chemically reduced (&b, organia\) relative to oxidized N€.g.
NOs’; Glibertet al, 2014a, 2016) Although NQ" is the dominant N form contributing to
eutrophication irmany systems, there are many sources of Kt are on the increase,
therefore it is important to determine the role of relali¥&, :NOs ratios in determining
the composition of primary producers and productivity in coastal systems.

Over the last alf-century, escalating N useas beemttributed to thesubstantial
increase in fertilizer usage, sewage effluent, and atmospheric depogitmrséket al,
1997,Galloway and Cowling, 200 EPA, 2011 Glibertet al, 20143. Nutrient loading
is associateavith derimental effect®f eutrophication, including increased algal growth
and development of high biomass blooms, changes in species diversity of both primary

and secondary producers, reductions in dissolved oxygen resulting in fish kills, and



increased frequeey of harmful algal blooms (HABS\ixon, 1995, Cloern, 2001, Glibert
andBurkholder, 2006, Heislest al, 2008, Gliberet al, 2010) Not only is N loading

rising, but the form of N nutrient delivered to many coastal marine and freshwater
systems is changing, with coastal systems across the globe experiencing sustained and
elevaed concentrations (53M) of NH," (Glibertet al, 2016) Increasing NH' loads

can be attributed to sewage treatment plant upgrades releasing large quantitigs of NH
(NRC, 2000) and global fertilizer usage shifting to more urea use than(Glibert et

al., 2006 2014a).Following shifts in N form from N@ to NH;", numerous systems

have observed shifts in phytoplankton community composition from those dominated by
diatoms to flagellates and cyanobacteria, and ultimately shifts in the composition of
higher food webs (LegenelandRassoulzadegan, 1995, Glibert, 1998, Moussetail,

2001, Berget al, 2003, Hellet al, 2007 Glibertet al 2018§.

Algal blooms occur when there are sufficient nutri¢atsupport growth and
biomass; however, some phytoplankton functional groups and species have preferences
for different nutrient forms (Glibest al, 2016 and references thereiA)central tenet in
phytoplankton physiology hagassicallyconsidered Ni the preferred form of N for
phytoplankton uptake (McCarthy, 1981, Rawtml, 1992) a function of its favorable
energetics and the repression of N@ptake by NH' (Dortch, 1990) For instance,
systems impacted by NH(4-10 uM) from sewage effluent, suas the San Francisco
Bay Delta, have observed the repression of Nftake by NH" (Dugdaleetal., 2007,
Glibertet al, 2014c) Likewise, in the San Francisco Bay Detts loss of diatoms
following mesocosm enrichment esqments enriched witNH;" has been observed

(Glibertet al, 2014c) Work in the Baltic Sea and the southwest Florida diedfound



that dinoflagellates are associated with N concentrations domibgteeduced forms
rather than N@ (Berget al, 2003, Heilet al, 2007) The effect of N and relative
changes in NEH:NOs on phytoplankton community composition has been more difficult
to appreciate in systems experiencing chronic nutrient loading.

One of the most contaminated rivers in the USA, the Anacostia River (SRC,
2000), running fronBladensburg, MD to Washington, D.C., experiences significant and
consistent N pollution from point and nonpoint sour@ddler et al, 2013) The
Anacostia is in a highly urbanized area of the Chesapeake Bay watershetisted as
impaired in MarylandOs 305b report with selecteddistsumption advisories in effect
(MDE, 2012) Based on the riverOs long history of pollution contributing to its
degradation from industrial and urban sount¢ésang and Foster, 2006t has been
designated one of the three highest priority regions of concern within the Chesapeake
Bay region (CBP, 2002Yhe majority of the literaire on the Anacostia River consists of
reports omollutants such a®xic chemicals€.g. Hwang ané&oster, 2006, Velinskgt
al., 2011. However, sources of pollution such as leaking sewer infrastructure, outfalls
from industry and sewageeatment plants, landfills, fertilizer runoff from lasyrgardens
and atmospheric deposition all contribute to N pollution that reaches the Anacostia River
(Miller et al, 2013) Sewage effluent is of particular concern, considering approximately
1.3 billion gallons of untreated sewage mixed with storm water is released into the river
each year from combined seweerflow (CSO) outfalls (DC Water, 2016). Although it
is understood that sewage effluent and other sources are contributing to N pollution in the
Anacostia River, it is not well known how nutrient pollution and the different forms (i.e.,

NOs; and NH;") vary temporally or spatiallpr their effects on primary producers



TheAnacostia Rver is in one of the most densely populated watersheds in the
Chesapeake Bay drainage basin with over 800,000 residents (EPA, 20 8@esult,
development and associated increases in impervious surfaces cause storm discharges to
be flashy, thus enhancing downstream fluxes fMNler et al, 2013) In hopes of
improving water quality in the Anacostia Rivarmultibillion dollar project is underway
that will reduce CSO overflo®C Water, 201§ along with many other restoration
projects throughout the watershatthough the CSO project will be fulljnplementedn
October 2016based on responses following nutrient remuns in other parts of the
Chesapeake Bait,is expected that it will take timfer the system to resporflempet
al., 2005)

Given the increasing number of restoration efforts and investments being made in
the watershed, it is essential to understand the effect of N form on phytoplankton
communiy composition. The overall goal of this study was to evaluate the impact of
NH;" compared to N@ on the phytoplankton community composition and productivity.
The nutrient dynamics, productivity, and phytoplankton community assemblage were
characterizedlang the river differentiallyimpacted byaryingNH," levels. Even
against a background of elevated nutrient concentrations, it was hypothesized that sites
characterized by higher NHlevels would have a community dominated by
cyanobacteria and other NHolerant flagellates. Contrastingly, areas with lower
NH;":NOs would consist of mostly diatoms. In additisncharacterizing differences in
the river enclosure experimentgth river waterwereconductedvith either NH" or
NOs enrichmentso asses the roleof these different forms of k the growth of

differentphytoplankton groups. The enclosure experiments were expected to mirror and



extend the ambient community observations, with additioldaf supporting a greater
proportion of cyanobacteria and chlorophytaslNO3; additionssupportingmore
diatoms. Finally, a series of enrichment experimantghich samples were collected
from contrasting sites in terms NH," were conducted to determitiee concentration of
NH," addition required to repres#Os metabolism when nutrients concentrations were
elevated. This tested the hypothesis that in waters with hiifDgrconcentrations,
higher concentrations &fH," are required to repredOs uptalke than waters with lower
NOs concentrations.
MATERIAL AND METHODS
Study Site and Available Data

The Anacostia River is one of the largest tributaries of the Potomac River, with a
watershed area of 456 kifMDE, 2010), draining portions of Maryland and the District
of Columbia. The river is on average 1.2 m deep at the Bladensburg Bridge in the north
to 5.6 m at the confluence with the Potomac (Fig. 1). The river is ~10 km long and is
about 60 m wide at éhnortherly end and 500 m wide at the mouth. The water level
varies by approximately a meter with a semidiurnal tide up to Bladensburg, and responds
similar to a standing wave (Behehal, 2003, Tetra Tech, 2014), since the tide changes
occur almost simtaneously throughout the estuary based on friction and the Gfunnel
likeO shape of the river (Friedrichs and Aubrey, 199%g entirgiver is freshwater,
with discharges from the Northeast and Northwest Branch making up ~77% of the total
discharge in the river with ¢hbalance of the flow from tributari€d/arneret al, 1997)
such as Watts Branch, Hickey Run, Beaverdam Creek, CSO outfalls, overland flow,

groundwater seepage and precipitatibme water entering from the NE and NW



Branches of the Anacostia river dischatga average 3.61° s* during 2014 and 2015
(USGS Stations 01649500 and 016505@@w.waterdata.usgs.gpvlhe coarse
sediments ithe upper portion of the river are more suitable for groundwater seepage
(average of 0.125 #s™), but this only contributes% of the average NE and NW Branch
average discharge (Logan, 1999, Mikral, 2013, Tetra Tech, 2014Yhere are
currently 14 CS® concentrated in the lower portion of the Anacostia that discharge a
mixture of sewage and stormwater into the surface of the tidal river during storm events.

The analysis herein is based on a combination of data collected by the
Chesapeake Bay Program and sampling efforts from 2013 to 2015
(http://www.chesapeakebay.net/datsamples were collectgatimarily bimonthly
during the summer and once a month during the winter. This work focuses on data
collected at 9 sites along the Anacostia River from Bladensburg Bridge down to the
confluence of the Potomac River (ANA0082, ANAO1, ANAO3, ANAO8, ANA13,
ANA14, ANA15, ANA17, and ANA22 Fig. ).
Sample Collection and Analytical Protocols

During bimonthly sampling efforts from 2013 to 2015, a transect from the upper
river (ANA0082) at the Bladensburg Bridge to the confluence of the Potomac (ANA22)
was conductedTable 1) Sampling occurred prior to high tidethe morning before
10am At each station measurements of temperature, salinity, and dissolved oxygen were
measured usingaSI-85 sonde for 2022014 and YSI Pro 2030 for 201Surface water
was collected using @ean bucket for nutrients, chlorophgl{chl a) and phytoplankton
enumeration. Water was collected from each site and returned to the laboratory (within

~4 h) on ice for analysis.



Samples were analyzed in the laboratory of Gallaudet University or Uityweirs
Maryland Center for Environmental Science. The same protocols and analysis methods
were used throughout sampling dates for all nutrients. Samples were immediately filtered
through Whatman GF/F filters (nominally Quih; precombusted 2 h 450 {C) fpigment
analysis and for the determination of total @hThe GF/F filtrate was stored frozen for
later nutrient analysis of Nff NOs, PQ®.

Concentrations of NI were analyzed according to Parsensl.(1984)
Concentrations of NOQwere analyzed according to Jones (1984 uptake
measurements, while ambtéWOs” concentratias were determined at Gallaudet
University according to Mirandet al.(2001)and DoanendHorwith (2003)PO,> was
determined at Horn Point Laboratory Analytical Serviod#iewing BranandLuebbe
(1999 Method G17596. Urea was analyzed according to Rewdtaal. (2005). Samples
for chlawere analyzed using a Turner Designs ModeRLDfluorometer following
acetone extractioand acidificaibn as described by Parsoetsal. (1984)

Community Composition

The phytoplankton community composition was enumerated from samples
collectedwithin the transeabn the Anacostia River during the summer of 2014 uasing
image particle analyzer (FlowCAM; Fluid Imaging Technolofigsvhereas shifts in
phytoplankton community composition were assessed the course of the year in 2015
using accessory pigmentsl 2014 (July 9, July 23, and August 7), samples were
collected from ANA0O082, ANAO3, ANAO8, ANA13, ANA22 and returned to University
of Maryland Center for Environmental Scienc@n July 9and July 23, extra samples

were taken for phytoplankton enumeration based on the presence of a surface feature



between the yger river and middle of the river (between ANA0O082 and ANAO3).
Samples for assemblage analysis were kept cool until analyBiswZAM. A 10X
objective (UPlan FLN, Olympus) and 10Qum field-of-view flow cell were used.
Approximately 10 mL of sample weran through the system, and cells were counted
through Auto Image mode with a peristaltic pump rate of approximately 0.3 Ml min
(according to manufacturer specifications). The Visual Spreadsheet program (Fluid
Imaging ) was used to create librariesidentify cells by genutevel, removing

bubbles, particles, and debris. Only a portion of the volume moving through the flow cell
is in the field of view; therefore, the concentration of cells was automatically calculated
using the total number of partisleounted, field of view dimensions, depth of the flow
cell, and total number of images collected. The spreadsheet program was checked
manually after sorting with libraries to remove any invalid images or bubbles.

In 2015 community composition was deteined using accessory pigmentbhe
samples from 2015 were frozen-&0; C until analysis, and processed by High
Performance Liquid Chromatograph (Agilent) following the protocols of Van Heukelem
and Thomas (2001Each of the pigments were used for thernosystematic
identification offive algal functional groupshl b as an indicator of chlorophytes
alloxanthin as an indicator of cryptophyt&scoxanthin as an indicator dfatoms,
peridinin as an indicator of peridinicontainingdinoflagellates, ahzeaxanthin as an
indicator of cyanobacteria (Jeffrey and Wright, 1994, Jeffrey and Vesk, 1997, @tibert

al., 2004).



Experimental Treatments

A series of enrichment experiments were performeddithe hypothesis that
changes iritherphytoplankton community compositiam N-metabolism with the
addition of different Nforms. Enrichment experiments in 2014 were conducted to
address whether the addition of differentddms would support differing phytoplankton
community compositionsven in the presence of N levels that waready enrichedA
secondset of enrichment experimentsasconducted in 2016sing™N tracer techniques
(Glibert andCapone 1993fo measure N uptake rates andieiermineghe concentration
of NH4" that would be requireth represdNOs uptake.

During the first set of experiments (June 30, 2014) water was collected from the
site closest to the confluence with the Potomac River (ANA22) and returned to the
University of Maryland Center for Environmental Science for the initiation of engohm
experiments. Samples were enriched with 10, 20, apdvBBIO3 or NH;". The N
enrichment was targeted to create a gradient of N conditions and ensure that
concentrations were >2M, allowing for NH," concentrations to be >ld larger than
themeanconcentration observed at ANA22m 2013 to 201418.6uM). The
incubations were placed in watidfed enclosures to maintain ambient temperatures and
covered with a single layer of neutral density screening to simulate 60% of neutral
irradiance. The aomunity composition was tracked 4 hours using the FlowCAM
protocol described abové&.he statistical difference beeen the community composition
betweerNH,4" andNOs treatments was calculated using an unpaired, two sample
WelchOs+est, using thetatistical computing and graphics software R base and statistics

packages (R Core Team, 2014his statistical analysis was chosen to compare the



means of NH and NQ' treatments, sincéhere waso replication othe concentration
gradient additions.

For the second set efirichment experiments (April 18pril 29, May 13, and
May 27, 2015),~5 L of water were collected from ANAO082 and ANAQZRper river
and lower riverjand were returned to University of Maryland Center for Environmental
Science anevereboth enriched witd0 and 25uM NH,". Similar to the enrichment
experiments in 2014, the additions were targeted to ensunesiodtingNH,"
concentrations were >2(M, which were approximately-ld greater than the ambient
conditions at ANA22.At the same timé orderto determine N uptake ratem
additional 10uM-">N of differentlabeled substrasgNOs, NH,4", and ureaApril 16,
May 13 and May 27) a25 uM-"N (April 29) was added tmndividual aliquots
Containers were placed in watiiled enclosures to maintain ambient temperatures and
werecovered with 3 layers of neutral density screening to simulate 15% of natural
irradiance and the low light conditions in the turbid watetsich may be more
frequently observed during the pulsingnoitrients from point source$he bottles were
put in the watefilled enclosures directly after the enrichments. The incubations were
removed from the enclosure after ~30 min, filtered onto Whatman precombusted GF/F
filters and frozen fol°N uptake. Thdiltrate was frozen for ambient nutrient analysis,
and filters were later analyzed by mass spectrometry. The filters were dried for ~48 hrs,

packed into tin capsules, and analyzed on a Sercon mass spectrometer.
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Statistical Analysis from Ambient Field Data

Seasonal and spatial patterns were observed using linear interpolation contour
maps for ambient nutrients and biomass from 2BAB5. Linear interpolation contour
maps were created of NONH,", NH;:NOs, and &l a using the Akima package
(Akimaet al, 2009)in the R software 3.1.(qR Core Team, 2014)

All available ambient nutrient data and pigment data from 2015 sampdireg w
compiled to determine relationships of ambient nutrients with accessory pigments. The
relationship between ambient nutrient cartcations and ratios relative to accessory
pigments (denoted as pigment concentration:a@p L™ pg L™)) were described using
a numerical summary correlation (PearsonOs r significance testing was performed with
the statistical computing and graphszdtware R using base and statistics packages (R
Core Team, 2014)This statistical analysis was chos&nce typically parametriests
are used with ratio data.

Statistical Analysis from Uptake Experiments

Biomassspecific uptake rates (V) were calculated for theN analyses based

on the following formulgDugdale and Wilkerson, 1986, Glibert and Capone, 1993)

V= (*N atom %sample- **N atom % normal)
(**N atom % enrichment x incubation duration)

where atom % sample is tfi® enrichment in the sample, atom % normal is the natural
5N background enrichmefenrichment concentration divided by the sum of the
enrichmentoncentration and the ambient concentratiand™N atom % enrichment is
the initial isotope enrichment based on added plus ambient sub&Bhbest and

Capone, 1993)ince the™N additionmade to these experiments veabstantially

11



elevated, no isotope dilutiomould be expected and thereforo isotope dilution

correction was madglibertet al, 1982, Glibert and Capone, 199B)ptake rates for

NH,", NOs, and urea were calculated and summed for sardplésy the spring of 2015
(April 15" and April 29"). The summed value for N uptake (maximabased

productivity rates) is used as a physiological index to better understand the potential for
total uptake, given that all N forms are provided at or near saturating conditions
(Wilkersonet al, 2006)

RESULTS

Ambient Environmental Conditions

Consistent seasonal trends in salinity and temperature measurements were
observedn the Anacostia Riveirom 2013 to 2015. Overall, saity ranged from 0.1 to
0.8 Temperatures ranged froBn2 to 32.2iC.The average monthly temperature was
highest in July (26.36+1.07{Candthe lowest average temperature was observed in
March (7.53+£0.04;C).

The concentratioand proportion®f nutrients in the Anacostia River varied
substantially over tim(Figs. 2-7). The greatest range in nutrient concentrations was
observed in N@ concentrations with concentrations fronoB3.5uM (Fig. 2).
Maximum concentrations of NOconcentrations were observed from March to May in
2013 and 2014 (Fig. 2). During August of both yearsz M@ncentrations decreased
across all sites from early spring and summer concentrations. As waters moved from the
upper Anacostia River to the caméince of the Potomac, concentrations oENO

decreased by approximately @M during July and AugusgFig. 2).Concentrationsf

NH," ranged from 0 to 6@M (Fig. 3). Increased concentrations of Niere detected
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from May through July in 2013 and 2014dFB). Increases in NfAdownstream

(typically after ANAO3) were noted from May to July each year (Fig. 3); howevey, NH
concentrations were consistently higher downstream compared to upstream
concentrationsConcentrations of urea ranged from 0O to|9\b (Fig. 4). Maximum
concentrations of urea concentrations were observed from March to July in 2013 and
2014, with peak concentrations in the lower river (Fig.@ncentrations dPQ,>

ranged from 0.010 3.16uM (Fig. 5). Peaks in P§J concentratios were typically

observed in July and August, whereas the lowest concentrations were observed in April
(Fig. 5).

Changes in nutrient ratios further demonstrate spatial and temporal patterns. The
molar ratios of DIN (N@ plus NH;") to PQ* were always more than the canonical
Redfield ratio (site ANAO082; Fid5). Peaks imolarDIN:PO,> ratioswere noted in
May of 2013 and 2015 (~388R5), whereas in 2014 peaks in DIN:FOwvere observed
in February and May (~25®ig. 6). Ratios ofNH,":NOsz were highest from May to
Septembein 2013 with a maximum 08.5in July (Fig. 7). In early August2014,the
ratios ofNH,;":NO3 approximately doubled from conditionsJane and July, reaching a
ratio of 1.25, followed by another peak in late Augestching 1.{Fig. 7). The
NH,":NOj5 ratio in the upper river (ANA0082) was typically the lowest, only reaching a
maximum of 1.27, whereas ratios increased-Riikr (ANAO3; at the confluence of
Hickey Run and W& Branch), with maximum ratio of 2.03 (Fig.

Phytoplankton Biomass and Community Composition
Concentrations of ctd ranged from 0.18 to 904g L™ (Fig. 8). In 2013, chk

started to increase in May and peaked on September 189Q:% Fig.8A). The
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maximum chla concentration in 2014 was recorded in May (9gtL™) and steadily
decreased over the summer and winter. Peaks aadricentrations consistently
occurred at ANAOZ~60ug L™), and a secondary peak was observed at ANA22 in July
and Augusbf 2014
2014

During thesummer2014sampling specificallyfrom July 9 to August 8
NH,":NOs ratios approximately doublexhd chla concentrations declinggFig. 9A and
D). On July 9the upper and middle river were characterizegdgk NQ
concentrations (~58M) andchl a maxima(Fig. 9A and C) On August 8, N
concentrations of ~2M were found in the upper and middle river, with ahl
concentrations in the upper river declining fréaty concentrations from30 to ~1Qug
L% (Fig. 9A and B). Usingthe FlowCanrduring this timeperiod the phytoplanktorotal
abundance ranged frobd5to 764cells mL* (Fig. 10A, C, and B. The highesaverage
phytoplankton abundaneeasobserved on July @10+ 235cells mLY). Theaverage
phytoplanktorabundances on July 23 and August 8 were approximatelotddess
than observed on July(888 + 208cells mL*and 306+ 99 cells mL?, respectively).
Along the transect sites, from the upper river (ANA0082) to the lower portion of/ére ri
(ANA22), phytoplankton abundance more than doubled. Other than the high abundances
near the confluence with the Potomac, blooms were observed in the upper river on July 9
and July 23. On July 9, a bloom occurred in between site ANA0082 and ANAO1 and
reached a maximum abundance of 2284 cellg.nilhe bloom was still visible and
present on July 23; however concentrations were 13% of what they were on July 9 (319

cells mLY).
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The phytoplankton community compositiohserved using the FlowCadharing
the summer of 2014 was made up of five major taxonomic groups, with diatoms
consistently makingp >25% of the community (Fig0B, D, and ;. The majority of
the diatom community was made up of the cololielosiraspp.Cryptophyte
abundancémostly Cryptomonaspp.)was greatest on July 9 compared to July 23 and
August 8 sampling (FigLOB). As cryptophyteslecreased, the occurrence of
dinoflagellatesncreased, reaching their highest abundamcéuly 23(Fig. 10D).
Chlorophyte abundance remainethtwely constant over the course of sampliRg.
10B, D, and F) The upper river (ANA0082) was dominated by dinoflagelldtksly
Gymnodiniunspp.)on July23, but on July® and August 8 the site was dominated by
diatoms, making up >50% (Fi$0B, D, and F. The middle river (ANAO3 and ANAOS8)
was dominatedyocryptophytes (>50%) on July(gig. 10B). Chlorophytes made up
~25% of the community at ANAO8 and ANA13 on J@Fand August &Fig. 10D and
F).

2015

Large temporal and spatial shifts were observesbmmunity composition based
on pigment signatureduring 2015 from the upper river to the lower river (ANA0082,
ANAO08, and ANA22; Figl11). Thehighestaccessory pigmembncentrationn relation
to that d chl a wassuggestive ofliatomsin April (0.36pg L™ fucoxanthin pg L™ chl a;
Fig. 11A). Chlb, suggestive of chlorophytes, was the next highest accessory pigment
detected, with a peak concentratior0c#9pg L™ chlb: pg L™ chl a observed in June
(Fig. 11C). Overall, peridinin relative to clal (dinoflagellatesyas low, less tha@.007

ug L™ peridinin pg L™ chl a throughout 2015. Large seasonal changes in diatoms (as
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fucoxanthin: chla) were observed, with concentratiaesreasingirom March to
SeptemberUnlike in 2014 chlorophytes (as clid: chl a) increased from May to June
In addition, cryptophytes (as alloxanthin: ehincreasedrior tochlorophytesAll
sampling sites showed a similar pattern in the shift in community composition from
diatoms to chlorophytes; however, in the middle of the river (ANAO08) diatoms (as
fucoxanthin: chl) began to increase in Septem{fég. 11B). Diatoms (as fucoxanthin
chl a) were highest in the upper river (ANA0082; 0i86L ™" pg L), whereas
chlorophytes (as ctii: chla) were highest in the lower river (ANA22; 0.pg L™ g
L.
Community Composition and N forms

From the accessory pigment analysis, wakambient nutrient and
phytoplanktordata from 2015 fromall sitesanalyzedvere compiled, theelationshig
betweerconcentrations ofpigmentconcentrationand nutrients were variab{@able?2).
Relationships betweddOs; concentrationand alloxanthir{(indicative of cryptophytes)
werenegative (r=0.78, p<0.01). bontrastNH," was positively associated withe
ambient concentrations ohlorophyllb, alloxanthin, and zeaxanthin (chlorophytes,
cryptophytes, and cyanobacteria; r=0.91, 0.93, and p-9104, 0.03, and 0.046
respectively).Accordingly, the ratio oNH;":NO3z was positively associated with dhl
and negatively associated with fucoxanthin (chlorophytes and diatoms, respectively).
Zeaxanthinifdicativeof cyanobacteria) was the orgygment positively associated with
urea (r=.64, p=0.03). PAconcentrations and the ratio of DRO,* (NH4" plusNOs’;

DIN) were not significantly associated with any of the pigments.
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Different N-form Additions

In the enrichment experiments ussemples from the lower river (ANA22nd
cell enumeration performed with the FlowCathre phytoplankton community changed
24 hours after the addition of a gradient of N concentrations and {igi42). The
addition of 10uM NH,4" and NQ' led to an incrase in the total phytoplankton
abundancgehowever, phytoplankton abundance decreased following the addition of 20
and 30uM NH," (Fig. 12C).

The addition of different N forms and concentrations also resulted in a change in
the phytoplankton relativeommunity composition after 24 hour&.comparison of
diatom abundance between the two treatments revealed that the abundance of diatoms
was significantly higher in thHO5 treatments (36853 cells mL) than theNH;"
treatments (20440 cells mL*; t=3.76, p=0.013; Fig. 2A and C). The cyanobacteria
were significantly more abundantiH," treatments thaNOs treatments (452114
cells mL* and 298103 cells mL, respectively; t=1.83, p=0.07; Fi@d and A). The
relative abundance of dinoflagellatesswaariable in both nutrient forms treatments,
never making up more than 15% of the community compogiEiml2B and D) In the
NOs control, diatoms made up 35% of the community; howareall of theNO3’
treatments diatoms made up5% of the phytoplankton community composition (Fig.
12B). This was not the case for tNél," treatments, since the percentage of diatoms was
reduced in all treatments relative to the conie.50 p=035; Fig. 12D). While the
diatoms decreased in thiH," treatments, the percentage of cyanobacteria increased

from 47% in the control to > 55%a all treatmentt=0.72, p=0.30Fig. 12D).
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Uptake Rates in the Upper and Lower River and the Effect of NH,"

TheN-based productivityates measurechd@\pril 15 and May 27ivere
approximately Zold or morehigher in the lower river compatdo the upper river
however, these rategeremore similar to one anothen April 29 and May 13Table3).
NOj3" uptake accounted for the majority of N uptake on Apriah8 May 21>80%and
>59%, respectively On April 29and May 13NOs; andNH,4" made up a simsr
percentage of N uptake (~408d ~60%, respectivelgn addition of 2%M **N was
made orthe April 29date compared to 3@M **N on other datesRates oNO; uptake
at both sites on April 1&ere approximately Xfold higher than other sampling dates
(Table3). Thiswasthe same time as the peak in fucoxanthin (representing abundance of
diatoms) based on accessory pigment analysier@han April 15NOs uptake rates
were typically higler in the upper river (ANA0082), which was the site with the higher
NOj3 concentration¢§Table4).

Measurements dfiO3 uptake in the upper river (ANA0082) and lower river
(ANA22) after the addition of a range NH,4" concentrations revealed that different
concentrations dfiH,;" were required to repredOs uptake in diffeent parts of the river
(Fig. 13). On April 15,NOs uptake measurements from the upper river were less
sensitive to increasing concentrationdNéf,” (0-25 uM) than the lower river, with the
upper river experiencing@8% decrease iNO3 uptake only aftetheaddition of 25uM
NH," (Fig. 13A). ConverselyNO; uptake measured in the lower river (ANA2#)

May 27,decreased b§9% after the addition of 1M NH,4", and remained low after the

addition of 25uM NH," (Fig. 13D).
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DISCUSSION

A range of methods were employed during this worgaiafirm how N form
affects the phytoplankton community composition in the Anacostia Rnesrds in
ambient nutrient concentrations and ratios, community analysis using the FlowCam and
accessory pigment analysis, uptake rates as a measuieaseN productivity, and
enrichment experiments. All together, phytoplankton community compositmnabs
andNOs uptake rates were largely regulated by the changes in relative N forms. Not
only was this apparent in seasonal changesforids, butthe mesocosm experiments
with different N forms (i.eNOs andNH,") elucidatedhe strongest evidence pétterns
of shifting phytoplankton functional groupbBhe seasonal and spatial phytoplankton
dynamics observed from 2013 to 2015 can be summarized using a conceptual model
focused on the relativdH,":NO;3 ratios in the AnacostiRiver (Fig. 14. In the spring,
the upper Anacostia River was typically dominatedNiids” and supported a community
of diatoms, which was reduced downstrearN@g” declined (kg. 14). As the relative
NH;":NOs increased in the lower river during the summer, with higher ratios reaching
the midupper river, the shift in thedform ratio was followed by a shift in the
phytoplankton community composition, with diatoms giving way to more chlorophytes
and cyanobactaiin the midlower river Fig. 14.

Overall, community composition data and relative,NNOs ratios reveal that as
N-forms shifted from N@ to more NH", the phytoplankton community shifted from
more diatoms to chlorophytes and cyanobacteria. Oneaftitbngest examples of this
was observed during the summer of 2014 from a comparison of nutrient data contours

and community composition from the FlowCam (Faand 10. On July 9, the ckd
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maximum in the upper and lower river was dominated by diatomdccurred at the
same time as peak N@oncentrationgFig. 9C). As relative NH":NOs increased from
July to August, peak cla concentrationslecreaseth the lower river and consisted of
morecryptophyteschlorophytes and cyanobactefiag. 9D and10B, D, and E) In the
current studytheincreasing NH":NO;z ratios(from 0.1 to 0.6 in July and August)
supported a shift in the community composition from the diatom bloom that was present
in the upper river (around ANAO3) to a community of smallgrtpplankton such as
chlorophytes and cyanobacteria

The patterns observed using the FlowCam data were further strengthened by
pigment data from sampling in 2015, where the community composition shifted from
diatoms to chlorophytes, cryptophytes, andhogacteria in the spring (late April to
May) and once again in the late summer (late July and August FigWhen the
accessory pigment data from the upper ravaat lower river were compiledhlcb-
containing organisms (chlorophytes) were significantirrelated with N& :NOs,
whereaducoxanthincontaining organisms (diatoms) showed a significant negative
correlation with NH":NO3". In addition, organisms containing dhlalloxanthin, and
zeaxanthir{chlorophytes, cryptophytes, and cyanobacteeispectively)were all
significantly correlated witlelevatedNH;" concentrations.

When interpreted with consideration of prior analysebénDelaware estuary
(Yoshiyama andharp, 2006)northern San Francisco Estuary (Glibsral, 2011),
Deep BayHong Kong (Xuet al, 2012), and reservoirs in the Midwestern United States
(Harriset al, 2016), the results presented herein supberemergingonsensughat N

form plays a part in determining phytoplankton abundance and comp@sigarwhen
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concentations are at levels that otherwise would be considered saturating for. fiake
instancework in the urban Delaware estuary using ayP8atabase found that the
primary productivity rate per unitht a declined exponentially following increasitH,"
concentrationss low as 1M (Yoshiyama an&harp, 2006).n the northern San
Francisco Estuaryhe inhibitory effect of N on spring bloom$&ave been documented
(Glibertet al, 2011 Dugdaleet al, 2012, Parkeet al, 2012. Similarly, Xuet al.
attributed reduced phytoplankton biomasthe nearshore watexs Deep Bay, Hong
Kongto ammonium toxicitybut as soon ds$H," was depletedNOs could support
blooms of higher magnitud&u et al, 2012).In the Anacostia Riverhe increases in the
number of cyanobacteniith increasingNH,":NOs ratiosare similar to findings by
Harriset al.2016 Based ordata from 4 reservoirs in the Midwestern United Statesy
found thatmicrocystinproducing cyanobacteria were favored whersN@,4" ratios

were lowand that more secondary metabolites (toxins and compounds that cause taste
and odor problems) were produced under theseNO#:NH,4" conditions(Harriset al,
2016).

Not only was the change in ambienfdfms and resulting shift in phytoplankton
community composition obsexd in the field, but mesocosm enrichments provide
experimental support for the relative preference fdoilhs by different functional
groups in the Anacostia Riverven under conditions of ndimiting N. The enrichment
of aliquots of water from the veer river site (ANA22), which is the site closest to
combined sewer outfalls and was characterasdthving overall higheNH; :NOs ratios
than other sites, allowed for an assessment of how the phytoplankton community

composition would respond to pulses of differerAtons that may result from sewage
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effluent and storawater runoff. The addition of a gradient#," concentrations
supported more chlorophytes, whereas diatoms declined folloMkgj additions of 20
1M and higher (Figl2C). Work by Dominguest al in a tidal fresh estuary in Spain
alsoobserved differential preferences foifééms among phytoplankton functional
groups, with chlorophytes and cyanobacteria showing a preference fdr(Némingues
et al, 201)). In this study, phytoplankton abundances following the addition of
increasingNO3 concentrations showed tHdO3 supported diatoms and a decrease in
cyanobacteria abundance (FIQA and B. Diatoms have been calledlOs
opportunistsO becausktheir abundance in rivatominated estuaries and upwelling
systems, where large and frequent additiofs@f occur (Goldman, 1993, Lomas and
Glibert, 1999, Glibertet al, 2016) At the other end of the NFHNO3™ spectrum,

previous freshwatestudies have notetie ability ofcyanobacteria tassimilateNH,",

and their inefficiencyattaking upNOs' relative to other taxa (Blomqvist al, 1994,
Hyenstrancet al, 1998, McCarthyet al, 2009) This also agrees with findings of
mesocosm experiments conducted in the hypereutrophic Wascana Lake in Canada by
Donaldet al, wherediatoms responded t6O3; enrichments and cyanobacteria
responded t&lH," enrichments (Donalet al., 2011, Donaldt al, 2013) Additionally,
experiments in the San Francisco Bay Delta showed that treatments enrichi@yvith
produced more fucoxanthin (indicative of diatoms) Bitth" enrichments produced more
chl b and zeaxanthin (representative of chlorophytes and cyanobacteria, respectively;
Glibertet al.2014). The observations of dichotomous phytoplankton communities in
the Anacostia Riveand other comparative studies validate that the preferenbiHigr

is notabsoluteamong the phytoplankton tax@libertet al.2016.
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The preference for NH exhibited by some phytoplanktongenerally assumed
to be a function ofthe greatercellularenergetic costs of assimilating oxidizl than
reduced NNOs andNH,", respectively) and th&tH," represseslOs” uptake and
assimilation (Dortch 1990 and references therdihgNH," concentration tipping point
that exerts th&lH4" repression olNOs” metabolism in phytoplankiodepends on a suite
of factorsfrom the presence of specific phytoplankton taxa and their physiological status
to their previous environmental conditions (Glibetral. 2016 and references therein)
The Anacostia River is an-Nch environment antllOs” uptake rate measurements at
sites experiencing contrastitbiiHs* concentrations show that the concentratioNdf;”
required to repred903; metabolism depends on the inithdD3” concentration of the
sampleand by inference the cellul&lOs concentrabn. The upper portion of the
Anacostia River was characterized by overall loWelz":NO3 ratiosand NQ'
concentrations that averagé@.42 22.85uM . As a result, the addition of highdH,"
concentrations was required to decrdd€g uptake rates in the upper river compared to
the lower river. The resilieMNOs uptake rates in the upper river provide insight into
why a higher proportion of diatoms are supported in the upper river. In addition, peak
concentrations of fucoxanthitontaining organisms (diatoms) were measured on April
16 (Fig. 11A), which most likely contributed to the highest total uptake rates and highest
percentage dNOs; uptake observedl@ble3). These results are consistent with
mesocosm experiments by Glibard Berg (2009) in which the percedOs;” uptake was
directly related to the fraction of the community as diatoths apparent from the
uptake rates that the ambienffdédms play a role in determining how the community

composition shifts.
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Depending on how eleted NO3s concentrationsverg increases in the relative
concentration oNH," represedNOs uptakeandmost likely resulted in thshift in
phytoplankton community structu(Eig. 14). NOs supported a phytoplankton
community dominated by diatoms and as the concentratibitipfincreased, the
community was made up of more cyanobacteria and chlorophyédsng into account
the global reports of Norm determining phytoplankton communitystture, this work
presents a new caseMH," supporting a community comprised of cyanobacteria,
chlorophytes and cryptophytes in an urban tfdagh waterwayAlthough he annual
OState of the Anacostia River Report CardO includes water quality irsdstetioras chd
and stormwater runoff volume to guide decision makers in meeting the ultimate goal of a
Ofishable and swimmableO river (DDOE, 2008, AWS, 2015), this work demonstrates that
the Anacostia River water quality is much more complicated and vioemlefit from
other measures of ecosystem healtith as Norms. Given hopes in the watershed for
improving water quality and stimulating the use of the river by kayakers, boaters and
recreational fisherman, a greater focus on nutrients as a sour@étbp and their
removal, especially with an emphasis offidim, may have beneficial implications for

the trajectory of eutrophication in this system.
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Tablel. An overview of the data used and the time period that samples were collected.
2013 2014 2015

MAMJJASONMAMJJASONMAMIJASON

NO,NH,*,
urea,
PO,
Chla

FlowCam

HPLC

FlowCam-
Enrich-
ments

15N
uptake
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Table 2. Comparison of correlation statistics for individual accessory pigments
(concentration of accessory pigments in relation to Chlorophyiig L™ pg L™)
relative to ambient nutrient concentrations for samples from the Anacostia River.

Response variable and ambient
nutrient conditions; statistical

parameter Chlorophyll b Alloxanthin Fucoxanthin Zeaxanthin

Regression coefficient

(slope) -0.0001 -0.0012 0.005 -0.0002
Correlation coefficient 0.0009 0.78** 0.32 0.08
Significance (p) of r 0.94 0.007 0.18 0.53

pd
\‘
\‘
\‘
\‘

Regression coefficient

(slope) 0.0034 0.0016 -0.012 0.0006
Correlation coefficient 0.91* 0.93* 0.89 0.91*
Significance (p) of r 0.04 0.03 0.054 0.046

pd
I
N
N
I

Regression coefficient

(slope) 0.007 -0.001 -0.005 0.002
Correlation coefficient 0.35 0.07 0.02 0.64*
0.16 0.55 0.717 0.03

Significance (p) of r

pd
\‘
\‘
\‘
\‘

regression coefficient

(slope) 0.031 -0.005 -0.017 -0.001
correlation coefficient 0.12 0.008 0.018 0.001
significance (p) of r 0.052 0.618 0.47 0.819
N 31 31 31 31

Regression coefficient

(slope) 0.002 0.0009 -0.007 0.0006
Correlation coefficient 0.48 0.34 0.379 0.83
0.3 0.4 0.38 0.08

Significance (p) of r

pd
N
N
N
I

Regression coefficient

(slope) 0.155 0.072 -0.54 0.029
Correlation coefficient 0.96* 0.89 0.93* 0.89
Significance(p) of r 0.02 0.055 0.03 0.057
N 4 4 4 4

Correlation coefficients (r) that were significant at p<0.01 are indicated by **; whereas those that
are significant at p<0.05 are indicated by *; all significant values are also shown in bold font.
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Table3. Comparison of Nitrate uptake rates antddéed productivity rates (Sum of
NOs, NH4", and urea uptake,Mxh™) for samples taken from the upper Anacostia River
(ANAO0082) and the lower river (ANA22) in 2015.

Nitrate

uptake SumUptake % NO3 % NH4 9% Urea
Date Site (h% (h")  uptake uptake uptake
15-Apr ANAO0082 0.34 0.4210 80.21 15.81 3.98
15-Apr ANA22 0.67 0.7431 89.57 7.72 2.70
29-Apr ANAO0082 0.03 0.0700 41.71 40.86 17.43
29-Apr ANA22 0.03 0.0861 40.19 46.34 13.47
13-May ANAO0082 0.07 0.1062 66.2 26.00 7.82
13-May ANA22 0.05 0.0872 63.19 28.10 8.72
27-May ANAO0082 0.07 0.1116 59.59 27.06 13.35
27-May ANA22 0.05 0.5683 90.62 6.93 2.45
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Table4. Ambient environmental conditions of sites sampled in the upper Anacostia River
(ANA0082) and lower river (ANA22) in 2015. These samples were subsequently used in
enrichment experiments to measuresN@ptake.

Temperature Chlorophyll Nitrate Ammonium Urea Phosphate

Date _ Site (iC) a(ugL) (™) (LM)  (uM) (#M)
4/15  ANAO0082 15.2 39.39 24.70 5.84 2.66 1.84
4/15 ANA22 15.1 7.89 34.70 16.42 0.23 1.91
4/29  ANA0082 13.1 42.90 37.00 2.70 0.00 2.56
4129  ANA22 15.0 7.31 4250 16.73 1.86 1.46
5/13  ANA0082 19.1 9.62 79.20 1291 0.73 1.16
5/13 ANA22 23.5 16.90 44.70 21.11 0.00 1.66
5/27  ANA0082 23.3 12.20 48.11 6.70 1.25 1.14
5/27 ANA22 24.5 26.20 43.66 3459 4.64 2.03
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Figurel. Map of study sites in the Anacostia River, Washington, D.C., USA showing the

combined sewer overflow sites, Northeast Branch, Northwest Branch, Hickey Run, and
Watts Branch.
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Figure2. Surface contours of NO(umol L™ plotted versus sampling latitude on the
Anacostia River (yaxis) from ANA22 (downstream) to ANA0O082 (upstream) and time
(x-axis) from 2013 (A) and 2014 (B). Open circles indicate actual sampling locations.
The arrow from July 9 to August 8, 2014 sampiimgjcates the period that community
composition was tracked using the FlowCam.
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Figure3. Surface contours of Nfi(umol L) plotted versus sampling latitude on the

Anacostia River (yaxis) from ANA22 (downstream) to ANAB2 (upstream) and time

(x-axis)from 2013 (A) and 2014 (B). Open circles indicate actual sampling locations.

The arrow from July 9 to August 8, 2014 sampling indicates the period that community

composition was tracked using the FlowCam.
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Figure4.Surface contours of ureprfiol L) plotted versus sampling latitude on the
Anacostia River (yaxis) from ANA22 (downstream) to ANAOO82 (upstream) and time
(x-axis)from 2013 (A) and 2014 (B). Open circles indicate actual saugdications.

The arrow from July 9 to August 8, 2014 sampling indicates the period that community
composition was tracked using the FlowCam.
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Figure5. Surface contours of RO(umol L) plotted versus sampling latitude on the
Anacostia River (yaxis) from ANA22 (downstream) to ANA0O082 (upstream) and time
(x-axis)from 2013 (A) and 2014 (B). Open circles indicate actual sampling locations.
The arrow from July 9 to August 8, 2014 sampling indicates the period that community
compgsition was tracked using the FlowCam.
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Figure6. Temporal banges in relative DIN (NOplus NH;") to PQ* (molar; D)ratios
near the Bladensburg Bridge (ANA0082) from 2013 to 2015.
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Figure7. Surface contours of NHNOs (molar) plotted versus sampling latitude on the
Anacostia River (yaxis) from ANA22 (downstream) to ANAOO82 (upstream) and time
(x-axis)from 2013 (A) and 2014 (B). Open circles indicate actual sampling locations.
The arrow from July 9 to August 8, 201dnspling indicates the period that community
composition was tracked using the FlowCam.
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Figure8. Surface contours of Chl(ug L) plotted versus sampling latitude on the
Anacostia River (yaxis) from ANA22 (downstream) to ANAOO82 (upstream) and time
(x-axis)from 2013 (A) and 2014 (B). Open circles indicate actual sampling locations.
The arrow from July 9 to August 8, 2014 sampling indicates the period that community
composition was tracked using the FlowCam.
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Figure9. Surface contours from summer of 2014 ofachlg L™; A), NHs" (UM; B),

NOs (uM; C), andNH4":NO3 (molar; D) plotted versus sampling latitude on the
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37



A. 800 B.

100

600 1 75, Algal Group
Diatom
400 A 50 Chlorophyte
] Cryptophyte
Cyanobacteria
200 - l 25 Dinoflagellate
0 A - 00_
ANAODOS82 ANAO3 ANAO8  ANA13  ANA22 ANAOO82 ANAO3 ANAO8  ANAl3  ANA2
=c. p. 100
E600 -
2 g
B g 75 Algal Group
- < Diatom
< =
§400 % 50 Chlorophyte
b 5 Cryptophyte
=] o -yanobacteria
2200 - - Dinoflagellate
: . . . :
° S~
! -
5 3
£ 0 o 00
g ANAOO82 ANAD3 ANAO8  ANAl3  ANA22 & ANAOOB2 ANAO3 ANAOS  ANA13
a

m
-

8

Algal Group
Diatom
Chlorophyte
Cryptophyte

Cyanobacteria

Dinoflagellate

75 -
300 -
200 - 50 1
0- 00 -

ANAOOB2 ANAO3  ANAOS ANA13 ANA22 ANA0082 ANAO3 ANAO8 ANA13 ANA22

Figure10. Absolute and relative phytoplankton abundance based on cell enumeration
using FlowCam during 2014 from the uppifer (ANA0082) to lowerriver (ANA22; x-
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Figure13. Comparison dflOs;” uptake for samples enriched with 10 andu®5NH," in

the upper river (ANAOO82pale barsand the lower river (ANA22dark bary The
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Figure14. Conceptual model of the spring and sumNies":NOs ratios in the
Anacostia River regulating the shifts in phytoplankton community composition from a
diatomdominated system in the spring to more chlorophytes and cyanobacteria in the
summer. Note the map is not drawn exactly to scale and that at no eséhdaiver
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Chapter 2. Phytoplankton composition responses to changes in nutrient
concentration, form, and proportion: a study of nutrient-rich West Lake,
Hangzhou, China

INTRODUCTION

The marine and freshwater systems of Clareaamong the most nitrog@d)
pollutedin the world (Ti andvan, 2013, Gliberet al.2014a) The response taitrient
pollution, eutrophication, in ChinaOs freshwaters waters include high biomass
cyanobacterial blooms, particularly thosewitrocystis aeruginosachanges in species
diversity of both primary and secondary producers, reductions in dissolved oxygen
resulting in fish kills, and increased frequency of toxic and nontoxic harmful algal
blooms (HABs) (Nixon, 1995, Pet al, 1998, Cheret al, 2003a, Gliberet al, 2014a)
China has become an OendmemberO of extreme N pollution as a result of both sewage
effluent from expanding populations and from escalatipdiegiions of N fertilizer (Li
andZhang, 1999, Van Dreckt al.,2009, Glibertet al, 2014a)

Eutrophication in China has been linked with the rise in N fertilizer use as well as
declining soil retentioiCui et al, 2013, Gliberet al, 2014a). ChinaOs fertilizer N use
has escalateflom approximately ~0.5 MT in the 1960s to 42 MT around 2010
some of this NOleakngO into aquatic systentonsidering the inefficient incorporation
of N into agricultural products (Glibeet al, 2014a and references thereislthough
phosphorugP) is also associated with fertilizer runoff, the stoichiometry of fertilizer has
changed in recent decades, resulting in increasing N:P reaching waters @bert
2012) Not only are N loads rising in China, but relative N forms reaching aquatic

ecosystems are changing, resigtin increasing chemicalgeduced (e.g. NH,
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dissolved organitN) compared to chemicaHlgxidized forms of N (N@) (Chenet al,
2010, Xuet al, 2011, Gliberet al.,2014a) NH;" has long thought to be the preferred
form of N for phytoplankton uptake (McCarthy, 1981, Rageal, 1992) however,
NH," may actually suppress overall growth when concentratiomsufficiently high
(Morris andSyrett, 1963, Dortch, 1990, Lomas a@tlbert, 1999a, 1999b, Glibeet al,
2016)

The availability of different forms of N has often been used to understand
ecosystem fates, such as biotic responses propagating through the food web from
phytoplankton to fish. A classic concept within oceanographic phytoplanktorggcolo
based on the idea of OnewO and OregeneratedO production, i§ ¢esiekillysupports
higher food web mduction, while NH" more oftersupports microbial food webs in
nutrient depleted marine syste(@igdate and Goering, 196 Declines in produdatity,
specifically diatoms, have been observed in systems experiencing increasingadid,
as well as mesocosm experiments enriched with" Gharpet al, 2009, Donaldt al.,
2011,Parkeret al.2012,Glibertet al, 2014b) In addition, cyanobacteria and
dinoflagellate communities have been associated with” Kitichment and field
observations of reduced N dominated nutrient concentrations éBatg2003, Glibert
et al, 2006, Heilet al, 2007 Glibert and Berg2009, Donalcet al, 2011) In contrast to
nutrientpoor marine waters, the ecosystem fate of different formsinfriMtrientrich
environments has been comparatively rarely exam(@é&bertet al, 2012) This raises
guestions as to whether the changes in the nutrient availability or form affects
phytoplankton at the base of the food web similarly in nutrieht canpared to

nutrientpoor systemsand if soto what extenturrent shifts in N forrmay contributeéo
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primary producers that are less efficiently transferred to higher trophic levels, such as
HABS.

The marine and freshwaters in and around Hangzhou, China, are heavily enriched
in N. West Lake is a shallow polymicleke inHangzhouthe capitol of Zhejiang
Province in eastern Chirend itused for drinking water and irrigation, and it attracts
tourists worldwide (Fig. 1). The accumulation of nutrients and resulting degradation of
West LakeOs waters has been of gorsiace the 1970s considering its small volume and
the rapid development of the economy and drainage fdsimgping and Jianyi, 2002)
Despite the implementation of water supply and dredging projects in West Lake in the
1980s to improve water quality,ddms continue to appe@tiongping and Jianyi, 2002)
Some of these blooms taint and discolor the waters and increase water purification costs
for treatment.

Bloom formation may also be influenced by episodic weathlated events such
as tropical cycloes (hurricanes or typhoons; McGillicuddyal, 2007, Zhaet al.,
2009, Chen andlang, 2012ps a result of enhanced nutrient pulses, resuspension of
benthic phytoplankton, and changes in water temperature and water column stratification
(Zhuet al, 2014a) Typhoons and hurricanes are important drivers of biogeochemical
and water quality perturbatioBurkholderet al, 2006, Paerkt al, 2006, Rabalaist
al., 2009, Zhwet al, 2014a)

This study aimed to determine the extent to Wwighytoplankton community
composition is altered as changes in N loading occur. First, the natural phytoplankton
community (species composition, biomaasgdchemical composition) was characterized

along an N gradient in West Lake. Second, patterns iroplaytkton communities
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observed in the lake were compared to those observed in enrichment experiments with N
of varying forms with and without PThe period of our sampling also allowed us to
examine effects of typhoons on nutrients and therefore on pagiapn. We

hypothesized that shifts in phytoplankton community composition in the enrichment
experiments would mirror the phytoplankton assemblages observed along the ambient N
gradient in West Lake. It was expected that in the environments enriched anith

increasing NH' there would be a shift in phytoplankton assemblages with large diatoms

giving way to cyanobacteria and dinoflagellates.

MATERIALS AND METHODS
Study Site

West Lake, located west of downtown Hangzhou, China, receives freshwater
from the Qiantang River in the south and is a shallow lake (average depth of 1.56 m) that
has a total area of 5.66 kand watershed area of 27.25%#ig. 1; Hongping and
Jianyi, 2002) On average, West Lake receives ca. £ 8™from six inflow sites in the
southwest portion of the lake, while the water exits the river through nine outflow sites in
the northeast. Samples were taken at 3 sites, with site 1 closest to the inflow of water
from the Qiantang River and site 3 closest to the outfloes sithese sites were chosen
based on preliminary nutrient analysis that indicated the sites had contrasting nutrient
regimes, as well as the presence of phytoplankton blooms at site 3.

This study took place during the 2015 Asian typhoon season, with two typhoons
occurring during the period of this studyphoon Charhomin Julyand Typhoon

Soudelorin August Thus, the 2015 typhoon season provided a unique opportunity to
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study the effect of changes in nutrient form on the phytoplankton community in West
Lake. Monthly precipitation and temperature data were acquired from National Oceanic
and Atmospheric AdmistrationOs National Climatic Data Center (NOAA NCDC) Data
Online (http://www7.ncdc.noaa.gov/CDDior Hangzhou, China.
Sample Collection

Samples were collected at three differdemndgeaccessiblesites on sven separate
sampling dates from May to September of 2(Nl&y 5, June 6, June 26, July 12, July
26, August 6, September &t each site, water was taken from the surface using a clean
bucket and immediately brought back to the laboratory for proceasthtp initiate 48 h
enrichment experiments. Upon return to the laboratory, samples were filtered through
Whatman GF/F filters (nominally Opfim; precombusted 2 h 45QC) for the
determination of chlorophyd (chl a). Filters for the latter analyses wesept frozen for
a week prior to drying. The GF/F filtrates of these filtrations were frozen for later
analysis of NH', NOs, and PQ”. In addition, aliquots of water from each of the sites
were prepared for nutrient enrichment experiments as described in the following sections.
Community Composition

Phytoplankton composition and abundanaredetermined for each field site
and eachxgerimental treatment. Samples were fixed and preserved in 2% formaldehyde,
covered and stored atZD until each sample was counted on a Sedgewick Rafter cell.
Replicate cell counts were made usingnaarte Digital Microscope (Chongging Optec
InstrumentCo., Ltd) at 100xand dilutions were made to avoid clustering of organisms.
Phytoplankton were identified to genus level, and characterized into groups based on

phylum.
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Experimental Treatments

Enrichment experiments were conducted to determine chamgégtoplankton
community composition under conditions in which N form and P were manipulated.
Approximately 2 L of water was taken from the three sitesnzamreturned to the
laboratory. Thenacid washed plastic bottles were filled with 200 aliquotsof sample
which were variably enriched with either NH NH," plus P, N@, NOs plus P, urea, and
P only, to produce a range of nutrient supply ratios. Additions of 100ljavid 2 uMP
were made for the first three sampling dates (May 7, June Suaed262015, while 40
MM-N and 2 uMP additions were added to the samples for the final four sampling dates
(July 12, July 26, August 6, Septembef819. The level of nutrient enrichment was
aimed to increase the total available N to a value >4@\N/Mhich would be >Zold
larger than the observed ambient Ngoncentrations at the 3 sites. Riedifferent
enriched treatments were incubatedvaterfilled enclosures directly after the
enrichmentsinder natural light and temperature condititorsa period of 48 h. After 24
h and 48 h subsamples were taken from each treatment container to track phytoplankton
community composition, biomass accumulation, and nutriddd$tleswere removed
from the enclosure after 24 and 4&bntents were theiiit ered onto Whatman
precombusted GF/F filters and frozen for alaind the filtrate was frozen for ambient
nutrient analysis.
Analytical Protocols

Samplesverestored for a period of a week atiénthawed at room temperature
for nutrient analysisAmbientnutrients were analyzed using manual colorimetric assays

(NH,") and autoanalysis techniques (;N&nd PQ*). Concentrations of N¥i were
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analyzed according to Zhat al (2014b) Concentrations of NDwere analyzed
according to Whitledget al. (1981)and BramandLuebbe (1999aMethod G17296,
and PQ?* following BranandLuebbe (1999bMethod G17596. Samples for ctd were
analyzed using a Turner Designs ModelAll0 fluorometer follaving a 24 h 90%
acetone extraction a{@ (Arar andCollins, 1992)

Data Analysis

All available ambient nutrient dateerecompiledatsites 1 and 2o determine
their relationshigwith chla atthe downstreamites 2 and 3. The alonship between
ambient nutrient concentrations and alflig L ™) were described using a numerical
summary correlation (PearsonOs r significance testing was performed with the statistical
computing and graphics software R using base and stapatikages (R Core Team,

2014)

Non-metric multrdimensional scaling (NMDS), an ordination technique, was
performed to detect the rélanship between phytoplankton assemblages and
environmental data. Each sample (21 samples total) was reordered according to species
composition rank (10 taxa) to carry out the correlation between the distance matrix and 2
dimensional spaciClarke, 1993) The dissimilarity matrix was made using the Gower
metric, based on its high rank order similarity with gradient separation. The data were
transformed with a square root transformation to balance the abundta(@kianen,

2014) NMDS was chosen sinckd interpretation of data is more straightforward and it
works well when species have large differences in abund&@areener, 2014)n
addtion, NMDS can be used with nevormal and discontinuous distributions, and is

considered the most effective ordination techeigqn community ecology (McCune and
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Grace, 2002) The closer the samples are to one another in Otaxa spaceO the more similar
the samples are. Separate analyses basedlainiensions revealed that the 2
dimensional solution had a low stres$ueaof 0.17 (low stress value implies better fit
between data and ordinatic@larke, 1993 Vectors were applied to the ordination to
show the direction of most rapid change using tHarRRtionenvfit and the length is
proportional to the aoelation between the ordination and the environmental variable
(Oksanen, 2014A contour plot of environmental variables alkfor the visualization

of therelationship between therdinationand theenvironmental variables. The
dissimilarity matrix calculation for NMDS was performed using tiéwgare R 3.1.2R

Core Team, 2014)ith the vegan 2.3 packag@ksaneret al, 2015) The influence of
different sites on phytoplankton diversity was tested on the basis of the distance matrix
with Adonis, implementing 999 permutations.

An indicator species analysis was performed for each species and each site to
determine whether any phytoplankton taxa were significantly associated with a site. In
addition this analysis was performed for eaelatment, to determine whether any
phytoplankton taxa were significantly associated with an enrichment treatment. The
DufreneLegendre indicator valug¢Bufrene and Legendre, 199Were calculated using
theindicspeciepackage in RDe Citceres, 2013as a prduct of the relative frequency
and relative average abundance at each site or treatment. A maximum value of 100%
indicates that the species is recorded in all samples taken at one site, or that species is
recorded in all samples after the addition of dipalar treatment. Differences in species
abundance were compared among the sites as well as the treatments using a MANOVA

test and by ongvay ANOVA, followed bypost hoanultiple comparisons of treatment
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means with TukeyOs least significant differencegutore with' =0.05 using the
software R. All calculations and figures were performed with the statistical computing
and graphics software R using base and statistics packages, unless otherwise noted.
RESULTS
Ambient Environmental Conditions

Seasonal chaes in precipitation and air temperature warmmarized by
NOAA in HangzhouNetwork:ID, GHCND:CHMO00058457; 30.233, 120.167 E)
during the sampling periodThe extreme maximum in daily precipitation throughout the
period of sampling occurred in Augy8tcm); however, the total monthly precipitation
was greatest in July (39 cm) (NOAA NCDC). The mean air temperature ranged from a
minimum of 17.8C in May to a maximum of 32.4C in August.Typhoons occurred on
July 11and August 5

Large changes inutrient concentrations were observed across the three sampling
sites. Overall, all inorganic N forms were high; Nidoncentrations ranged from 3.57 to
24.4uM-N, andNOs concentrations ranged from 17.66 to 89.62-N (Fig. 2A and B).
Ambient PQ* concentrations ranged from near 0 to 0jT¥I-P (Fig. L). An increasen
PO,*> wasobserved at site dn July 12 and at all sitesdugust 6, which coccurred
with Typhoon condions on these dates (FigCR

A gradient inNO3 concentrations across thede sites was apparent (FigAR
The concentration of NDwas the highest at site 1 and remained somewhat constant
(~ 80uM), since this is the site adjacent to the inflow of water from the Qiantang River.
At site 3 NO;™ concentrations were the lowest and approximately half of those at site 1 (~

40 uM, Fig. 2A). Overall, the N@ concentrations generally decreased as the water
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moved from site 1 to site Bite 3 had the highebtH," concentrationg~10uM, Fig.
2B), unil August 6 when concentrations at site2reased Jold (~25uM) (Fig. 2B).
Similar to the N@ gradient, PG¥ was the highest at site 1 on all dateg(EC). In
general, it appeardtiat concentrations of all of the nutrients, exceptNH*, decreased
from site 1 to site 3.

Molar ratios of DIN (NQ plus NH;") to PQ* were always more than the
canonical Redfield ratios at all sites andidg all sampling dates (FigDl3. Molar
DIN:DIP ratios vaied the most at site 1 (FigD2. Sites 2 ad 3 experienced a gradl
increase in DIN:DIP (Fig.R). The ratio ofNH,;":NOs" increased throughout the majority
of the sampling period, with the highest ratio noted on Augudi3a (Fig. 2E).
Phytoplankton Biomass and Community Composition

Phytoplanktorbiomass variegubstantiallyduring the sampling season.
Concentrations of ctd ranged from ug L™in May to a maximum of 15ag L™ in
September (Fig.2. Chlavalues were the highest at site 3, followed by site 2 and site
1, with theexception of September 8 when the highesaakdlue (~16Qug L™) was
observed at site.2In general, concentrations of @wvere >20ug L™ at sites 2 and 3,
with chlareaching a peak of ~14thd150pg L™ during the montiof Julyand
Septembemespectively

Total phytoplankton abundance ranged fron8801 cells mL}, with the lowest
abundancebservedn May and the highest on July 12 (Fig. 3). The absolute abundance
of phytoplankton increased from site 1 to site 3 (FigA3)eak inphytoplankton
abundance occued at site 1 on July 26 (FigAR whereas peak abundance at site 2

occurred on June 26, with a secondary peak on Julyi@63). The maximum
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abundance of phytoplankton at site 3 was on July 12 and abundance hihs retigiced
on July 26 (Fig. 8).

There were 10 major phytoplankton taxa identified from preserved samples
(Table 1). OverallNitzschiasp. were the most abunda®;124 cells mt), followed by
Tribonemasp. (5,208 cells mit), Chlorellaspp. (778 cells i), andMerismopediasp.
(731 cells mif; Fig. 3. There was a heterogenous phytoplankton community &t site
from May to September (FigAd, whereas sites 2 andwgre mostly homogenous (Fig.
4B and C). Site 2 was dominated Mitzschiasp. (>50%), exept on June 26 (~65%
Tribonemasp.), August 6 (30%hlorellaspp.), and September 8 (30%bonemasp.
and 30%Merismopediasp.) (Figs. 3B and B). Contrastingly, the phytoplankton
community at site 3 shifted from a community dominated by a dialibzachiasp.
(Bacillariophyta; ~85%) in May to a filamentous yell@reen benthic alga@ribonema
., by Septembe(Xanthophyceae; ~50%; Figs. 3C ar@)4 On all sampling dates the
abundancef the large cryptophyt€ryptomonaspp. was reduced atei3 @mpared to
site 1 (Fig. A and C).

When allambient nutrient and claldata were compiled, chlat site Zand
differernt nutrients from site 1 (Fig.A C, E, G, and |) and cla at site 3anddifferent
nutrents from site 2 (Fig.B, D, F, H, and J) wenelated(Table 2 and Fig. 5NO3
concentrationsat the prior statiohad a positive linear relationship with et both sites
2 and 3(Fig. 5A and B), whereas the relationshipMifi;” at the prior statiowith chla
was differem between the twsites (Fig. &£ and D) The differencgin productivity
between sampling locationsdicates thathe influence of ambient N concentrations

also depends on other ambient nutrie®©> concentrations had a negative linear
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relationship with chh at loth sites, but only cld at site 2 shoeda significant
relationshipwith PQ;* at site 1(r=0.69, p=0.01; Fig.5 and F). The ratio of DIN:P&
at the prior sitebad a positive linear relationship with @t both siteshutonly chla at
site 2 had a significant relatiship (r=0.86, p=0.002; Figand H). The ratio of
NH;":NOs did not show a significant trend or association withecht either site (Fig.I5
and J).

Indicator Species and Cluster Analysis

The indicator specieanalysis performed across the three sites using all species,
revealed differences between site 1 and sites 2 and 3. The abundance of the chlorophytes,
Scenedesmuspp.,Pediastrunspp. andletrastrumsp., were strongly and significantly
associated with & 2 and 3 (p<0.001 f@cenedesmwpp.andPediastrunmspp, p<0.05
for Tetrastrumsp). The cyanobacteriderismopediasp. was also characterized as an
indicator species at sites 2 and 3 (p<0.05). There wedestioctindicator species from
site 1.

The results of the muttlimensional scaling analyses demonstrated a gradient
change in phytoplankton community similarity associated with the sampling location,
with site 1 separated from sites 2 and 3 (stress=0.17, Fig. 6). Although sites 1 and 2 were
closer in distance to one another, the nutrient data also showed that sites 2 and 3 were
more similar (Fig. 2). Adonis calculations revealed a significant influence of the site
(p=0.04) on the phytoplankton community composition. The multivariate analyses
showed that the biomass was most highly correlated with the phytoplankton community
structure (p<0.0120.38), followed by DIN and DIN:DIP (p<0.5 and p<0.0?%%Q.27

and f=0.23, respectively; Fig.A/and B). This indirect gradient approach puts the
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envronmental variables in perspective withgdot environmental vector arrows
representing gradients and pointing in the direction of rapid change in the emstiraih
variable. The biomassh{ta) and DIN:DIPvectorsrapidly increased towards sites 2 and
3, while the DIN vector rapidly changed (increasing) tow#ndsdirection of site 1 (Fig.
7A and B).

The species scores showed that several species were correlated with the NMDS
axes and associated nutrient conditions (Fig. 6 an€&)ptomonaspp., Thalassiosira
sp., andChlorellaspp. displayed a significant correlation with samples from site 1,
indicating that they were positively associated with DIN. The bloom forming species
Tribonemasp. was found in the center of the NMD8presentativef thefactthat they
dominated most samples. Cyanobacteria, sustheaismopediasp. andMicrocystissp.
were positively associated with NMDS axis 2, which is also associatedapithy
increasing DIN:DIP andit a.

Contours ofambient nutrient concentrations and ratios associated with the
ambient phytoplankton community composition were fitted to the ordination (Fi§:)8A
NOs contours showed a linear influence of concentration associated with the community
composition (Fig8A). Concentrations of ~60M NOs were associated with species
observed at site Thlorellaspp.,Thalassiosirasp., andCryptomonaspp.; Fig. &). A
nortlinear influence of Nl concentrations associated with community composition
were also fitted tohe ambient community composition ordination, reflecting the higher
NH," concentrations at sitethan sites 2 and 3 (FigurB8 Contours of DIN:DIP fitted
to the ordination also showed a Aaorear influence of DIN:DIP on community

composition, with th highest DIN:DIP contours of ~1500 asswed with Cyanobacteria

63



(Fig. 8C). The filamentous yellovgreen algdaribonemasp. was found between
DIN:DIP contours of 0 and 500 (FigCB Species consistently observed at site 1
(Chlorellaspp.,Thalassiosirasp., andCryptomonaspp.) were grouped together within
the DIN:DIP 500 contour (Fig.®).
Community Response to N Forms

The response of clalto N and P enrichments in experimental treatments
depended on the sampling date (Fig. 9). At site 1, only one of the sampling dates (July
26) had a significant difference in chtoncentrationbetween the enrichment
treatments compared to the contfab( 9A). On that date, the addition of combined
NH," and P additions had the greatest positive imib@eon bl a (~5-fold increase,
p=0.12), while the addition of P and combined\&id P ado had a positive influence
on dhl a (p=0.16 ad p=0.30, respewkly; Fig. ). At site 2, significant differences in
chl a concentrations following enrichments were observed on two sampling dates (May 7
and Septembe8; p<0.001and p<0.001; FigB® On those dates, the addition of
combined NH" and P had thgreatespositive influence onhd a concentration (p=0.01),
while the addition of combined NCand P and P addition also had a positive noait
significant, influence onhd a concentrations (p=0.06 dp=0.08, respectively; Fi§B).
The most fregent signifiant differences inld a concentrations were observed at site 3
(May 7, July 12, July 26, arfSeptember 8; Fig.®. The significant differences between
treatments at sites 2 and 3 were also the sampling dates with the low&NOytatios
(Fig. 2E). The addition of combined Nfiand P at sit& had a positive influence ohlc
a on all sampling dates; however, it was only significant on May 7 and September 8

(p=0.06 a&ad p=0.01, respectively; FigX9. The additios had the strongest effect dml c
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aon June 26 and July 26, when ambientPéhd NQ concentrations were at their
lowest (Figs 2A and C, 9). Overall, the combined N and P additions and P additions led
to the strongest positive responses.

In the enrichment experiments, when all dataensmpiled for each site
separately from May through September 2015, the addition of N and P promoted the
growth of the community as a whole at all sites (Fig. 10). However, the change in total
community abundance differed for those samples enrichedNMth and P compared to
those enriched with Nand P depending on the site (Fig. 10). When examined over
time for phytoplankton community composition, the control water sample (no nutrient
addition) typically showed increases in the xanthophyceae ailthbaphyta groups
relative to initial conditions, whereas cryptophytes and cyanobacteria were reduced. At
site 1, the N’ plus P, N@ plus P, and P treatments resulted in increases in total
community abundance. Among these three treatments, thereoveparatively small
differences in community composition; however, treatments with' ldkis P consisted
of more chlorophytes timethe other treatments (Fig.AD The addition of N@ plus P
at site 2 showed the highest increase in phytoplankton coryralmindance, and
resulted in a community dominated bgcdlariophyta (diatoms; Fig. B). At site 3, the
addition of NH" plus P had the highest increase in phytoplankton community abundance,
with a community donmated by xanthophyceae (Fig.()0 Multivariate analysis of
variance (MANOVA) for combined abundance data from all sites revealed a significant
effect of nutrient form on phytoplankton abundance, as measured by each phytoplankton
group abundance (F(6, 280)=4.40, p<0.001; Fig. 10). Univaritgets for each of the 5

phytoplankton groups showeldtt the abundance of chlorophytes and cryptophytes
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among the different treatments was significantly different (F(6, 280)=2.52, p<0.01 and
F(6,280)=0.98, p<0.05, respectively; Fig. 10).

The nutrient enchment experiments revealed temporal differences in
phytoplankton growth from May to September 20jét, consistent changes in
phytoplankton groups were observed following the different treatnfiéigs. 1113).

The highest percent change in phytoplankdbundance was observed in treatments
receiving P, with or without the different forms of N (Fig4-13). Samples receiving P,
with or without N, had a percent chartgat was?- to 10-fold greater than those
treatments that did not receive P (Fig8and 13). Cryptophytdsad the highest percent
change after just the addition of P (1800 %; Fig. 12C), responding approximédy 4
more than other alggroups, such as chlorophyi@sd cyanobacteria (Figs.Qp

Phytoplankton abundance after etngent withNOs” andNH," and Pdiffered.

The enrichment of site 3 with NHplus P resulted in a 202500 % increase in
cryptophytes on June 26, July 26, and Augu#$ti@. (11)). After cryptophytes

cyanobacteria experienced the next highest percengetwfter the addition of NAplus

P with a maximum percent change ranging from ~5800%consistently at site 2 (Fig.
11H). Following cyanobacteria, chlorogtesgrowth was stimulated by the addition of
NH," plus P on all dates and all sampling locasi¢Fig.11G-H and13A). The
cryptophytegesponse to NOplus P at site 3 rangdobm ~1250 to 5000 % (Fig. 1)L

The addition of N@ plus P had a maximum cyanobacteria response at site 2 of ~3000%
that varied significantly across the sampling dafegs( 1K), whereas the addition of P
resulted in a maximum increase in cyanobacteria by ~500% at all sites (Figs. 12 and

13C). A comparison of chlorophyta response to differefibis reveal that they were
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stimulated by treatments with NHmore often than N®treatments (Figs. 11 and
13A-B). Xanthophyceae responded in 66% ofih&," treatments, compared to 29% of
the NQ treatments (Figs. 11:&). The addition of N@ plus P and Nk plus P
stimulated bacillariophyceae at sites 1 8ntowever, the addition of NOplus P at site
2 showed an approximately twold greater percent change than samples treated with
NH," plus P (Figs. 1G-L).

The community responge N forms at site 3 was incorporated with the ambient
community composibn data into two separate NMDS ordination plots to observe shifts
in community composition. After the addition of BHo site 3, species community
composition shifted further away from the ambient community composition mumoaly
of all the sites (Figl4A). The shift observed in the community composition was
associated with cyanobacteria speciad ehlorophyta species (Fig. A} In contrastthe
addition of NQ' to site 3 resulted in a community that was very similar to sites 2 and 3,

whereas somesples shifted olser to site 1 samples (Fig.B4

DISCUSSION
Community Compositional Changes and Biomass

This work has shown that phytoplankton community composition changes in
response to nutrient form and nutrient ratios in lake water thested on nutrient
concentrations alonewas presumably not limited by nutrients. Spatial and temporal
shifts in phybplankton community composition observed in the field mirrored responses
to N forms in enrichment mesocosms. Changes in N form were significantly associated

with shifts in phytoplankton community composition, most notably after the addition of
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NH; plus P NMDS was used to discern patterns in abundance, considering the large
separation between species showed the range of environmental preferences among
species. However, the overlap of some species in the NMDS analysis indicated that there
were similarities in environmental preferences between species, which were indicative of
their relative functional groups. Responses to different N forms observed during
enrichment experiments confirm that there are clear differences between the algal groups.

The most cosistent community composition responses were seen in samples
enriched in NH" and NH;" plus P, leading to increased abundance of chlorophytes and
cyanobacteria. This was seen for example, in site 3 at all times with maximum responses
in enrichment experients in August (Figs.1IC andl, 13A). This pattern matches the
NMDS analysis, where the NHtreatment in the enrichment experiments at site 3
showed a shift from ambient community composition more typical of all sites towards a
community influenced byrgater chlorophyte abundandes{rastrumsp., Pediastrum
spp., andscenedesmuspp.; Fig.14). Similarly, indicator species analysis recognized
that chlorophytes were associated with sites 2 and 3, the sites with the highesiOyH

The increase in theumber of chlorophytes and cyanobacteria in the field and
enrichment experiments following increasiNgl,” concentrations indicate that these
functional groups are supported Kid;". These responses are comparable to those
shown by Donalet al. (2013)in Wascana Lake, Saskatchewan, Canada, enrichment
experiments in the nutrient polluted San Francisco Bay Delta, and a freshwater tidal
estuary in Spain (Domingues al, 2011, Donalekt al, 2013, Gliberet al, 2014b).
Mesocosm experiments using combirelditions of NG and NH;" in a tidal estuary in

Spain yielded consistent results, showing a preference fgrovidr NG by

68



chlorophytegDomingueset al, 2011) In Wascana Lake, chlorophytes and
cyanobacteria increased by 4800% following the addition of NH in a series of 3
week narient enrichment experiment®onaldet al, 2013). Similarly, mesocosm
experiments conducted in the San Francisco Bay Delta revealeergesgtonses by
zeaxanthin andht b-containing organisms, which are indicative of cyanobacteria and
chlorophytes, after the addition of NHGlibertet al, 2014b). The assessment of the
phytoplankton community in Vancouver Lake, Washingtso found that chlorophytes
were associated with greater lNHevels(Leeet al, 2015) Across the globe, from
hypereutrophid.ake Taihu, China to Lake Okechobee, Florida, cyanobacteria have been
recognized for their dominance in systems when N is supplied in chemically reduced
forms (McCarthyet al, 2009, Gliberet al.,2014a 2016§. Moreover, the responses
observed in West Lake are consistent with extensive reviews of culture work and field
measurements by Collos and Harrison (2014) and Gléteat (2016) whichsupport the
emerging consensus ttatlorophytes and cyanobacteae moretolerart of high NH;"
conditionsthan are diatoms

Not only did ambient Norms change the community compms in West Lake,
but they supported different calyields.NOs consistently supported a chyield
ranging from ~Jug chla: 1 uM N to ~2ug chla: 1 uyM N, which are similar to values
reported in a range of aquatic ecosystems (Gatah, 1992, Edwardstal., 2003,
Glibertet al, 2014b). A median yield of 1jig chla: 1 uM N was collected from work
by Gowenetal., 1992 and Edwardst al, 2003 with samples collected from Scottish
waters (Goweret al.,1992, Edwardst al, 2003). Lilewise, Gliberet al, 2014b

describe a similar range, particularly noting the greater yield ia fdilowing the
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enrichment of samples withOs (Glibertet al, 2014b). Although the relationship of
NH," concentration with biomass was not as cleafedihces in yields were most likely
due to shifts in community composition with differenfddms.
Responses to Typhoons

During the course of sampling in West Lake, two typhoons were followed by
changes in phytoplankton community composition. The smft®mmunity composition
suggest that the typhoons contributed to runoff and high nutrient concentrations that
supported the change. The typhoons led to increases;intF& approximately doubled
ambient P@ concentratioa (July 12 and August 6; FigC). At the same time, the
typhoons were most likely responsible for elevated Nncentratios observed on
August 6 (Fig. B). Therefore, the increase in the ambient chlorophyte and cyanobacteria
groups in August is thought to have been a response faulse of nutrientdNH,4" and
PQ,*) following the typhoor{Fig. 4B). Such responses were again mirrored in the
enrichment experiments days after the typhoon in which the addition Sfrstilted in
some of the highest percent changes in cyanobaatbltaapphytes and cryptophytes
compared to other sampling dates (FigA4®). This was also supported by the
regression analysis of calfrom offset site nutrients, since the highest biomass was
present at low P§) concentrations, which is indicative @pid PQ* uptake and
assimilation following the pulse ofeHimiting nutrient (Fig. & and F).

The typhoons encountered during sampling in West Lake may have contributed to
runoff and high winds, which resulted in nutrient concentrations that sedpghift in
phytoplankton community compositiofEpisodic weather events have been associated

with algal bloom events, loagrm changes, and shifts in phytoplankton community
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composition in the Neuse River Estuary, the Chesapeake Bay, San Franci§€eltBay
and many other estuaries (Burkholéeal, 2006, Mallin andCorbett, 2006, Paeet al,
2006, Brice—o and Boyer, 2010, Voynova &ithrp, 2012, Glibest al, 2014, 20144.
For instance, the increased frequency and magnitude of tropical storms and hurricanes
since 1996 in the Neuse River Estuary andIRansSound have been associated with
long term shifts in phytoplankton communities from the occurrence of wsptéarg
dinoflagellate blooms to increases in chlorophyReerlet al, 2006) In the Delaware
Estuary, an abrupt increase in phytoplankton biomass was observed following a large
discharge event in June 2006, which supplied nutrients toandllower bay regions
(Voynova and Sharp, 20123)dditionally, it has been hypothesized in the Maryland
Coagal Bays that large episodic storms and associated freshwater flows, wind, or benthic
resuspension, caused elevatedP&hd NH;* concentrations followed by increases in
cyanobacterial picoplanktdi®libertet al, 2014d)
Implications

Pollution problemsdue to N loadingn Chinaare severe; over 40% of all state
monitored rivers are considered Ograde 40 (unsuitable for human contact), with West
Lake most recently receiving a deaof 3 (slight eutrophicatio®§nonymous, 2010,
MEP, 2011) One of the most well studied lakes in China is Taihu, whereuhation of
cyanobacteriaMicrocystisblooms has increased from ~1 montt §o approximately 10
months yi* over the past 15 years (Duahal, 2009, Gliberet al, 2014a). In the Taihu
watershed (Changjiarfigiver watershey the use of N fertilizes for manure and mineral
fertilizer has increased 8 to-10ld since the 1950&henet al, 2008) and the chage in

harmful algal blooms in Taihu is strongly related to this increase in urea, as well as the
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ratio of urea:FOs use scaled to the Changjiang watershed (Gldgeat, 2014a) The
trends in phytoplankton community composition in West Lake are not like those in
Taihu. In West Lakeylicrocystissp. only made up 0% 10%of the total phytoplankton
abundance out of all sampling dates and sites, whbftieascystissp. can contribute
anywhere from 40% to 98% of the total biovolume in Taihu from May to October (Chen
et al, 2003b) West LakeOs phytoplankton community composition shifted from a
community dominated by diatomsagllariophyceagin the early summer to filamentous
yellow-green (xanthophyceae), chlorophytes, and cyanobacteria surface blooms in the
late summer, which were attributed the rise iy NINOs". This work demonstrates that
with increasing N loadparticularlywhen the N form is disproportionately in hH
relative to NQ@, the environment favors nuisance algal blooms, particularly those of
cyanobacteriaWest Lake may be on a trajectory of having blooms similar to those of
Taihu if N pollution continues.
Conclusions

Given the globahnd regionatrendsand magnitude dfl loads, and especially in
Ching these findings have important implicatsofor the proliferation oHABs and the
future of water quality management. Understanding the relationships between N forms
and phytoplankton groups when nutrient loads and concentrations exceed those of
OsaturationO has consequences for the stoichiahatyatic ecosystems, in that
imbalances can negatively influence trophic transfers and biogeoche(Gilswrt et al,
2013) Changes in nutrient loads and forms have repercussions for competition and
species success, which resalthanges in species dominaracel biodiversityGlibert,

2012) The indicator speciescludingScenedesmuspp.,Pediastrumspp., Tetrastrum
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sp. andVlerismopediasp.,reported in this work may provide a useful target for managers
in West Lake to monitor the ecosystem health and set restoration ddats.
importantly,currentnutrient criteria are largely focused on total N @rfd total biomass
measures offd a (Bricker et al, 2008, Harding Jet al, 2014) The classic view of
phytoplarkton response to eutrophication tharenutrientsleads to more biomass
neglects the importance of changes in nutrient form on phytoplankton succession and

phytoplankton OqualityO that ultimately determine the success of higher trophic levels.
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Most commorphytoplankton taxa determined in West Lak
Table 1 China, in summer 2015

Bacillariophyceae
Nitzschiasp.
Thalassiosirasp.

Chlorophyta
Tetrastrumsp.
Pediastrunmspp.
Scenedesmuspp.
Chlorellaspp.

Cryptophyta
Cryptomonaspp.

Cyanobacteria
Merismopediasp.
Microcystissp.

Xanthophyceae
Tribonemasp.
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Table2. Comparison of correlation statistics for Chloroplyliig L™) at sites 2 and 3
relative to ambiemutrient concentrations for samples from West Lake.

Response variable and ambient

nutrient conditions; statistical Chlorophyll a Chlorophyll a
arameter 2 3
regression coefficient (slope 1.97 0.95

correlation coefficient 0.27 0.14
significance (p) of r 0.23 0.4

pd
\‘
\‘

regression coefficient (slope 5.48 -2.62
correlation coefficient 0.13 0.17
significance (p) of r 0.43 0.36

pd
\‘
\‘

regression coefficient (slope -145.48 -122.61
correlationcoefficient 0.69* 0.50
significance (p) of r 0.01 0.07

pd
\‘
\‘

regression coefficient (slope 0.15 0.07
correlation coefficient 0.86** 0.25
significance (p) of r 0.002 0.26

pd
\‘
\‘

regression coefficient (slope 33.59 -93.50
correlation coefficient 0.001 0.21
significance (p) of r 0.94 0.30
N 7 7

Correlation coefficients (r) that were significant at p<0.01 are indicated by **; whereas those that
are significant at p<0.05 are indicated by *; all significeaities are also shown in bold font.
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Figure 3.Absolute phytoplankton abundance from May 7 through Septendiesit®
1(A), site 2(B), and site 3 (C)Note the changes in scales from panel to panel.

78



100
75 - Group
Cryptophyta
Chlorophyta
50 ~ Cyanobacteria
Bacillariophyta
55 - Xanthophyceae
0 -
B.
100
]
g 75 - Group
-§ Cryptophyta
S Chlorophyta
2 50 -
o Cyanobacteria
©
"é Bacillariophyta
g 55 _ Xanthophyceae
-
cC
[J]
2
& o-
I
ey <\ <\ \ \ <?
C. 100 -
75 - Group
Cryptophyta
Chlorophyta
50 7 Cyanobacteria
Bacillariophyta
o5 Xanthophyceae
0 -

\W’ 3"“ 30“ >°‘ >°‘ v~°q’ e@"

Figure4. Relative phytoplankton abundance from May 7 through September 8t site
(A), site2 (B), and site3 (C).

79



A B.
160 a 160- -
120 120-
e .. Ly
80 o 80 P
40 . ® 40 A |
™ 1 L
0- 0 :
0 5 10 15 0O 20 40 60 80 100
C. 160- NO, at site 1 (M) D. 160- NO, at site 2 (uM)
L .
e
120 120, ®
- e e
80 BTt 80 T
® S~
40 . a0, * .
[ e
0 : : : 0 - :
0 20 40 60 80 0 10 20 30
+ H + .
,:E_ 500 NH,* at site 1 (uM) F;: 160 NH,* at site 2 (uM)
o ~ !
ap 150 g o0 120 -
= = 1 e
~ 100 & M 80 @ el
o T o 4T ®
= 50 Sl k= .
Z ® .. ® »n 40 [ ]
- - .
© ®
S 0 S 0 -
— 0 02 04 060 08 — 02 04 06 08
=G . POZatste 1 M) HE PO,> at site 2 (uM)
S 160 a
g g g 120 @
= 120 - = ® .
(@) .' ® (&) Jita
80 ® - 80 ®
40 g 0 %
e
0 -~ T 1 0 -
O 200 400 600 800 1000 500 1000 1500
DIN:PO,* at site 1 (uM:pM) DIN:PO,* at site 2 (uM:pM)
] 160
. 160 - . J. 199 o
120 120
- . . - _~‘--\~ .
80 P S 80 - S
40 ® [ ] 40 - -8
*® [
0
0 005 01 015 0 ‘
0 04

NH,*NO, at site 1 (uM:pM)

02 06 08
NH,*:NO, at site 2 (uM:pM)

Figure5. Chlorophylla at site 2 (A, C, E, G, and I) and site 3 (B, D, F, H, and J) in
relation to nutrients at upstream site 1 (A, C, E, G, and |) and site 2 (B, D, F, H, and J).
Each point represents ambient data from sampling from May 7 to September 8.
Regression statistiege given in Table 2.

80



QO Sites
© Micro 1
o 2
< - e 3
S e Meris
]
IR ‘
A (@)
E ]
< 9 Tibo ~ Pedia
() » Chlor o Tetra
Thala Scene  pjitzs
o ryp P ® ] ®
? 7] o

| | !

| |
-04 -02 00 02 04
NMDS1

Figure6. NMDS plot for phytoplankton abundancer€es are samples and are celor
coded depending on which site they came from, while species abundances are labeled.

81



0.6
|

0.2
|

NMDS2

0.0

-0.2

-04

0.4

DIN:DIP

NMDS2
0.2

0.0
1

-0.2

Figure 7. NMDS plot for phytoplankton abundance. Ciraeleessamples and are cclor
coded depending on which site they came from. Vectors are fitted on top of the
ordination plot showing the direction of most rapid change in the significant
environmental variable. The separate panels show the environmemta tbat were
significant (p<0.05) (A) and all of the environmental variables measured (B). The length
of the arrow is proportional to the correlation between the ordination and environmental
variables.

82



A.
O
[}
=
o
o~
3 s
z [=n
o
o~ | -
=2
v_
Tga <2 oo 0.2 0.4
NMDS1
B. Micro
= - Meris
J EJQ
o~ 92 8
31 . N
= - /il e&fa\
=t h Tetra
O Thlal | Nitzs
o~
?
-04 -02 00 02 04 06
NMDS1
C. Micro
= Meris
o
\
MRS
2 ° T
=z 4] .
_ 500 e
3 1 ? lor T@ Tetra
&g’zt Nitzs
o
S

Figure8. NMDS plot for phytoplankton abundand@ominant generare labeled.The

red contours in (A) represent the gradient ofsN@M) in relation toambient

phytoplankton community composition. The blue contours in (B) represent the gradient
of NH;" (UM) in relation toambient phytoplankton community composition. The teal
contours in (C) represent tigeadient of DIN:DIP (molgrin relationphytoplankton
community composition.

83



A Site 1

150 —
Treatment

initial

fiy

o

o
1

NH,*
NH,*+P

Chl a (ug LY

NO;
NO,+P

M
il |

T T T T T T T
May 7 June 5 June 26 July 12 July 26 Aug 6 Sep 8

u
o
1

2°TB site 2

200 +

Chl a (g LY

T v v T v T T
May 7 June 5 June 26 July 12 July 26 Aug 6 Sep 8

Treatment

control

initial
NH,*
NH,++P

Chl a ’\(yg LY
o
Q@

NO;
NO,+P
100+

ol

X * *

p

XX
I I Urea
*k

May 7 June 5 June 26 July 12 Juy 26 Aug 6  Sep 8

Figure9. Initial and average gfhytoplankton biomasstita) after 1 and dagyincubation

in enrichments conducted from May 7 to Septemheitt8samples collectefdom site

1(A), site2 (B), and site3 (C). Error bars represent + 1 SD of duplicate samples.
Differences between the treatment and control are shown on the basis of ANOVA tukey
post hoc test, with significance at the p<0.01 level indicated by **; those that are
significant at the p<0.05 levehre indicated by *. Significant differences between all
treatments is signified by either * or ** (p<0.01 and p<0.05, respectively) below the
sampling date based on ANOVAdst.

84



Abundance (cells mL?) >

B.

Abundance (cells mL?)

5000 -
4000 -

3000 -

(S‘“ §\\'\§\«\**?V\030 ¥ Q 6(63

2000

1000

o

Abundance (cells mL?)

Figure10. Mean abundance of each algal group at the end of théaywenrichment
experiment for each treatment at sampling sites 1 (A), 2 (B), and 3 (C). The mean
combines abundance data from the seven enrichment experiment dates.

6000

4000

2000

300 -

200 -

100-

$.0 ’“O. 3‘\'? .Q \)('g‘a

R

R W

Algal group
- Xanthophyceae

- Chlorophyta
Cyanobacteria
Bacillariophyta

- Cryptophyta

Algal group

-' Xanthophyceae

Chlorophyta

Cyanobacteria

Cryptophyta

Algal group
Xanthophyceae

85



%j%i@d¢ﬂ

: w,ﬁwhﬁf L —

5/7 6/5 6/26 7/12 7/26 8/6 9/8

5/7 6/5 6/26 7/12 7/26 8/6 9/8

B. E
NH,* = NO
9\-%750 %500_
‘}c.j,soo- %"
jg {3250
:250- =
5 d]h Iﬁ] [Lllilh “Jhl ||h| | 8 'dh* Heg mﬂ_%
§ o=t LaiThRa Ml [ T e il
5/7 6/5 6/26 7/12 7/26 8/6 9/8 5/7 6/5 6/26 7/12 7/26 8/6 9/8
CmoNH+ FwoNO;
400+
5/7 6/5 6/26 7/12 7/26 8/6 9/8 5/7 6/5 6/26 7/12 7/26 8/6 9/8
G. J. :
2000 NH* + P NO, + P
500
1500«
1000« 250.
500«
0 ““EL‘P&Ith‘Jﬂ [h!l.. -thp

0-—l$-4d‘=l——h-l-

oyl o o,

30!

5/7 6/5 6/26 7/12 7/26 8/6 9/8

5/7 6/5 6/326 7/12 7/26 8/6 9/8

ge ’8(%) I

Percent Ehan
[o]

o

NH,*+ P

5/7 6/5 6/26 7/12 7/26 8/6 9/8

A*&Jmll§

NO, + P

5/7 6/5 6/26 7/12 7/26 8/6 9/8

I
20000+

10000«

| l_i_i

Figurell. Percent change in abundance of each phytoplankton group after the addition of

100004

5/7 6/5 6/26 7/12 7/26 8/6 9/8

5/7 6/5 6/26 7/12 7/26 8/6 9/8

Algal group
Bacillariophyta

Chlorophyta

Cryptophyta

L

Cyanobacteria

Xanthophyceae

Algal group
Bacillariophyta

Chlorophyta

Cryptophyta

Cyanobacteria

Xanthophyceae

NH," (Panes A, B, C), of NOs (panels DE, F), of NH;" plus P (panels G, 1), and of
NOs plus P (panels K, L) relaive to the control at sites 1, 2, and8spectivelyError
bars represent £ 1 SE of two time points (T24 and T48).

86



>

Algal group
Bacillariophyta
Chlorophyta

Cryptophyta

Cyanobacteria

~ 800 -
g
[0
)
c
@
Ny
(8]
., 400 A ‘ ‘ ||
c
[0}
o mj
[0}
o EI ‘
0J &il#ﬂ
May 7 June 5 June 26 July 12 July 26 Aug. 6 Sept. 8
B.
$31000 -
&
[=
@
L
[0
£ 500 -
0]
2
2%
May 7 June 5 June 26 July 12 July 26 Aug. 6 Sept. 8
C.
30000 -
8
&
20000 -
@
L
(8]
c
[0)
£10000 -
[0
o
0 4 ——— j— —_— L ——t——
May 7 June 5 June 26 July 12 July 26 Aug. 6 Sept. 8

Xanthophyceae

Algal group

Bacillariophyta
Chlorophyta
Cryptophyta
Cyanobacteria

Xanthophyceae

Algal group

Bacillariophyta
Chlorophyta
Cryptophyta
Cyanobacteria

Xanthophyceae

Figurel2.Percent change in abundance of each phytoplankton group after the addition of
P relative to the control at sitégA), 2 (B), and3 (C). Error bars represent £ 1 SE of two

time points (T24 and T48).

87



A.

1000+
§ Algal Groups

o Bacillariophyta
E Chlorophyta
0 500- Cyanobacteria
E Xanthophyceae
8 r

o
[a

o%ﬂﬂlﬁnﬂju faich

May 7 June 5 June 26 July 12 July 26 Aug. 6 Sept. 8

B.
1000
S
%)
% Algal Groups
5 Bacillariophyta
< 500 Chlorophyta
g Cyanobacteria
S | ‘ I ‘ |:I Xanthophyceae

ol [h—rcl" ED'J:I 'Fh=+

May 7 June 5 June 26 July 12 July 26 Aug. 6 Sept. 8
C.
1000+

= Algal Groups
X Bacillariophyta
g’o Chlorophyta
5 5004 Cyanobacteria
S I:I Xanthophyceae
€
[0}
o
¢ mtﬂﬁﬂ cdﬂlh

May 7 June 5 June 26 July 12 July 26 Aug. 6 Sept. 8

Figurel3.Percent change in abundance of each plgmégon groupexcept for
cryptophya after the addition oRH4" plus P (A), NQ plus P (B), and P (Gklative to
the control at sit@. Error bars represent + 1 SE of two time points (T24 and T48).

88



< Site
© 1
: > 2
N ch/pla e 3
< ® chlor NH,*
o
%)
(o) O _ " L ]
= ° e Tibo
Nitzs  Scene
N ° n ; Micro
<lD Pedia ¢ Meris
< Tetra
Clj _
I I | I
-0.5 0.0 0.5 1.0
NMDS1
B.
O] Site
o - 1
< _| “Meris Micro ® : %
o
® NO,
~ _ ® Trbo
o o - Scene Nt
zs
% o Chlor & . <
=Z o P .. “
~ ® _ “bedia
= — ThalaC ot Tetra .
<
o —
! I I I I I I
-04 -0.2 0.0 0.2 0.4 0.6
NMDS1

Figure14.NMDS plot for phytoplankton abundand@rcles are samples and are celor
coded depending on which site they came from, while species abundances are labeled.
The blue dots in (A) represent the phytoplankton abundance on each sampling date after
the addition oNH," to site 3 samples. The red gan (B) represent the phytoplankton
abundance on each sampling date after the addition gfttN€ite 3 samples.

89



REFFERENCES

Anonymous. 2010. Raising a Stinkhe Economist<http://www.economist.com/
node/16744110>.

Arar, E. J., Collins, G.B. 199m vivo determination of chlorophy# and phaeophytia
in marine and freshwatghytoplankton by fluorescencilethods for the
Determination of Chemical Substances in Marine and Estuarine Samples.
Environmental Monitoringand Support Laboratory, Office of Research
and Development, Cincinnati, OH (U.S. EPA, OH EPA/6092RL21.)

Berg, G. M., Balode, M., Purina, |., Bekere, S., BZchemin, C. and Maestrini, S. 2003.
Plankton community composition in relation to availabilityl aiptake of
oxidized and reduced nitrogefquatic Microbial Ecology0, 263274.

Bran and Luebbe, Inc. 199%ran Luebbe Autoanalyzer Applications: AutoAnalyzer
Method No. Nitrate and Nitrite in Water and Seawa®eiffalo Grove, IL:

Bran Luebbe, Inc.

Bran and Luebbe, Inc. 1999Bran Luebbe Autoanalyzer Applications: AutoAnalyzer
Method No. G17596 Phosphate in Water and Seawdaerffalo Grove,

IL: Bran Luebbe, Inc.

Brice—o, H. O. and Boyer, J. N. 2010. Climatic controls on phytoplankton biomass in a
subtropical estuary, Florida Bay, USEstuaries and Coast33(2), 54t
553.

Bricker, S. B., Longstaff, B., Dennison, W., Jones, A., Boicourt, K., Wicks, C. and
Woerner, J. 2008. Effects of nutrient enrichment in the nation's estuaries: a
decade of changeélarmful Algae 8, 21-32.

Burkholder, J. M., Dickey, D. A, Kinder, C. A., Reed, R. E., Mallin, M. A., Mciver, M.
R., Cahoon, L. B., Melia, G., Brownie, C. and Smith, J. 2006.
Comprehensive trend analysis of nutrients and related variables in a large
eutrophic estuary: A decadal study of anthropogenic and climatic
influencesLimnology and Oceanograph¥l, 463-487.

Chen, H., Yu, Z., Yao, Q., Mi, T. and Liu, P. 2010. Nutrient concentrations and fluxes in
the Changjiang Estuary during summ&etaOceanologica Sinica&9,

1071109.

9(



Chen, N., Hong, H., Zhang, L. and Cao, W. 2008. Nitrogen sources and exports in an
agricultural watershed in Southeast ChiBegeochemistry87, 169-179.

Chen, Y., Fan, C., Teubner, K. and Dokulil, M. 2003a. Changestoénts and
phytoplankton chlorophy& in a large shallow lake, Taihu, China: an 8
year investigationHydrobiologia,506, 273-279.

Chen, Y., Qin, B., Teubner, K. and Dokulil, M. T. 2003b. Lé¢agn dynamics of
phytoplankton assemblages: Microcyst@mination in Lake Taihu, a
large shallow lake in Chindournal of Plankton Researc2§, 445453.

Chen, Y. and Tang, D. 2012. EdtBature phytoplankton bloom induced by a tropical
cyclone in the South China Seaternational Journal of Remote Sensing,
33, 714447457.

Clarke, K. R. 1993. Ndparametric multivariate analyses of changes in community
structure Australian Journal of Ecology,8, 117-143.

Collos, Y. and Harrison, P. J. 2014. Acclimation and toxicity of high ammonium
concentrations to unicellulatgae Marine Pollution Bulletin80, 8-23.

Cui, S., Shi, Y., Groffman, P. M., Schlesinger, W. H. and Zhu, Y. G. 2013. Centennial
scale analysis of the creation and fate of reactive nitrogen in Chinaf(1910
2010).Proceedings of the National Academy of Bcgs,110, 20522057

De Ctceres, M. 2013. How to use the indicspecies package (ver. 1.7.1). <http://cran.r
project.org/web/packages/indicspecies>.

Domingues, R. B., Barbosa, A. B., Sommer, U. and Galv<«o, H. M. 2011. Ammonium,
nitrate and phytoplanktonteractions in a freshwater tidal estuarine zone:
potential effects of cultural eutrophicatiokquatic Science§3, 331-343.

Donald, D. B., Bogard, M. J., Finlay, K., Bunting, L., and Leavitt, P. R. 2013.
Phytoplanktorspecific response to enrichment diggphorugich surface
waters with ammonium, nitrate, and urBaoS ONES: e53277.

Donald, D. B., Bogard, M. J., Finlay, K. and Leavitt, P. R. 2011. Comparative effects of
urea, ammonium, and nitrate on phytoplankton abundance, community
composition, ad toxicity in hypereutrophic freshwatetsmnology and
Oceanography56, 2161-2175.

91



Dortch, Q. 1990. The interaction between ammonium and nitrate uptake in
phytoplanktonMarine Ecology Progress Seridgsd, 183-201.

Duan, H., Ma, R., Xu, X., Kong, F., Zhang, S., Kong, W., Hao, J. and Shang, L. 2009.
Two-decade reconstruction of algal blooms in ChinaOs Lake Taihu.
Environmental Science & Technolog$, 35223528.

Dufrene, M. and Legendre, P. 1997. Species assembéamgkemdicator species: the need
for a flexible asymmetrical approadbcologicalMonographs67, 345
366.

Dugdale, R. C. and Goering, J. J. 1967. Uptake of new and regenerated forms of nitrogen
in primary productivity Limnology and Oceanographi2, 196-206.

Edwards, V. R., Tett, P., and Jones, K. J. 2003. Changes in the yield of chlorophyll from
dissolved available inorganic nitrogen after an enrichment event
applications for predicting eutrophication in coastal watéositinental
Shelf Researgi23, 1771-1786.

Gardener, M. 20142ommunity Ecology: Analytical Methods Using R and Excel,

(Pelagic Publishing), 44463.

Glibert, P. M. 2012. Ecological stoichiometry and its implications for aquatic ecosystem
sustainability Current Opinion in Environmental Stainability,4, 272-

277.

Glibert, P. M.and Berg, G.M. 2009. Nitrogen form, fatad phytoplankton composition,

p. 183189. In V. S. Kennedy, W. M. Kemp, J. E. Peterson and W. C.
Dennison [eds], Experimental ecosystems and scale: Tools for
understandingrad managing coastatesystemsNew York, NY:
Springer.

Glibert, P. M., Dugdale, R. C., Wilkerson, F., Parker, A. E., Alexander, J., Antell, E.,
Blaser, S., Johnson, A., Lee, J. and Lee, T. 2014c. Etajoraré&spring
blooms in 2014 in San Francisco Bay Delta, California, a result of the
long-term drought, ineased residence time, and altered nutrient loads and
forms.Journal of Experimental Marine Biology and Ecolodg0, 8-18.

92



Glibert, P

Glibert, P

Glibert, P

Glibert, P

Glibert, P

Glibert, P

. M., Harrison, J., Heil, C. and Seitzinger, S. 2006. Escalating worldwide use of

ureda global change contributing to adal eutrophication.
Biogeochemistry77, 441-463.

. M., Hinkle, D. C., Sturgis, B. and Jesien, R. V. 2014d. Eutrophication of a

Maryland/Virginia coastal lagoon: a tipping point, ecosystem changes, and
potential causegstuaries and Coast37, 128146.

. M., Kana, T. M. and Brown, K. 2013. From limitation to excess: the

consequences of substrate excess and stoichiometry for phytoplankton
physiology, trophodynamics and biogeochemistry, and the implications
for modeling.Journal of Marne Systemd25, 14-28.

. M., Manager, R., Sobota, D. J. and Bouwman, L.. 2014a. The Blad¥

Harmful algal bloom (HBHAB) link. Environmental Research Lettefs.
105001(13 pp).

. M., Wilkerson, F. P., Dugdale, R. C., Parker, AAlexander, J., Blaser, S.

and Murasko, S. 2014b. Microbial communities from San Francisco Bay
Delta respond differently to oxidized and reduced nitrogen substrates
even under conditions that would otherwise suggest nitrogen sufficiency.
Frontiers in Marine Sciencel, article 17.

. M., Wilkerson, F. P., Dugdale, R. C., Raven, J. A., Dupont, C. L., Leavitt, P.

R., Parker, A. E., Burkholder, J. M. and Kana, T. M. 2016. Pluses and
minuses of ammonium and nitrate uptake and assimilation by
phytodankton and implications for productivity and community
composition, with emphasis on nitrogenriched conditiond.imnology
and Oceanographyl, 165197.

Gowen, R. J., Tett, P., and Jones, K. J. 1992. Predicting marine eutrophication: the yield

of chlorophyll from nitrogen in Scottish coastal watevkarine Ecology
Progress Series85, 153161.

Harding Jr, L. W., Batiuk, R. A., Fisher, T. R., Gallegos, C. L., Malone, T. C., Miller, W.

D., Mulholland, M. R., Paerl, H. W., Perry, E. S. and Tango, P. 2014.
Scientific bases for numerical chlorophyll criteria in Chesapeake Bay.
Estuaries and Coast37, 134-148.

93



Heil, C. A., Revilla, M., Glibert, P. M. and Murasko, S. 2007. Nutrient quality drives
differential phytoplankton community composition on the southwest
Florida shelfLimnology and Oceanograph§2, 10671078.

Hongping, P. and Jianyi, M. 2002. Study oa #igal dynamic model for West Lake,
HangzhouEcological Modelling 148, 67-77.

Lee, T. A,, RollwagesBollens, G. and Bollens, S. M. 2015. The influence of water
quality variables on cyanobacterial blooms and phytoplankton community
composition in a shalv temperate lakd&EnvironmentaMonitoring and
Assessmeni87, 1-19.

Li, Y. and Zhang, J. 1999. Agricultural diffuse pollution from fertilisers and pesticides in
China.Water Science and Technolog9, 25-32.

Lomas, M. W. and Glibert, P. M. 1999a. Irstetions between NHand NQ uptake and
assimilation: comparison of diatoms and dinoflagellates at several growth
temperaturedMarine Biology,133, 541-551.

Lomas, M. W. and Glibert, P. M. 1999b. Temperature regulation of nitrate uptake: a
novel hypothes about nitrate uptake and reduction in eaaker diatoms.
Limnology and Oceanograph4, 556-572.

Mallin, M. A. and Corbett, C. A. 2006. How Hurricane Attributes Determine the Extent
of Environmental Effects: Multiple Hurricanes and Different Coastal
SystemsEstuaries and Coast29, 10461061.

McCarthy, J. J. 1981. The kinetics of nutrient utilizatiGanadian Bulletin of Fisheries
and Aquatic Science2]0, 211-233.

McCarthy, M. J., James, R. T., Chen, Y., East, T. L. and Gardner, W. S. 2009. Nutrient
ratios and phytoplankton community structure in the large, shallow,
eutrophic, subtropical Lakes Okeechobee (Florida, USA) and Taihu
(China).Limnology,10, 215-227.

McCune, B. and Grace, J. B. 2002. Analysis of Ecological Communities. MjM Software
Design, Oregon, USA.

McGillicuddy, D. J., Anderson, L. A., Bates, N. R., Bibby, T., Buesseler, K. O., Carlson,
C. A, Davis, C. S., Ewatrt, C., Falkowski, P. G., Goldthwaif\.S.

Hansell, D. A., Jenkins, W. J., Johnson, R., Kosnyrev, V. K., Ledwell, J.

94



R., Li, Q. P., Siegel, D. A. and Steinberg, D. K. 2007. Eddy/Wind
Interactions Stimulate Extraordinary M{dcean Plankton Blooms.
Science316, 1021-1026.

Ministry of Environmental Protection the PeoplB®public of China (MEP). 201 State
of theEnvironment: Water Environmerilinistry of Environmental
Protection The Peope's Republic of Chinlattg://english.megov.cre.

Morris, I. and Syrett, P. J. 1963. The development of nitrate reductase in Chlorella and its
repression by ammoniumrchiv fYr Mikrobiologied7, 32-41.

Nixon, S. W. 1995. Coastal marine eutrophication: a definition, social causes, and future
corcerns.Ophelia,41, 199-219.

Oksanen, J. 201Multivariate analysis of ecological communities in R: vegan tutorial
<http://cc.oulu.fi/~jarioksa/opetus/metodi/vegantutorzpdf

Oksane, J., Blanchet, F. G., Kindt, R., Legendre, P., Minchin, P. R., OOhara, R. B.,
Simpson, G. L., Solymos, P., Stevens, M. H. H. and Wagner, H. 2015.
vegan: Community Ecology Packagepackage version 210.

Paerl, H. W., Valdes, L. M., Peierls, B. L., Afjd. E. and Harding, L. W. 2006.
Anthropogenic and climatic influences on the eutrophication of large
estuarine ecosysteniamnology and Oceanographyl, 448-462.

Parker, A. E., Dugdale, R. C., and Wilkerson, F. P. 2012. Elevated ammonium
concentrations from wastewater discharge depress primary productivity in
the Sacramento River and the Northern San Francisco ESletine
Pollution Bulletin 64, 574586.

Pu, P, Hu, W., Yan, J., Wang, G. and Hu, C. 1998. A physicological engineering
experiment for water treatment in a hypertrophic lake in Clitinalogical
Engineering,10, 179-190.

R Core Team. 2014R: A language and environment for statistical computing. R
Foundation for Statistical Computin® Foundation for Statistical
Computing, Vienna, Austria.

Rabalais, N. N., Turner, R. E., D’az, R. J. and Justi!, D. 2009. Global change and
eutrophication of coastal watet€ES Journal of Marine Science: Journal
du Conseil, 66, 15281537.

95



Raven, J. A,, Linda, B. W. and Handley, L. 1992. Ammonia and ammonium fluxes

between photolithotrophs and the environment in relation to the global
nitrogen cycleNew Phytologist] 21, 5-18.

Sharp, J. H., Yoshiyama, K., Parker,EA, Schwartz, M. C., Curless, S. E., Beauregard,
A. Y., Ossolinski, J. E. and Davis, A. R. 2009. A biogeochemical view of

estuarine eutrophication: seasonal and spatial trends and correlations in the
Delaware Estuarjestuaries and Coast32, 10231043.

Ti, C. and Yan, X. 2013. Spatial and temporal variations of river nitrogen exports from

major basins in Chin&nvironmental Science and Pollution Resea2d),
65096520.

Van Drecht, G. A., Bouwman, A. F., Harrison, J. and Knoop, J. M. 2009. Global mitroge

and phosphate in urban wastewater between 1970 andGIoba)|
Biogeochemical Cycle23, GBOAO3.

Voynova, Y. G. and Sharp, J. H. 2012. Anomalous biogeochemical response to a

flooding event in the Delaware Estuary: a possible typology shift due to
climate changeEstuaries and Coast35, 943-958.

Whitledge, T. E., Malloy, S. C., Patton, C. J. and Wirick, C. D. 1981. Automated nutrient
analyses in seawater. Brookhaven National Lab., Upton, NY (USA).

Xu, J., Glibert, P. M., Liu, H., Yin, K., Yuan, X., Chen, M. and Harrison, P. J. 2011.

Nitrogen Sources and Rates of Phytoplankton Uptake in Different Regions
of Hong Kong Waters in Summetstuaries and Coast35, 559-571.
Zhao, H., Tang, D. and Wang, P009. Phytoplankton blooms near the Pearl River

estuary induced by Typhoon Nudiburnal of Geophysical Research:
Oceans]114, C12027.

96



CONCLUSIONS

This researckelucidates howehanges in Normsand NP-ratiosdetermine
phytoplankton communitias two urban freshwater systems, #eacostia River, USA,
atributary tothe Potomac River feeding into the Chesapeake Bay, and West Lake,
HangzhouZhejiangProvince China This work assessed the response of phytoplankton
communities to changing-fbrm by posing questions: Do differentfilrms support
different phytoplankton functional groupbfore specifically, do sites with higher
NH,":NOj5 ratios, even against a background of elevated nutrients, support more
cyanobacteria, while loweédH,":NOs" ratios support more diatoms? Finally, does the
community composition after the enrichment of waters with differefdrbs mirror the
observations expected in the fiel&khough the Anacostia River and West Lake differ
significantly in terms of hydrolgy, climate, and socieconomic uses, these systems
share interests of economic development, healthy residential areas and resource
management. These mutual interests and contrasting freshwater environments provide a
unique opportunity téearn about thenfluence of Nform on phytoplankton community
composition and ecosystem productivity.

Characterizations of the ambient phytoplankton communities afiedns in both
of the studied freshwater systems illustrate similar seasonal and spatial patterns.
Following the >2fold increase ilNH; :NOs ratios observed from the early spring to late
summer in the Anacostia River, the phytoplankton community shifted from more diatoms
to chlorophytes and cyanobacteria. In general, a similar pattern was also observed i
West Lake; however, in addition to the increase in chlorophytes and cyanobacteria

following increasingNH; :NOs ratios, a filamentous yellovgreen algae
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(xanthophyceae) also became more abundant in the late summedMHZ O3 ratios

and the dominant phytoplankton functional groups also differed across the sampling sites
in the Anacostia River and West Lake. In the Anacostia River, the upper river typically
had smalleNH,":NO; ratios than the lower portion of the river. leigpected that the

smaller ratios in the upper river supported more diatoms, whereas higher ratios in the
lower river supported more cryptophytes, chlorophytes and cyanobacteria. Likewise in
West Lake, the sitaveragedNH,":NOj3 ratios more than doubledoim the entrance of

the Lake, receiving water from the Qiantang River, to the point of outflow. As the
NH,":NOjs ratio increased in West Lake, a higher abundance of chlorophytes was
observed at the sites with highéi,:NOs ratios.

Overall,the enrichment experiments conducted Hiema both parts of the globe
add further evidence to the growing consensusNHatm plays a significant role in
determining phytoplankton community structereen when N is not at levels considered
limiting for phytoplankton productiarThe addition of a gradient &fH,;" concentrations
to water from the Anacostia River resulted in the proliferation of chlorophytes and a
reduction in the number of diaton#s similar pattern was observed in West Lake when
samples eriched with NH* and NH;" plus P lead to increased abundance of
chlorophytes and cyanobacteriihe findings that changes Mform supporéd
differential phytoplankton communities is compatible with previous findings in lakes and
estuaries, such as Was@a Lake, Canada, San Francisco Estwtiglal estuary in Spain,
and reservoirs in the Midwestern United States (Doegdd. 2011, Dominguest al,

2011, Glibertet al, 2014a Harriset al, 2016).
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The availability of different forms of N has oftbeen used to understand
ecosystem fates, such as biotic responses propagating through the food web from
phytoplankton to fish. A classic concept within oceanographic phytoplankton ecology,
based on the idea of OnewO and OregeneratedO production, is sgipids fish
production, while NH" supports microbial food webs in nutrient depleted marine systems
(DugdaleandGoering, 1967) It has not been clear how this dichotomous control of food
webs fits into théramework of systems experiencing chronic nutremtichmentThis
work reveals that in both of these systems experiencing nutrient enrictivaeNH,”
supports communities dominated by more chlorophytes and cyanobdweriather
phytoplankton groups

The phytoplankton community in the Anacostia River and West Lake showed
similar responses in community composition following changé&Hg :NO;3 ratios, yet
there were some obvious dissimilarities in terms of how the systems responded to their
specifc environments. For example, West Lakg@erienced morstochastic weather
events than the Anacostia Rindring the period of sampling encompassed,here
considering the rapid changes in phytoplankton community composition following the
expected pulsingfoutrients during the 2015 typhoons. For the most part, the upper
Anacostia River showed a gradual change in phytoplankton community following the
continuous delivery of nutrients from its tributaries and groundwater. On the other hand,
the sharp changan community structure in the lower portion of the Anacostia may be
due to the pulsing of nutrients from combined sewer overflow effluent during rain events.

In addition to Nforms, differences in the community composition in these contrasting
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parts of he globe are also attributed to their environmental conditions, such as
temperature and the existing community at the time of nutrient delivery.

Anthropogenic forces are likely to continue forcing nutrient stoichiometry of
ecosystems into new stable sgat€libertet al, 2013). Although this analyis only
focused on two nutriergnriched freshwater systentise need for consistent monitoring
of N-forms rather than simply N and P extends to other coastal waters. As demonstrated
by the formation of diocbtomous phytoplankton communities in the Anacostia River and
West Lake, understanding community structure in nutrient enriched systems is complex,
and requiresin improved understanding of thefdfms fromboth continuoa and more

detailed monitoring of Norms as well as modeling efforts
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