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1. Sestoravailability and quality camffectthe conditionnutrient stoichiometrand
nutrient excretiorof dreissenid mussels and other aquatic consurNetsient excretion
by dreissenianusselsnay affect phytoplankton community composition by altering
nitrogen:phaosphorud\(P) ratios of the water and mdne an important accessofgctor
leading.te.increase@ladophoraand toxicMicrocystisbloomsin musselinvaded lakes.
2. We manipulateghhosphorus enrichment lesého (L), moderate (M), and high (H)
andzebra'mussaloncentrations (1, 2, and 4 g dry mas$ o produce a total of 9
treatment'€éombinations, eache held in a 31 frenclosuren an oligotrophic lake We
measureaebra musseaiondition, carbon:nitrogen:phosphor@N:P) tissue
stoichiometry feeding rate, and nutrieekcretionand egestioas related twarying
conditions of chlorophyla (Chl), particulatgphosphorugPP), particulate organic
nitrogen(PON) and seston C:N:P ratiasthree time periods-5, 18-20, and 32-34 d
subsequent of adding mussels to the enclosures

3. Consistent with approximate homeostatic control of N gritid?e were only modest
differepcesn C:N:P ratios in mussabfttissuedespite greatly diffemt seston C:N:P
ratios among enrichmetreatments Mussel condition (mass per unit lengilecreased
with'increased seston N:E:P and C:Natios and percent composition of Cyanobacteria,
and inereased with percentage composition of crypteshgmdther flagellates

4. Assimilation ratesof Chland calculategotentialassimilation rates of N andlidearly
increasedP <0.05)with increasing seston Chl, PON, and PP concentrations.

5. P exeretion measured as soluble reacgiiesphorugSRP)significantlydecreaseth
exponential fashion by two orders of magnitude #(R* = 0.71) and N:P ratiodR*=
0.66) (ncreased by a factor of 4.elcretion was significantly correlated wigbstorPP
concentration, which varied over&fold range; howevethere was much scatter in the
relationship(R? =0.29). In contrastyH,-N excretion significantlylecrease¢R? = 0.31)
with N;P_ratioby a factor of 2 over this satheP range, and was not significantly
correlated'witHPON concentration. Soluble &cretion wasignificantly correlated with
potentialkP.assimilationyhereadNH,4 excretion was not significantly cofaged with
potential N assimilationThe ratio ofN:P excretedhowed a significant exponential

increase witheston N:P ratio
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6. P and N egestion rates were higher than corresponding R excretion ratesom

the same trialshowever, the fate of this egested materiahether recycled by
resuspension or remaining in the benthos—is not known.

7. Musselexcretion and its impacts are highly context dependent, varyingalgith
composition, seston stoichiometry, and mussel abundantéeding ratelhe low P
excretion but high N excretion observed when mussel feeding stops implies that under
poorfeedingconditions typical of summer seston, mussels excrete little P but continue
excreting"N;'which would slow production rate of producers su@iatophoraand
Microcystisin low-P systemsin contrastNH,4 excretion by mussels may prolong
Microcystisblooms as nitrates used up by the bloom moderateP systems

Introduction
ThePontoCaspian zebra mussérgissena polymorph@reissenidagandquagga
mussel Dreissena rostriforns bugensishave spread throughout much of Europe and
North America, and whereaching high abundances, have radically reengineered the
physical habitat (substrate and water clarity), altered trophic and spatial interactions of
the food web, and reengineered nutrient recycling (Vandergloalg 2002,Hecky et
al., 2004; Higgens & Vander Zanden, 2010; Ozersky, Evans, & Ginn, 2¢4en et
al., 2016)Dreissenid nusselsare thought to have promoted harmful blooms of the toxic
cyanoebacteriunMicrocystis(Microcystaceaen theSaginaw Bay and Lake Erie as well
asin low-nutrientinland lakes they have invaded (Vanderpleegl, 2001;Raikowet
al., 2004 Knoll et al, 2008) yet in other systemsuch afiypereutrophic ponds the
Netherlands; grazingnd mesoosm experiments have showrey readily grazg on and
reducedMicrocystisalong with other components of the algal community (&Vgajen
et al., 2016).

Experimental (Vanderploegf al, 2001,2013) and modelling (Biermaet al,

2005) evidence argued that selective rejectiodiofocystisin pseudofaeces post
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capture—which is sensitive to stra@nd toxicityof Microcystis—wasa necessary
mechanism in the promotion bficrocystisdominancefterthe dreissenid mussels
invaded. In contrast, Zhangt al (201)—using a mathematical model and weight-
specific excretion rates of Conroy et al. (2005+gued that nutrient fertilizain was
much mere important thaselective feeding bynussels for promotinlylicrocystis
bloomsin Lake Erie They posited that mussels are in a boundary layer on the bottom
and‘are'not'connected with phytoplankton in the water column, so feedisglatise
grazing will'be limitecdlbut that excretion will continue ithesefood-deprivednussels
thereby promoting algal growth. Tihenodel used N and &cretion rate that were
independent of feedingxte and werderived fromexperiments wittmusselsunder
highly starved condition. Musselgere kepin dampcold (4°C) storagéot in water)
for 3-4 days before beinglaced incontainers ofiltered lake water Wwere SRP and NH
accumulation was measured for &tr2224°C(Conroyet al, 2005)

Increased abundance of macrophytes and nuisance blooms of the attached
macroalgaCladophora(Cladophoraceae)—proliferating in many nearshore regions and
fouling'beaches of the Great Lakeare thought to be dually promoted by mussel
filtration.via increasing light availability and mussel nutrient excretmg.( Vanderploeg
et al.,2002; Hecky et al., 2004iggins & Vander Zanden, 2010: Bootsmal, 2015).
Dreissenid mussebre thought tdvave decimated the spring phytoplankton bloom in
middle depth regions of Lake Michigan through their filtering activities (Vandegmoe
al., 2010;"Roweet al, 2015), but the duables of filtering and nutrient recycling on
phytoplankton and nutrient dynamics in the lake as a whole are unclear.

Despite he important role that dreissenid mussels play in selective filtering and
reengineering nutriemycling—with potentially important effects to the food web—in
the Great Lakes armmther systems, there is not much useful quantitative information to
understand.angredict N and P excretion of mussels living and feeding under a broad
variety oftrophic conditions (e.g. Arnott and Vanni, 1996; Joheegah, 2013
Bootsma&,Liao, 2013 Mosley& Bootsma, 2015). This lack of understandisg
seriousnformation gap, since the only studyplicitly relating nutrent excretion to
musselfeeding rateshowed that feeding ratan be anmportant driver of nutrient
excretion(Johengert al.,2013).
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Vanderploeg tal. (2002) proposed that nutriegtcretion in mussels was likely
to follow the rules fohomeostatic maintenance of constamtrientcontentin the
consumer bodyas has been obsed in zooplankton (Sterner 19%terne& Elser,
2002). This paradignmproposes that nutrientensumed irexcess of needs woulsk
excretedimplying that P excretiomvould increase relative to N excretiarmen they
ingested particles havirggh P content and loiN:P ratios and conversely would
decrease'when ingesting particles with high N:P rasiash asn regions receiving low
loading.“This hypothesis was consistent with observations of Johehgke(2013)from
P-poor Saginaw Bay and Rn Lake Erig¢ howeverjn that studythe clustering of results
and manysnortdetectable values of P extioa preventedietailed analysisf excretion
rates. Alsopatterns in C:N:P ratios in mussel tissuese not measuresb that
homeostasis implied by constancy of tissue C:N:P ratios under different €elNtén
ratioscould not be examine®ecent studies have presented evidence that C:N:P ratios in
mussehtissues vary among lakend thatelaxation ofstoichiometric constraints of
constantissueC:N:P ratios give the invading zebra mussels an advantage over other
speciegNaddafiet al, 2009, 202; Gonzalezt al, 2010).

JThe study of Horst et al. (2014) examining the rolegeaifra mussel abundance
and nutrient concentrations in experimentally manipulated enclosures gave us an
opportunity to simultaneously measure zebra mussele C:N:Ratios, feeding, and N
and P excretion across a broad gradient of P loading and mussel abundance. We report
herethesresults of a study to examitie roles of seston stoichiometry and algal food
quality imwdriving the feeding and nutrient excretion resss.

Although our primary goal was to examine soluble nutrient excretion, o
experimental design also allowed us to estimate N and P egestion so that we could
contrast.soluble nutrient excreticsteswith those forN and P egegin. Fart of the
captued material-be it sedment, detritus, or undesirable phytoplanktomay be
egestedis€., dischargeds pseudofaecegthout ingestioni.e, not entering the mouth
and digestive tract Of the material ingestedh portion may be egested as faeces
containing different amounts of C, N, and@ergset al 2009 Mosley& Bootsma,
2015).

M ethods
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151

152  Study site

153  Experiments were conducted with mussels and water fakeriarge enclosures

154  (~31,000 L: 2m diameter XL0 m deep) in oligotrophic Gull Lakethe same time as the
155 experiment described by Hoestal (2014)in which both zebra mussel dry mdéBdv)

156  concentrations and nutrient concentrations weneipugated. Mussels were kept in mesh
157  basketsat'midlepth of the epilimnion in the enclosures (Horst et al., 2014).

158 examinedfeeding and nutrient excretion ierlosureaving 3 nutrient enrichment
159 levels and3 levels ofmussels stocked af 2, and 4 g DM f. Although nutrient

160 additiopalenewould beexpected to ba majordriver of stoichiometryit was necessary
161 to also userdifferennussel treatment leveltecause different levels of selective feeding
162  could affectialgal composition with subsequent feedir@ckhe feeding (Vanderploegt
163  al., 2009) and nutrient excretion responses.

164 Total phosphorusIP) levels in the enclosurestbis lake which hada nitrate

165  concentration of ~ 300 pg'i.wereexperimentally manipulated as followsw (L),

166  receiving ho added P to simulate oligotrophic conditigagyet TP ~ 810 pg L™);

167 medium,(M) receiving enoughtB simulate resotrophic conditions (target TP ~ (%

168  L™); and*high (H) receiving enough P to simulate mildly eutrophic condittangefTP
169  ~25pg L™ (Horstet al 2014). These concentrations weset up by dripping a solution
170 of NaH,PO, over a 7 d period (June 29-July 5, 2p@iyreach initiatargetlevels and

171 then maintainindgevelsby subsequent weekly monitoring of TP and addition of

172  NaH,POgas neede(Horstet al, 2014). Mussels were added to the enclosures on July 5
173  (time Q[to]). Throughout the text we refer to the combinatidtreatments with the letter
174  designations of L, M, and H for nutrielevels followedby the number designation$1,
175 2, and.4.indicating nominahussel biomassoncentrationin g DM m added to the

176  enclosureslkd, L2, L4, M1, M2, M4, H1, H2, and H4Experiments wereonductedvith
177  musselsand water taken durirthreetime periods subsequentfaft addingmusseldo

178 the enclesures: round #1 (July 10-12+tt7, i.e., days 5-7), round #2 (July 24:26 —

179  ta0), and round #3 (August 7-8, — t34). Due tothefailure ofa freezein whichthe

180 nutrient excretion samples were stored, we lost excretion data from thiedimsit

181 Handling of mussels

This article is protected by copyright. All rights reserved



Nutrient stoichiometry and zebra mussel excretion R3 2016-11-22

182 Musselgo be used in the experimentsrebriefly removed from enclosures on the day
183  before the experiments clear and makeéhemreadilyavailable for rapid transfer from
184  enclosureso feeding and nutrient excretianals on the next daySpecifically, we

185 removed a basket ofiussels from eaabf three enclosures the afternoon (14:00 —

186  16:00 EDT) and plaedeachbasket of mussels in a-20bucketfilled with lake wateifor
187  brief transport (5 min) to a lakeside laboratorgere 20 mussels from each basketre
188 detachedfrom the bottom of the basket by cutting byssshdswith a sharp razor blade.
189 Loose'periphyton was removéom the mussel shellgith atoothbrush and razor blade,
190 and any film of living periphyton remaining on the shells was killed by rubbitiga

191 cotton swab dipped in a commercial bleach solution diluted to 5% in distilled water
192 Cleaned'mussels were themmediately rinsed with lake water to remove any residual
193  bleach solution. Mussels were completely closed up during cleaning, and thefeturn
194 normal mussel siphoning shortly aftdeach treatmerghowedhat thecleaning

195 treatmenthad no longermeffect on mussel balvior. The sorting and cleaning took
196 about 0:5%0h per basket, and 20 cleaned mussels were placed in clean baskets and
197  returned tosrespectivenclosuresmmediately after cleanindor re-acclimation to the

198 conditiens in the enclosuregxcept during theery brief brushing and cleaninfgyv

199 minutes)all mussels were kept in lake water to minimize stress.

200 We conducted three simultaneous trials of the feeding and nutrient excretion
201  experiment®ach daypetwween08:00 — 15:0EDT—each a different treatmertusing

202  water fromithe enclosures and mussels cleémegrevious day. Thigrocess was

203  continued:r threeconsecutive days so thatotal ofnine experimerat trials covering
204  all 9treatmerd, wereconducted during each rount@lVater was collected from thpper
205 7 mof the enclosuréthe epilimnion)with a tube and put into 26-carboys for transport
206 to the lakeside lalMussel baskets were retrieved from the enclosures and transported to
207  the labor#ory in respective20-L buckets oenclosure watemwhere they continued to
208 feed,until'theexperimentvas setup, shorty after returing to the lab

209 Feedingexperimensetup

210 Feeding rate of mussels was determined froamgks in chlorophyll a (ChlChl was

211 measured in different size fractions (< 53 um and > 53 um) but since wemaarily
212 interested irfeeding rate on the total phytoplankton assemblage and not individual size
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fractions, feeding rate was examined from measurements of total Chl (size of
fractions)following methods, formulas, and calculations developed by Vanderptadg
(2001, 2009) and adapted for total Qite., a single size fractiomy Tang et al. (2014
equations 1-5Water in the carboy fromgiventreatment enclosungas uniformly
distributed,among beakers to be used in the feeding experimegding experiments
were conducted in 2-L beakers filled with 1.8 L of water heldim light (< 10 pmol
quantaifs®) at ambient lake temperature in large water baths. feading trialfor a
treatmenincluded three replicate experimental beakers (each containing six mussels, 14
17 mm long) and two control beakers without mussels. All beakers were gentbdaera
to assure mixingWater remaining in the carboys afsatup was sampled for nutrients
(TP, particulate P [PP], particulate organic C [POC] and particulate organic N [PON]),
phytoplankten composition to characterize initial conditions of the feeding suspension
(furtherdescribed below).

We took three water sgles (200-mL) during the course of each 1.5-h feeding
trial fromgboth experimental and control beakefs initial sample was taken from each
beakerjustbefore adding mussels. A final “wat@umn sample” was taken by
sampling water above the bottom in both control and experimental beakers using a large
bore pipeétte as described by Vanderploeg et al. (2001, 2009). After removing the
mussels, eactontrol and experimentaleaker wasnixed and this “mixed-beaker
sample” was used to captuemainingwate-column and settled Chln the case of the
experimental beakerthe settled Chl alsmcludedmaterial egested by the mussels.

This'sampling schemalowed us to do a mass balance of muswhiced
changes to estimate the amount of Chl removed from the water column for cahcodat
gross clearance raté)(and associate@hl capture rateQR(Chl)] as well aset
clearance raté-,) andassimilation rated(Chl)] (= Chl destroyed; Vanderploeg et al.
(2001,,2009). Unlesthere was significant viabtpit passage of algaeith Chl
unaffected like other cellular constituem$Chl) for practical purposes is equivalent to
ingestionrate (e.g., Bunat al, 2005). Since weareprimarily interested in clearance
rate associated withgestion we do not repoout F. All rates were normalized tdry
mass(DM).
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We also calculated capture rate of GRIN)] and P CR(P)] and potential
assimilation rate of N4(N)] and P A(P)] from the product of respective values of Chl
captureand assimilation anBON/Chl and AP/Chlratios(Johengert al, 2013). Capture
rate properly accounts for all material captytedt is all material removed from the
water columnHowever, ve usethe expressiofipotential assimilatichbecause we
recognize the approadould represent an upper bound for assimilation, becamseC,
N, and“An"seston will beassociated witketritusand could havéwer assimilation
efficiengyrelative to Chior not be ingested but rejected as pseudofgecgsJohengeet
al., 2013). Although different algal, microbial, and zooplankton communities along with
detrituswould be expected to formver time in the different enclosures, the epilimnetic
seston'would be expected to consist of high proportion of living material because of
sedirmentation of detrital material formed in plad¢ack of input of allocthonous
material, and lack of resuspended sedinnethe unstirred enclosurés.g, Sterner &
Elser, 2002).Egestion rate of Chl, N, and Rvereestimated as the difference between
respectivecapture and assimilation rate
Nutrient exeretion
To determine excretion rate of soluble reactive P (SRPN&hg we examined excretion
rate ofsmussels placed in Quih filtered (0.2um Pall capsule filter, Pall Corp. Port
Washington, NY, USAgnclosure water (from the same carboy used to set up the feeding
experimentimmediately following each feedirtgal after the methods of Johengetnal.
(2013)+The,6musseldrom each of th&® feedingtrials replicatesvereplaced in
respectiveeappedoottles filled with120 mL offilteredlake waterfor 2 h. Two
additionalbottleswithout mussels served as controls. Excretion rates were measured
from the differences between initial and final SRP and, MHhe bottles (methods
described. below)Since here were no measureable differencenutrientconcentrations
betweennitial and final samples the controlswe assumedhanges in theottleswith
musselsswereausedy mussel excretion.

After taking water for nutrient analyses and remouimg mussels from the
excretion bottleshe end of the experimernhe remainingvaterwas preserved in 1%
Lugol solution for later qualitative examination under a binocular scope (10 %9 tt00
look at biodeposits and their contents.
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274  Analytical methods—nutrients and micystn

275 For POC and PONwefiltered triplicate300-600 mLsamplesf water through

276  Whatman (G.E. Healthcare Sciences Pittsburg, PA, USA) GF/F type &iftBEsmm

277  diameter that had been combusted for 4 hours at 400 °C and stored frozen. Just prior to
278 analysisfilters were acidified with 1N hydrochloric acid, sufficient to drive off inorganic
279 CO; whendried in an oven at 60°- 65°C. alyses were done on &fantech EA1100

280 CHN Analyzer (CE Elantech, Inc., Lakewood, NJ,A)S

281 Particulate P (PP) was sampladriplicateby filtering 50 to 200 mL of water

282  through a 4Am-diameter 0.2um pore-Size polycarbonate membrane filters

283  (NucleporeyGE Healthcare, Pittsburgh, PA, USA). Particulate phosphoeus Wiere

284  storedfrozen. For analysis, PP filters were suspended in 50 mL of deionizeelddistill
285 waterand digested as for TP described beldwtal P samples were taken by sampling
286 50 mL of whole water, whictwvasstored cold (~ 3°C) in the refrigerator. Both sample
287  types wee digested for 35 minutes in an autoclave with 10 ml of 5% potassium

288  persulfatessolution (Johengenal, 2013). Following digestion, P concentrations were
289 measuredwasrthophosphate on a Technicon Auto Analyzer Il (Seal Analytical, Mequon,
290 WI 53092), usg the ascorbic acid meth@¢dohengeret al, 2013).Dissolved P (DP) was
291 estimated from the difference between TP and PP.

292 Particulate microcystin concentration was determinedplicateusingELISA

293  kits (Envirologix Inc. Portland ME, USA) aftextracting in75% MeOH and ater with

294  sonificatiomas described by Vanderploeg et al. (2013).

295 Fornutrient excretion experimentsat@r was sampleak the beginning and the
296  endof 2-h incubation andiltered through a 0.2-pum nylon G.E. Cameo syringerfilte

297 (G.E. Healthcare Sciences Pittsburg, PA, UB#) 14-mL test tubsthat werefrozen

298 until analysis SRP and NH/NH3; were measured using automated colorimetric methods
299 on a Technicon Auto Analyzer Il (Johengaral, 2013).

300 Atithe conclusion oéach set oéxperimentsmussels were frozen in glass vials
301 for laterestimates of conditioand C, N, and P concentrations. Shell lergtall

302 musselsvasmeasured to theearest 0.1 mm, arigssue from all musseisithin a single
303 replicate was compositedried at 6665 °C overnight, weighed, and ground with mortar
304 and pestle Mussel condition was estimated as musséitissue astiree dry mass
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305 (AFDM) per shell length (cm)Nalepaet al.,1993; Vanderploegt al, 2009). AFDM

306 was not directly measured in the Gull Lake experiments; therefore, we used a conversi
307 factor of 0.88 (Nalepat al, 1993) to covert DM t&\FDM. A weighed subsampleas

308 taken for POC and PON analysis as described above, and a second was taken for P
309 analysis«=The subsamples for P analysis were transferred into glass tubes and combusted
310 at500:°C for 2 hours. The combusted mussel-tissue was oxidized to orthophosphate with
311 25 ml of TN"HCI in a hot water bath (95-99 ° C) for 60 minutes, adapted from Andersen
312 (1976, andafter dilution to 0.019 N anabd by the ascorbic acid method as described
313 above,

314  Phytoplankton enumeration

315 Phytoplankton enumeration followed methods used previously by Vanderploeg et al.
316 (2001). Lake-water samples for phytoplankton enumeration were preserved in 1%

317 Lugol’'s solution, and typically 2L subsamples were filtered onto membrane filters for
318 permanent mounting on slides and counted at 100 x for larger cells and colonies and
319 1000 xsferssmall phytoplankton (Fahnensaehl, 1998). Cell dimensions of the

320 different taxa were converted to cell carbon for reporting biomass using thechudt

321 Fahnenstieét al (1998).

322

323  Statistical methods

324  Simple correlation analysisggression analysiandmultiple regression analysigere

325 used torexamine relationships among varialies 0.05). In examining the variables in
326 the encloesures affecting mussel condition and stoichiomeéryestricted our analysis to
327 the last twaounds of experiments allow mussel tissues time to adjusttie different

328 nutrientand sestonegimes set up in the enclosures. Results were pooled from these
329 rounds:

330 Results

331 Conditiens in enclosureswater and mussels

332  Total phoesphorus (TP) concentrations in the enclosures roughly approximated target TP
333  corcentrations of 8, 15, and 25ug L™ for respective L, M, and H treatment levels (Table
334 1). As expectedP addition stimulated primary production within the enclosases

335 witnesseduy higher concentrations 81, FON, POC,and Chlacrosdreatments
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However, the magnitude of response varied by nutrient paramgtePvaryingacross
enclosuredy a 19-fold range (2.85.6 ug L), PON over a Told range (0.04D.273

mg L), andPOC over a Bold range (0.4®.04 mg L) (Table 1). Chl variedover an
11-fold range (1.12.0 ug L) (Fig. 1 Table ). SignificantcorrelationgP< 0.05)
between. TP andach of these variables were seen:. PR.@49), POl (r=0.822, POC
(r=0.809, andChl (r=0.840). AlthoughPP and TRoncentrationsvere highly
correlated across treatments, at times an appreciable fratiiéhwasin the dissolved
phasgTable'1). Temperaturestayed within the narrow range of 24 to 27°C (Table 1).

A broad range of Chl andicrocystisconcentrations as well as microcystin
concentration (MC) and microcystin to Ghtio (MC/Ch) provideda relativelywide
spectrumpfifeeding conditions for the zebra musselterms ofMicrocystisabundance
and toxicity (Fig. 1). Trends in total phytoplankton concentration (Fig. 2a) generally
mirrored those for CHIFig. 1a) with increased levela H and M treatments, especially
during the second round, and all treatments convergirgjabvelylow or intermediate
valuesintthe thirdround (Fig. 2a). Rytoplankton cacentrationwas significantly
correlatedwith TP (r=0.440) and Chl=0.682).There was considerable variation in
Microeystisconcentratioa among rassel and nutrient treatmerfi§g. 1b).Percent
compesition of Cyanobacteradtenincreasedvith time in L and M treatmeni$ig 2b),
andMicrocystisoften made up the majority of cyanobacterial bionsasse
Cyanobacterial aniflicrocystispercent compositions weoétensimilar. The M2
treatmeninround #1 had the higheslicrocystisconcentration (Fig. 1bHigh relative
(>33%)eoncentrations were found at times in the L4, M1, M2, andeafhents; the
M2 treatment hadligh relative concentrations at all tim@sg. X).

Particulate microcystifMC) concentration an@hl normalized concentration
(MC/Chl)—measures of total and relative toxicity of the phytoplankton community—
varied similarly toMicrocystisconcentration and composition (Figs. 1 andM{
concentratiorwas significantly correlated withlicrocystisconentration (r = 0.680), and
Microcystispercent composition was significantdgrrelated wititMC/Chl (r = 0.514).
Relatively hgh MC concentrations (> 0.4 pug/L) were seen in many of the treatments

irrespective of nutrient level or mussel density; d.d.of round #2, M2 round #2, M4
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rounds #2 and 3, and H1 round #2, and H4 round #2 (Fig. 1c). However, elgvated
0.20 MC/Chl ratios werenly seen irall L treatmentand the M4reatmen{Fig 1d).

Seston molar ratios of C:P and N:P reflected effeCE addition, andC:P ratios
for H enclosures generally approximated the Redfield ratio (C:P = 106:1; N:P = 16:1;
C:N = 6.6:1in molar unit$ suggestingP sufficiencyhad been reachednhile largerP-
depleteratios wereobserved for M and L enclosurégaple ). The C:P values for the L
enclosures(350-40@s well as N:P ratios (3411) weresuggestive of severe P deficiency
as definedbygriteria ofHealy & Hendzel (1979) used byecky, Campbell, &Hendzel
(1993) tocharacterize conditioim surveyed lakes, but moderdtighh deficiency based
on more reeenbbservations of C:Ratios> 600in manylakes(Sterner & Elser2002;
Hesseny2006)C:P ratios for the M enclosures augggestiveof moderate P limitatioby
the Hecky et al. (1993) criteri€.N ratios(7.3 — 12.5) for seston suggested no or
moderatenitrogendeficiency for all treatmentsSoluble nutrientneasurements indicated
thatthe.outlying high C:P and N:P ratios seen forl2dreatment irround #lwerea
result efsnet enough P addedthis treatment at first

Mussels in enclosuresall of relatively uniform lengthX + SD = 15.8 + 0.6)—
exhibited,varying conditionAFDM length') thatranged betweed.9 and 6.0ng AFDM
cm* (Fig. 3 with X + SD = 4.5+ 0.8.Mussé condition was generally highest in H
treatments, lowein M treatmentsand lowest in L treatments throughout the experiment
(Fig. 3):Although there were large differences in mussel condition, mussels had fairly
constant CjN, and P content per unit dry mass. C content ranged between 0.488 and
0.522 with¥ + SD = 0.503 + 0.009 mg C mg D¥ N content ranged between 109 and
136, WithX + SD = 122.9 + 6.4 ug N mg DM, and P content ranged between 8.96 and
11.6, withX £ SD =10.12+0.72 pg P mg DM™.

Mussel C:PN:P, and C:N ratiggell within a relatively narrow rangend were
generallysreflective oP additions to enclosuresdigher C:P ratios and N:P ratios tended
to occurin the L treatments compared to intermediate values foundhhtteatments
and lowe valuesin the H treatment<C:N ratios followed the opposite trend (Fig. 3)
Reflecting thesérendstissue N:P ratio was negatively%-0.685) correlated and tissue

C:N ratio was positively correlated (r = 0.548) with mussel condition.
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Musselconditionand mussel C:N:P ratiahowed varying responses to seston
C:N:P ratio, PP and algal compositidfids. 4-5). Mussel condition was significantly
positively correlated with BRoncentration of cryptomonads and flagellates
(CryptoFlag) andwas significantly negatively correlatedth percent Ganobacteria and
sestonC:P;.C:N, andN:P ratics, with the lasthaving the higast correlatiorof all
variablegFig. 4). Despite the negative correlation of condition with Cyanobacteria there
was"ho sigificant correlationwith Microcystis

Mussel C:N:P rati® showed varyingesponseso seston C:N:Patios(Fig. 5).
MusselC:N wassignificantly negatively correlated with seston C:N (Fig.MJjissel C:P
ratio was mnet significantly correlated with seston C:P, showing very littlanae about a
nearly eonstantC:P ratio. Mussel N:P wasgnificantly correlated with seston N:P,

showing a modest slope (Fig. 5).

Feeding. rates in enclosures
Fa plotted-against initial Chl concentration showed hgatter among treatmer{&g.
6a) and'was nosignificantly correlated with any environmental variable exté@tand
the correlation coefficient was low (r-8.39). In contrastA(Chl), was positively
correlated to initiaChl concentratioifR? = 0.65; Fig. 6b)andpositively correlaedwith
additionalmeasures ddlgal abundance includir@hl, total phytoplankton concentration
and diatom concentratiofidble 2) as well as tgarticulate nutrients (POC, PON, PP)
and TRseoncentrationSignificant regative correlatiositoA(Chl) wereseen with
MC/Chlx€P, and N:P ratios. Overall Chl concentration was the most important dfiver
A(Chl)based on the strength of the correlations.

The patterns of correlations f8({N) andA(P) with sestoivariableswere similar
to thosefor. A(Chl) (Table 3. The relations oA(P) andA(N) with their respective
particulate nutrientoncentratioa mirrored the relationship fé(Chl) and Chl
concentration (Fig. 6B A(N) had slightly higher correlations with Chl than with PON
concentration, wherea@P) hada higher correlation coefficient with PP than with Chl.
Although the highest nutrient ingestiates (Fig.6b-f) associated with highest nutrient
concentrations werenportant to the strength of regressipaswere significant with
removal of these pointsThevery low value ofA(P) atof 31 ug L™ in theA(P) vs. PP
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relationship(Fig. 6¢) matches up with the lowést value seen Fig. 6a. Removal of this
outlier increases o 0.81.

Relation of nutrient excretion to nutrient assimilation and stoichiometry

Seston stoichiometry and P ingestion appeared to be important drivers of SRBrexcret
SRPexcretion decreased over two orders of nitagle as seston C:P ratio or N:P ratio
decreased. by a factor of(Big. 7ap). High correlations were seen for exponential plots
for both'variables. BP excretion was significantly correlated with ,R#hich varied over

a broad'fange (Figc), buttherewas considerable scatter about the relationship, nd R
(0.29 was low compared t&? of N:P (0.66)and C:P atios(0.71). There was no
significantseorrelation witiPON or POQover ths broad range of values (Fig. 7d,e).
Multipleslinear regression was used to examinepfussible improvement in the P
excretion relationshipy adding PRor In PPasan additional variableNo improvement
was found. SRP excretion was significantly positively correlated Aqfh with R =

0.50 (Fig. 7f) and CryptoFlag (r=0.493) and negatively correlated with % Cyanobacteria
(r=-0.577)-and MC/Chl (r=-0.509).

In contrast t&SRPexcretion, NH excretion decreased withcreasing seston N:P
ratioby.onlya factor of ~ 2 over this same ra&af seston N:P ratio@nd although the
correlation was significan® was low(0.31; Fig. 8).NH,4 excretion was not
significantly correlated with PON or wit#h(N). Due mostly to changes in P excretion,
N:P excretion ratio significantly GR= 0.62) increased by two orders of magnitude (11.9
— 2521y with seston N:P ratio, which varied over a 4-fold range (11 — 41).
Egestion.eompared with excretion
Egestiorratesof nutrientsweregreaterthan excretiomatesof nutrients. P excretion and
P egestionX,+ SDs were 0.0086 + 0.0092 and 0.045 + 0.Q@PP mg M h?,
respectivelyand the mean ratio of P excretion to ingestion was 0.393 +0.988 for the 18
experimendl trialsconducted during rounds 2 and 3. N excretion and egeXtidi$Ds
wererespéctively 0.103 + 0.024 and 0.373 + 0.p1AN mg DM™ h*, with theratio of N
excretion'to.N egestion equal to 0.54 +0J8Hcroscopic analysis of settled material in
the incubation bottles indicated that the biodeposit®st likely pseudofaeces
consisted ofntactphytoplankton such as colonidicrocystis other large phytoplankton,

or small zooplankton such 8®smina Little detrital material was seen.
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Discussion

To our knowledge, this is the first study in which musséitissue nutrient
stoichiometry, feedingates,and nutrient excretiowere measuresimultaneouslacross
a broad.spectrum of seston stoichiometry corresponding to a TPcataargeteristic of
oligotrophic'to moderatelgutrophic lakes This spectrum was accomplished by creating
anartificial"gradient of C:N:P ratios and mussel abundamd¢arge enclosuresith
subsequent'msarements of feeding and nutrient excretion following quickly upon
removal of mussels from their enclosurésese results extend the observatidns o
Johengeretal (2013), who lookedtexcretion and feedingttwo extremes of seston
N:P ratios represented by Lake Hitigpically 10-18) andnnerSaginaw Bay(typically
32-40), which corresponalith our H and L treatmentsespectively

Feedirg rates

Feedingwrates varied greatly among enales and were likely amportant factor in
drivingingestion or assimilation of C, N, and¥ musselsConsistent with expectation,
feeding.rate, expressed A&Chl), increased significantly with Chl concentration. The 10-
fold rang€ ofF 5 over a Chl concentration range of only 1-3 ji(Eig. 6a) implied that
food quality rather than food quantity was driving The lowF, values were

consistent with dreissahfeeding on a summer phytoplankton assemblage containing
undesirable,species such as coccoid cyanobacteria fed upon at low rates (e.g.,
Vanderpleecet al, 2009, 2013; Tangt al, 2014).

Condition and atrient stoichiometry of mussel tissues

Althoughthere were largdifferences in seston C:N:P ratios associated with different
levels of P_addition, there were only modest differences in C, N, and P camtieratios

in musseltissuedespite large changes in mussel conditiGonsistent with expectat,
mussel‘eondition was negatively related to seston C:N, C:P, and N:P and %
Cyanobacteria; whereas it was positively correlated with PP, TP, CryptoFlag and %
CryptoFlag. The condition response to CrypoFlag and Cyanobacteria variables may
reflect a timeintegrated response to feeding on algae of different food quBtigylow
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values of condition in L and M enclosumaatchthe mid to lower end of the range of
observed for Saginaw Bay mussels in the inner bay, which varied between a higlg of 7
AFDM cmitin spring underelativelygood feeding conditions to a low of 21y AFDM
cm™*in summer under extremely poor feeding conditions with little ingestion
(Vanderploecet al, 2009).

A major source of variation in tisstrecortentandC:N:Pratiosin invertebrates is
the association of P with ribosomal RNwhich increasg under high growthate and
adequate“i'the diet Sterner& Elser 2002Elseret al, 2003) Invertebratesvith
higher growth(includingreproductive output) would be expectechawve higher P
concentrations and lower N:P and C:P raitiotheir tissues (Sternér Elser, 2002; Elser
et al 2003)

Variation in C:N:P ration mussekofttissue associated with changes in seston
C:N:P ratios among lakend seasons within lakes has been taken as evidence that zebra
mussels havthe capacity to modify thetissueP concentration in relation to lake trophic
state (Naddafet al, 2009, 2012Gonzalezt al, 2010). Naddafi et al. (2009) posited
that thiscapacity may be important to their invasion success and competition with native
musselsOur studyincludedTP levels in the oligotrophic range in addition to the
mesotrophic and eutrophic conditions in the lakes studied by Naxtddf(2009, 2012).

At the low TP levels associated with our L1, L2, and L4 treatmsessorC:P ratios
(~400)-and N:P ratios (~40) were extremely higimpared to the studie$ Naddafiet

al. (200972012) wh C:P ratios~200 and N:Ratios ~30. Theinsignificant correlation

of musselssoft tissu@:P ratioandmodest response of tissieP with large changes in
respectiveseston C:P and N:P ratissenin our studywould suggest mussels do not have
great capacity to escape stoighitric constrainten low TP environments by
functioning.with highetissueC:P or N:P ratios

The negative correlation of mussel C:N ratio with seston C:N ratio wotildta
seem surprisingHigh C:N ratios in seston are usually thought of as an indicator of N
deficieney., Only moderate deficiency as defined by the Healy and HendzebariterP
= 8.3-14.6) was observed in some of the treatmentssestdn C:N ratio wgsositively
significartly correlated withsestonC:P (r= 0.79) and N:Rr = 063) ratios measures
indicative of potentiaP limitationrather than N limitation HightissueC:N ratios are
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520 associated witlc-rich, N-poor lipids and glycogefSterner & Elser, 200Zpund in

521 mussels with a high condition indéXalepa et a.1993) These prior findingsnatch up

522  with the positive correlation between condition and tissue C:N ratio observed in our
523  experiments. Thus, thgositive correlation between condition and tissue C:N eaid

524  positive.correlation of C:N seston ratio wgbstonC:P and\:P ratics likely explainsthe

525 negative rather than expected positive slope of the tissue C:N ratio vs. seston C:N ratio
526 Likewise'the lack of significant correlation between mussel Cd”saston C:P may

527 reflecta’simultaneous increase in both P and C content with high growth and high

528 condition.

529

530 Seston'stoichiometrgnd feedingas drivers of nutrient excretion

531 Our finding that P excretion was strongly associated with seston C:N:P ratios and
532 assimilation variables, whereas N excretion was not, may be related to different functions
533 of P and N in animal physiology. Since most P is associated with RNA in consiimers,
534  can besmuncoupled from C and N excretion in the sense that it is not used as an energy
535 source forrespiration (e.g., Andersetral, 2005).

536 1he high corredtion of SRP excretion with C:P and N:P ratios contrastéuketo

537 lower.eorrelation withA(P), and thelowest correlation with PBoncentration point to

538 interesting interactions among stoichiometry, algal compositiod feeding in our

539  experimentsFirst, whether any “waste” P is available for excretitom P assimilated

540 depends‘on seston P content relative to C or N content, whether it is usechtenaraie
541  or for bethsmaintenance and growth. Secdod, N:P or C:Psestorratics at the same

542  time often captured food quality both in terms of high P contentasdable

543  phytoplankton composition leading to higfP) values.The similar correlations fok(P)

544  and SRP.excretion with algal composition imply both are affected by feeding rate

545 mediated by algal compositiobastly, not all high concentrations of PP led to hA(P)

546  values,which could explain in part the weak correlation of SRP excretion with PP.

547 Theshallow slope and high interceptH, excretion vsA(N) regression

548 implies that &low feeding rates we are observingetatively high basal catabolism of N
549  whereasat higler feeding rate modest addition®H, excretionwas likelyassociated

550 with specific dynamic action of ingested fooQur NH, excretion rates at low feeding
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ratesare similar to the basal rates observedAigridge et al. (1995)at the same
temperaturesThey noted that at temperatures betw@érand 28°Ghere was a large
drop in the oxygen consumptidH, excretion ratio as mussels shiftedm lipid and
carbohydrate catabolisto protein catabolism.

Consistent withlthe stoichiometry paradignN:P ratio excreted by mussels was
strongly. correlated with seston N:P ratio (Sterner 1990, Stetrar 2002, Vanderploeg
et al; 2002;"Andersoet al. 2005; Johengeet al.,2013). Interestinglythelogarithmic
relationship'betweeN:P excretiorratio andsestorN:P ratio showed N:P excretion
equaled seston Nd# N:P sestn ratio of 11, a value consideralbbyver thanthe N:P
ratio ofimussel soft tissue (:BD) and everthe Redfield ratioX6) indicating P
sufficiencyof phytoplankton. This result contrasts with Bootsma & Liao (2013) who
predicted that the transition zone would occur between N:P ratios of 22 and 30. For the
summer _conditions under which we conducted our experirtiesityeant that ogr a
broad range of seston N:P ratios, N excretion relative to P excretion was much higher
Thisresulteould be related to the high endogenous N excretion at high temperatures,
regardless«of feeding ratess well as the extreme sensitivity of P excretmfeeding
andPingestion rates, which can be very low during summer owing to dominance of
grazingrresistant phytoplanktorsince P and N excretion are affected by temperature
(Bootsma and Liao, 2013; Johengsral,, 2013), the relation we observed could vary
with temperature

Qurresults spanned a broad range of N:P ratios in seston—10 to 40. Jaftengen
al., (2023)ssawnanysimilar patternsn feeding and nutrient excretidrom thepooled
results from Lake Erie and Saginaw Bhgat demonstrated both the importance of
stoichiometry and feeding rat&cross all seasons (Apr October) A(Chl) was
negatively.correlated with C:P and N:P ratiasd P excretion was positively correthte
with A(Chl).andA(P). Both A(P) and P excretion were positively correlated with
%CrypteFlag. When feeding stopped durindgiarocystisbloom,P excretiorwas zero

andNHzexcretionratewas high.

Ecosystem implications
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The differing behavior of N and P excretion in response to feeding ang @blbs ha
potentially important consequences to nutrient availability and phytoplankton siocces
With a 4fold increase in sestdW:P ratiq P excretion decreased and N:P excretion
increased by a factaf ~100. In the case of our experimenthew seston N:Ratio was
above a.relatively low N:P ratio of 11, mussel excretion cthddreticallyexacerbate P
limitation. However, low ingestion rate of P due to poor feeding conditikely was an
importantaccessory factor defining this relationship.

The extreme sensitivity of P excretitmA(P) has important implications to
understanding and modeling summer succession of phytoplankton, indulidiogystis
as well.agreliferation of theCladophorain the nearshore zondf mussels find
themselves‘decoupled from the phytoplankton in the water column owing to poor mixing
and stratificationn the scenario proposed by Zhaetal, (2011), P excretion will be
greatly reducedherefore the hypothesithat mussels will promotelicrocystis—or any
other phytoplankter-by P excretionn nonfeeding musselsensu Zhangt al, 2011)
would seem unlikely. This decoupling coaido play a role in mussélladophora
interactions. A<ladophoraproliferates around mussels.§., Bootsmat al, 2015),
acess+o phytoplanktodecreasesyhich would in turn create a feedback to reduce
musselP excretioand reduce itavailability toCladophoragrowthas well Likewise
when feeding rate stops durind/iécrocystisbloom (Johengert al.,2013), P excretion
is greatly reducedyhile N excretion continues.

Thewbalance between grazing and nutrient excretion impacts is context dependent,
including=natrient loading and mussel abundance, which itself can be a function of TP
concentration in the lake. Vanderplastcal, (2002, 201Bargued that under low P
conditions (assuming no or lavicrocystismortality) grazing by asufficiently high
biomass.of mussels able to controslowly growing nonMicrocystisalgal species;
conversely,sas P concentration increapbgtoplanktorgrowth relative to mortality
increases: Therefaréhe argument could be made that under low TP conditions, mussel P
excretionwill be a relatively weak force in affectingpmmunityalgal growth ratend
grazing would be the dominant force. However, the community could be affected by a
further shift to greater N:Beston ratios and exabation of P limitationAlso, recent
work (reviewed in Gobleet al.,2016)suggests thdtlicrocystismay have a competitive
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advantage over other phytoplankton under low-P conditions, and that urskritie
N:P ratios MC production will behigh. This would be consistent with both higher
MicrocystisandMC concentrationgRaikowet al, 2004; Knollet al, 2008) found in
low-TP. musselinvaded inlandakes. We couldalsoarguethatmussel N excretion-by
coming late.in the bloom cycle imoderateN:P lakes—could prolong toxidVicrocystis
blooms.by providing N necessary for MC productioiMiorocystisas nitrate is used up
by the'bloom.

In‘the Great Lakedreissenidnussels will have greatedirectimpacts in warm
shallow areas such as Saginaw Bagke Huron)and western Lake Erie, where
Microcystisean grow and mussels afeumdant enough to influence phytoplankton
mortality'and nutrient recycling. In offshore regions, mussels on the bottom will be
decoupled from surface epilimnetic wagerd will have littleimmediatempact to
Microcystis_However, this is not to say that P sequestration in tissue, shells, and
associated benthic communiigll not have an effect over the longer term.

Theslarge potential nutrient reservoir in egested matehigrved in our
experiments, those Mosley & Bootsma (2015), and Vanderplogtgal. (2009)could be
asouree,of P for the benthos dods fromthe pelagic zone. However, the nature of the
biodeposits and turbulence in the system will affect whether the egested material is
resuspended drecomes part of the sedimgiianderploeget al.,2002). Fkirthermore
we must distinguish between nutrients egested in p$&ecksand those iflaecesWe
were net-able to do this, since our examination of biodeposits was done long after
preservatiothereby making discernment between faeces and pseudofaeces inexact.
Pseudgaeces often consisting of loosely consolidated sestam, be quite fragile and
living phytoplankton in them can remain viable and be resuspended by gentle water
motion(Vanderpleget al, 2001, 2002, 2009). Depending on the contents of
pseudfaeceqalgaeand suspended sedimetitey can have differing buoyancies—
includingypositive buoyancy (Vanderploegal.,2013; Vanderploeg and Strick|et013).
Therefore; seston compositiangluding algal species compositiand abundance of
suspended sediment, combined with turbulence in the systemimportant factors
driving input to the benthos or return to the water column. In our experiments we used

gertle mixing, which allowed pseudofaeces to settle in experimental contaiHeghb.
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643  mixing rates would have led to breakdown of pseudofaeces and release of their contents
644  to the water colonn above.
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Figure 1. Chlorophyll a (Chl) concentration, Microcystis concentration, microcystin
concentration and microcystin/Chl ratio in enclosures at time of experiments (£SE,
n = 3). Enclosure treatments are designated by letters L (no), M (medium) and H

(high) nutrient additions followed by 1, 2, or 4 indicating nominal mussel dry mass

concentrations (g m-2) stocked in the enclosure.

Figure 2. Phytoplankton abundance and composition in enclosures. CrypFlag is the
combined category of cryptophytes and flagellates. Enclosure treatments are
designated by letters L (no), M (medium) and H (high) nutrient additions followed
by 1, 2f6n4 indicating nominal mussel concentrations (g m-2) stocked in the
enclosure.

Figure 3. Mussel condition and C:N:P ratios (+SE, n = 3) in enclosures. Enclosure
treatments-are designated by letters L (no), M (medium) and H (high) nutrient
additionsfellowed by 1, 2, or 4 indicating nominal mussel dry mass concentrations

(g m2) stocked in the enclosure.
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Figure 4. Relationship of mussel condition (expressed as ash-free dry mass per unit
length) to particulate P and important food-quality (stoichiometry and algal
composition) variables in enclosures during rounds #2 and #3 after addition of
musselsito.enclosures. CryptoFlag is combined abundance of cryptomonads and

flagellates. All regressions are significant at the P< 0.05 level.

Figure'S. Mussel C:N:P ratios as function of seston C:N:P ratios during rounds #2
and #3fafteriaddition of mussels to enclosures. Regressions are significant at the P<

0.05 level.

Figure 6#Net clearance rate (F4), assimilation rate (4) of Chl, and potential
assimilationof P and N as linear functions of Chl and particulate N and P.

Regressions are significant at the P< 0.05 level.

Figure 7«=Seluble reactive P excretion as a function of: seston C:P and N:P ratios;
seston particulate phosphorus (PP), particulate organic N (PON), and particulate
organi€ C(POC) concentrations; and potential assimilation rate of P (4).

Regressions are significant at the P <0.05 level.

Figure 8. NH4 excretion as a function of seston N:P ratio, particulate organic N
(PON)concentration, and potential assimilation rate (A) of N; and N:P excretion as a

function of seston N:P ratio. Regressions are significant at the P <0.05 level.



Table 1. Temperature, nutrient concentrations (total phosphorus [TP], dissolved phoEpRgrparticulate phosphorus [PP],

particulate-erganic nitrogen [PON], particulate organic carbon [POC]), C:P, C:N, and C:P ratoscofate material, and

chlorophyll (Chl) concentrations with SEs (n = 3) of enclosure water used for egpé&sirinclosure treatments are designated by

letters labeled L (no), M (medium) and H (high) nutrierdiians followed by 1, 2, or 4 indicating nominal mussel concentrations (g

dry mass-i),stocked in the enclosure. Round (R) 1, 2, and 3 refer respectively to experimentsauediorimg the time periods 9 -
12 July, 23-27 July, and 6-9 August 2007. \w&5 calculated from the difference of TP and PP measurements.

Temp’ TP DP PP PN POC C:P C:N N:P Chl

Treat. R (°C) (ugLh) (gLl (ugLl?h (mg L (mg L (ug L)
L1 1 250 52+05 24 28+00 00430002 042+000 3845+7.2 1145+0.32 33.7+14 121+0.04
L1 2 242< 37+02 10 27+02 0.048+0.001 0.43+0.01 409.2+250 10.39+0.18 39.4+25 1.6220.08
L1 3 262~ 35+00 1.0 25+0.1 0.046+0.001 0.40 +0.01 413.1+21.3 10.04+0.17 41.2+0.21 1.64+0.03
L2 1 246> 52+05 23 29+02 0.041+0.001 0.44+0.01 378.2+29.4 1248021 31.1+23 1.14+0.05
L2 2 236 46+01 12 34+00 0.063+0001 0.56+001 416.6+9.7 10.28+0.18 40.5+0.8 1.97+0.07
L2 3 26:0- 45+01 1.0 35+01 0.059+0.000 0.52+0.01 385.3+13.1 10.29+0.12 37.4+1.2 2.37%0.05
L4 1 264) 47+01 1.9 28+0.1 0.044+0.002 0.43+0.01 390.2+21.2 11.26+0.14 347+21 1.09%0.05
L4 2 283 49+03 17 32+ 0.1 0.051+0.000 0.51+0.01 402.6 +17.4 11.48+0.24 351+13 1.41+0.03
14 3 250, 52+01 15 37+0.1 0.063+0.001 0.49+000 341.0+7.6 9.03+0.11 37.8+1.0 3.00%0.07
ML 1 250% 7.0+02 18 52+01 0.062+0.001 049+0.01 243.1+65 9.20+0.09 26.4+05 1.5120.02
ML 2 240. 121201 06 11.5+0.6 0.130+0.004 0.99 +0.01 2232 +11.7 890+0.17 251+15 3.96%0.05
ML 3 256, 97+01 22 75+02 0.066+0.002 0.50+0.00 171.2+54 8.85+0.16 19.4+0.8 2.31+0.03
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M2
M2
M2
M4
M4
M4
H1
H1
H1
H2
H2
H2
H4
H4
H4

24.4
23.6
25.8
25.8
235
252
254
24.4
26.8
247
24.0
26.5
26.6
24.7
26.3

W N P W DN PP WODN P WODNFP WDN PP

7.9+0.2
151+04
11.2+0.2

59+0.1
12.8+0.2
141+0.2
149+0.2

61.9+3
32.0+2.3
129+0.3
21.9+1.2
149+0.9
15.8+0.0
37.7+21
21.9+0.6

2.4
0.4
2.9
1.6
15
3.7
2.2
15.3
18.7
3.1
0.2
8.3
1.3
6.7
12.7

5.5+0.2
14.7+0.5
8.3+0.6
43+0.2
11.3+0.6
104 +£0.1
12.7+0.4
46.6 +0.1
13.3+0.4
9.8+0.3
21.7+04
6.6+0.4
145+1.1
31+0.1
9.2+0.5

0.069 + 0.002
0.103 + 0.003
0.084 +0.002
0.054 +0.001
0.112 + 0.002
0.134 + 0.007
0.112 + 0.001
0.273 +0.012
0.078 + 0.001
0.153 £ 0.003
0.112 + 0.002
0.043 +0.002
0.114 + 0.006
0.159 + 0.004
0.067 +0.001
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0.60 £ 0.02
0.78 £0.02
0.56 +0.01
0.48 +0.02
0.89 £0.02
0.97 £0.03
0.78 +£0.00
2.04 £0.09
0.68 £ 0.02
1.14 +0.02
0.74 +0.02
0.27 +0.01
0.83 £0.03
1.08 +0.02
0.49+0.01

281.7 £14.5 10.24 +0.03

136.3+6.2
173.9+13.3

285.3+£18.0 10.36 +0.28

203.7 +11.9
240.0+7.8
158.1+£5.0
113.1+£5.1

132.5+5.3 10.25+0.19

299.3+11.2
88.4+3.2
104.7+7.4
148.1 £12.2
89.8+1.7
136.6 £+ 7.4

8.85+0.01
7.75+0.06

9.27 +0.01
8.49 +0.17
8.12+0.10
8.75+0.11

8.68 £ 0.05
7.73+0.12
7.31+0.18
8.55+0.25
7.94 +0.07
8.44 + 0.06

27.5+14
15.4 +0.7
225+1.7
27.5+14
220+1.3
283+15
19.5+0.6
129+ 0.6
129+0.4
345+13
11.4+0.3
14.3+1.0
174 +1.6
11.3+0.3
16.2+0.9

2.07 £0.03
4.37 £0.02
1.96 + 0.06
1.70 £ 0.03
2.47 £0.03
3.72+£0.02
3.14+0.01
12.00 +£ 0.06
5.69+£0.40
6.21 +0.08
454 +0.13
1.17 £0.03
4.55+0.16
3.40+0.24
2.69+0.05



Table 2*Correlations of feeding and nutrient ingestion rate variables with sestamhutri

stoichiometry and algal composition expressed as biomass in carbon units or gercent o

total carbon’biomass (N=26). Abbreviations are: PON (particulate organic N), PP

(paticulate=P), POC (particulate organic C), Chl (chlorophyll a), and MC (particulate

microcystin). All significant correlations (p <0.05) are in bold.

Variable Fa A(Chl)  A(N) A(P)
Chl -0.096  0.833 0.721 0.792
POC -0.267  0.632 0.619 0.672
PON -0.233 0.634 0.641 0.705
PP -0.151 0.621 0.594 0.809
TP 0.110 0.621 0.537 0.770
molarC:N -0.147 -0.356 -0435 -0.494
molar C:P 0.140 -0.450 -0.465 -0.675
molar N:P -0.131 -0412 -0412 -0.679
MC/L -0.395 -0.043 0.035 -0.004
MC/Chl -0.271  -0534  -0.447  -0.498
Cyanobacteria -0.063 0.301 0.385 0.194
Diatoms -0.002 0.570 0.620 0.453
Greens -0.072  0.089 0.053 0.046
Cryptoklag 0.106 0.340 0.303 0.422
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Figure 1. Chlorophyll a (Chl) concentration, Microcystis concentration, microcystin
concentration and microcystin/Chl ratio in enclosures at time of experiments (+SE,
n = 3). Enclosure treatments are designated by letters L (no), M (medium) and H
(high) nutrient additions followed by 1, 2, or 4 indicating nominal mussel

concentrations (g m-2) stocked in the enclosure.
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Figure 2. Phytoplankton abundance and composition in enclosures. CrypFlag is the

combined category of cryptophytes and flagellates. Enclosure treatments are

designatediby letters L (no), M (medium) and H (high) nutrient additions followed

by 1, 2per4indicating nominal mussel concentrations (g m-2) stocked in the

enclosure.
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Figure 3..Mussel condition and C:N:P ratios (+SE, n = 3) in enclosures. Enclosure
treatments are designated by letters L (no), M (medium) and H (high) nutrient
additionsfollowed by 1, 2, or 4 indicating nominal mussel dry mass concentrations

(g m*2)'stocked in the enclosure.
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mussels to enclosures. CryptoFlag is combined abundance of cryptomonads and

flagellates. All regressions are significant at the P< 0.05 level.
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Figure 5. Mussel C:N:P ratios as function of seston C:N:P ratios during rounds #2

and #3 after addition of mussels to enclosures. Regressions are significant at the P<

0.05 level.
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