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Impact of zebra mussels (Dreissena polymorpha)
on the pelagic lower trophic levels of Oneida
Lake, New York

Nasseer Idrisi, Edward L. Mills, Lars G. Rudstam, and Donald J. Stewart

Abstract: We analyzed a data series on nutrients, phytoplankton, zooplankton, and young-of-the-year fish from Oneida
Lake, New York, to test several hypotheses relating the response of the pelagic food web to grazing by zebra mussels
(Dreissena polymorpha System-wide grazing rates increased by one to two orders of magnitude after zebra mussel in
troduction. The most dramatic change associated with dreissenid grazing was increased water clarity and overall de
crease in algal biovolume and Cal Contrary to predictions, primary production did not decline. We attribute the lack

of whole water column decline in primary productivity to the compensating effect of increased water clarity resulting

in deeper penetration of photosynthetically active radiation. We observed no change in total or dissolved phosphorus
concentrations. Although algal standing crop declindphniaspp. biomass and production did not, but dominance
shifted fromDaphnia galeata mendota® Daphnia pulicaria Consistent with our findings in the lower food web, we
found no evidence that zebra mussels had a negative impact on young yellow Perca flavescensgrowth, bic

mass, or production. Thus, despite the order of magnitude increase in grazing rates and associated decrease in algal
biomass, pelagic production at primary, secondary, and tertiary levels did not decline in association with zebra mussels.

Résumé: Nous avons analysé des séries de données sur les nutriments, le phytoplancton, le zooplancton et les pois-
sons de I'année au lac Oneida, New York, afin de vérifier plusieurs hypothéses relatives aux effets du broutage par les
Moules zébréesOreissenia polymorphasur la chaine alimentaire pélagique. A I'échelle du systéme, les taux de brou-
tage ont augmenté d'un facteur de 10 a 100 apres I'introduction des Moules zébrées. Le changement le plus spectacu-
laire amené par le broutage des moules a été une augmentation de la limpidité de I'eau et un déclin du biovolume
général des algues et de la concentration de&Cl@ependant, contrairement & nos attentes, la production primaire n'a
pas baissé. Nous attribuons ce maintien de la production primaire dans toute la colonne d’eau a I'effet compensatoire
de la limpidité accrue de 'eau qui a permis a la radiation impliqguée dans la photosynthése de pénétrer plus en profon-
deur. Il N’y a pas eu de changement dans les concentrations du phosphore total, ni du phosphore dissous. Bien que la
biomasse des algues ait diminué, la biomasselgzhniaspp. et leur production se sont maintenuBaphnia pulica-

ria a cependant remplad@aphnia galeata mendotasomme espéce dominante. Il n’y a aucune indication que les

Moules zébrées ont un effet négatif sur la croissance, la biomasse ou la production de la Perebamadfagescens

ce qui est conforme a nos observations sur les maillons inférieurs du réseau alimentaire. Ainsi, malgré un-accroisse
ment d’environ 10 fois des taux de broutage et le déclin qui en a résulté dans la biomasse des algues, la production
pélagique aux niveaux primaire, secondaire et tertiaire n’a pas diminué en présence des Moules zébrées.

[Traduit par la Rédaction]

Introduction 1994), and many studies have focused on the impact of these
exotics on associated ecosystems (e.g., Strayer et al. 1999). In
The most prevalent perturbation to aquatic ecosystems th@@rticular, the recent invasion of the zebra musBeeissena
is mediated through anthropogenic vectors is the intropolymorphd in North American freshwater lakes and rivers
duction of exotic species (e.g., Mills et al. 1994). To date,has caused concern because of their high filtration capacity
146 nonindigenous species have been recorded as- estand their ability to alter food web structure (e.g., Padilla et
lished in the Laurentian Great Lakes alone (Mills et al.al. 1996; Caraco et al. 1997).
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In this study, we analyzed a data series on nutrients,.imnological data
phytoplankton, zooplankton, and young-of-the-year (YOY) Limnological data were collected weekly at five sites (1975-
yellow perch Perca flavescensfrom Oneida Lake, New 1997) from April to November (Fig. 1). Sampling was conducted
York, to test several hypotheses relating the response of @onthly during the winter ice-cover period (at the reference site,
food web to grazing by zebra mussels. The importance ofhackelton Pt.; see Fig. 1). A tygon tube (2.5-cm inner diameter)
these processes will vary seasonally. Specifically, we hyWas used to collect integrated water samples (surface to 0.5 m

: : : above lake bottom) for phytoplankton and nutrients. Within 2—4 h
pothesized thati) total phosphorus (TP) will not decrease after collection, samples were filtered for Ciyl SRP, total soluble

but will be partitioned into more soluble reactive phosphoru hosphorus (TSP), nitrate-nitrogen (§Oand soluble reactive sil
(SRP) and less total particulate phosphorus (TPP) due to t;p@a as SiQ (SRS) (Strickland and Parsons 1972; American Public
lower algal biomass in the water column (Heath et al. 1995Health Association et al. 1976). Filtered samples were stored at a
Mellina et al. 1995; Caraco et al. 1997); other dissolvediemperature of approximately —20°C prior to analysis. Unfiltered
nutrients (nitrate, silica) will be less affected because phoswater was used to estimate TP. Dissolved organic phosphorus
phorus is the limiting nutrient (Johengen et al. 1995);(DOP) was estimated as the difference between SRP and TSP and
(i) phytoplankton biomass (as chlorophyl (Chl a)) will TPP as the difference between TSP and TP. Total alkalinity and
decrease, leading to a decrease in primary productivity anBhenolphthalein alkalinity of water with known pH were used to
an increase in water clarity (Holland 1993; Fahnenstiel et a|determ|ne dissolved inorganic carbon (DIC) (Wetzel and Likens
1995; Caraco et al. 1997), and phytoplankton communit);ggl)' . .
composition will shift to grazer-resistant forms, such as Number of clear-water days was defined as the period between

. . . the spring and summer algae blooms when @hkas less than
large cyanobacteria or large diatoms (Smith et al. 1998)3 ug-L™ for at least 2 consecutive weeks. In situ water column

(iii) daphnid biomass and production will decline due to re jiadgiance was measured with a LI-COR: 4ensor and LI-COR
duction in algal biomass and production, and the shift t01000 data logger at 0.25-m intervals from the surface to the bot
larger inedible forms of phytoplankton will further inhibit tom; above-surface irradiance was measured with a LI-C@R 2
daphnid production (Karatayev et al. 1997; Pace et al. 1998)ensor attached to the same data logger.
and {v) decreased daphnid biomass and production will lead Subsamples of integrated lake water from each site for
to declines in YOY fish biomass and individual specific phytoplankton analysis were immediately fixed in Lugol's solution
growth (Rutherford et al. 1999). upon collection and later identified and enumerated using a Wild

While we hypothesized that changes in the pelagic |owe,anerteq microscope. Identification was to species when.possmle;
trophic levels were zebra mussel induced, two alternative hyc-’”t‘ﬁ:]‘g;zg'vf’/g?’éogﬁght;’irr‘lggl\lﬂslig’%’e{ﬁe'duirg"lﬁdatgg‘;?gsbg'g:’:rwr(n’\?
potheses explalnlng a decreasg in phytoplankton and asso _(l.i'risi, unpublished data) using average shapes and sizes for indi-
?ted changes in other trophlc levels are also p.OSS'bl%idual algal species (Reynolds 1984). All limnological, phyto-
(i) reduced phosphorus loading causes a decrease in phytQankton, and zooplankton samples were integrated over depth;
plankton biomass [as CHd], daphnid biomass and produc- thus, estimates represent water column mean values.
tion, and YQY fish biomass and an increase in water clarity
(nutne_nt I|m|tat|.on. bottom-up effect) oriij decrgased Primary productivity
planktivory by fish (unrelated to zebra mussels) increase | .

. - . ntegrated water samples were collected ¥ photosynthesis

Zo_oplankton blom_ass I.eadlng toa _dgcrease In botha@nid incubations using the Fee incubator technique (Shearer et al. 1985;
primary productivity with TP remaining stable (trophic €as gge 1990). Irradiance was measured with a LI-COR sénsor

cade: top-down effect). from the surface to the bottom to determine extinction coefficients
used in calculating primary productivity. Photosynthetic—irradiance
Materials and methods (Pl) experimental procedures were modified following Lewis and

Smith (1983) and Fahnenstiel et al. (1995). Modifications included
the incubation of a smaller sample volume (3 mL) and a 40-min in
Oneida Lake is a 20 700-ha, shallow, productive lake (mearfuPation period. Differences iHC uptake between the two proce
depth 6.8 m, maximum depth 16 m) located on the Lake OntaridurS were minor (Lang and Fahnenstiel 1995). Water samples
Plain of central New York State (Mills et al. 1978). The lake is were kept cool in opaque 10-L containers and transfer_red to the
well mixed and generally isothermal during the ice-free months laboratory for subsequent processing; time from collection of the

The lake has been described as naturally eutrophic, with TP corI'St Sample to the return to the laboratory was typically 2 h. Prior

; : ; - ; to initial experimentation, a spectral distribution analysis was car
centrations typically ranging between 30 and&pL™ during the ; . . '
1970s (Mills et al. 1987). Centric diatom bloom@yclotellaspp.) ried out at the three sampling sites with a LI-COR 1800 underwa

typically have dominated early-spring phytoplankton communities,t€" spectroradiometer on May 18, 1993, to determine the spectral
ypicaly y-spring phytop quality of the euphotic zone. A colored gel, matching the spectral

whereas cyanobacteria blooms (maifphanizomenon flos-aqupe H-<" - .
persist for 1 or 2 months in late summer (Greeson 1971). The zoddistribution data, was placed at the bottom of the Fee incubator

plankton community has been dominated by two daphnid species2/SO called a photosynthetron) between the light source and the

Daphnia pulicaria and Daphnia galeata mendotaavith smaller ~ SamPples to act as a filter, allowing the penetration of light wave

populations ofDaphnia retrocurva(Mills et al. 1987). The domi  '€Ngths similar to those in the field. _ 3

nant zooplanktivores are YOY fish; at high densities, YOY yellow . 1he Pl curves were fitted from photosynthetic rates at specific

perch are able to collapse the daphnid population (Mills and Forne radiances using the simplex nonlinear curve f|tt|n_g routine in

1983). Populations of gizzard sha®drosoma cepedianumex- ystat 5.03 (Systd). Two Pl parameters were determind}, and

panded in 1984 and impacted daphnid populations from the mid® from the equation (Gallegos and Platt 1981)

1980s to the early 1990s (Roseman et al. 1996; Shepherd and Mills

1996). Zebra mussels were first observed in Oneida Lake in 1991, }_{ocl j
P(l) = Btan

Study site

and by autumn 1992, the population reached densities as high as
44 000 individuals-? (Mellina et al. 1995).

m
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Fig. 1. Map of Oneida Lake, New York, U.S.A., showing the main sampling sites.
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whereP(l) is photosynthetic rate (milligrams carbon per hour) at Zebra mussel population structure

irradiancel (einsteins per square metre per hotlf), is maximum Dreissenids were collected by SCUBA using 0.5- to 4 quad-

photosynthetic rate (milligrams carbon per hour), ani$ the ini-  rats placed randomly at each of 10 sites in triplicate (see fig. 1 in
tial linear slope at irradiance (milligrams carbon per einstein per Mellina et al. 1995). Samples were collected in October of each
square metre). year from 1992 to 1997; only nine sites were sampled in 1995. All

Primary productivity was estimated with the computer programsindividuals collected throughout this sampling period were
developed by Fee (1990) using the Pl parameters per unit chlord. polymorpha Lake-wide wet weight biomass (including shell)
phyll (PE(milligrams carbon per milligram Cha per hour) anadx® means = 95% confidence intervals were calculated by stratifying
(milligrams carbon per milligram Ché per einstein per square samples by substrate type (soft, sand, and hard substrates; Greeson
metre)), extinction coefficients, and latitude and Julian day as inputl971). Abundances and size frequency distributions were estimated
parameters. Primary productivity for years other than 1993 andor each substrate type and lake-wide estimates made by weighting
1994 was estimated using the empirical models developed in Idrishbundances based on the total area of each substrate type (Cochran
(1997). These models, based on primary productivity measure1977). Because zebra mussels were not observed on any substrates
ments in 1993-1994, explained 73 and 47% of the variatio®Pfpr deeper than 10 m, lake-wide values were corrected by assigning
anda, respectively (Idrisi 1997). The models were verified againstzero abundance for total lake bottom at depths exceeding 10 m.
independent data from 1988, where errors between observed amthnual zebra mussel clearance rates of the Oneida Lake zebra

predicted Pl parameters were less than 5% (Idrisi 1997). mussel population were estimated using the equations of Horgan
and Mills (1997). Clearance rates were estimated as weight-
Daphnia spp. biomass and production specific rates based on zebra mussel dry weights (soft tissue only).

Zooplankton samples were collected (at the same time and localVe assum_ed that Qnelda Lake was generally isothermal and well
tions as the limnological and phytoplankton collections) with amMixed during the ice-free season, and therefore, zebra mussels
153um-mesh Nylon net (0.5-m mouth diameter, 2 m in length) us would have access to the entire water colgmn. D.ally. clearance
ing vertical tows from approximately 0.5 m off the sediment-sur rates for zebra mussels were corrected for o_llfferentlal filtering ac
face to the water surfaceDaphnia pulicaria and D. galeata  UVity between day and night (Horgan and Mills 1997).
mendotaevere enumerated and body length recorded with the use
of a computer-assisted plankton analysis system (Hambright an¥OY yellow perch biomass, growth, and production
Fridman 1994). Individual weights were calculated from length — Abundance of a primary zooplanktivore (yellow perch) was-esti
dry weight regressions (E.L. Mills, unpublished data). Numbers ofmated using high-speed Miller samplers (548-mesh net) in
eggs per female were counted for. pulicaria and D. galeata  June and a 5.5-m otter bottom trawl from the end of July through
mendotago estimate secondary production from 1988 to 1996 ac October each year (1975-1997). Miller sampling was conducted
cording to the method of Borgmann et al. (1984). Annual averagavhen YOY yellow perch attained approximately 18 mm total
clearance rates of daphnid population®. (pulicaria and  length (VanDeValk et al. 1999). By the end of July, YOY yellow
D. galeata mendotgenere predicted for the whole data set (1975- perch typically become demersal and vulnerable to bottom trawls
1997) from multivariate regressions from Peters and Downing(Forney 1971). Weekly estimates of YOY yellow perch from the
(1984). Annual averages were calculated for the period April—end of July through October were obtained from trawls fished at 10
October for each year using eq. 4 from Peters and Downingsites each week. Average daily biomass was calculated from the
(1984). Input data included daphnid dry weights, food concentradecline in abundance in trawl samples and observed growth rates.
tion (wet weight converted from Cld), nanoplankton biovolumes, For the pelagic period, abundance was calculated assuming-a con
nanoplankton biovolumes per individual daphnid for 1975-1995 stant instantaneous mortality rate between the date of the Miller
median biovolume, and biovolume per individual daphnid from Pe sampling survey and the end of July (Mills et al. 1987). Average
ters and Downing (1984) were used for 1996-1997. weight of YOY yellow perch in October trawls was considered to

© 2001 NRC Canada
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Fig. 2. Long-term trends of mean (x1 SE) annual concentrations Fig. 3. Size frequency distributions of Oneida Lake zebra mussel
of (a) TP from 1975 to 1997,k) primary productivity (PP) from  population biomass from 1992 to 1997.

1975 to 1995, andc] Secchi depth from 1975 to 1997 for 1

Oneida Lake. To the right of the vertical line drawn through all 8] a)

three panels is the time period used in the analysis for this 6
study. Arrows indicate the time of zebra mussel invasion. 4
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Data analysis
To determine the effect of zebra mussels on the lower food web,
we used data from June to October of each year. This time period
is when water temperature was above 10°C, and zebra musseResults
would most likely have the greatest impact on the system. Labora
tory experiments have determined that feeding activity byZzepra mussel abundance and biomass
D. polymorpha occurs at a temperature range of 8-25°C "\\a estimated mean areal densities and wet weight of ze

(Stanczykowska 1977); summer temperatures in Oneida Lake di .
not exceed 25°C during the period when zebra mussels were pre ra r_nussels_ for each year based on numb_ers and weights of
ndividuals in shell size categories ranging from <2 to

ent. We divided the data set into pre-zebra mussel phase (1982! ' .
1991) and post-zebra mussel phase (1992-1997; we use 19980 mMm (Fig. 3). Our results indicate that mean shell length

1995 for phytoplankton biovolumes and primary productivity and increased over the period from 2.75 (1992) to 8.72 mm
1992-1996 for daphnid production); we also grouped data for eack1997), maximum mean shell length was in 1995 (9.75 mm),
year by season (spring, summer, and autumn). In our analysis, wend shell length frequencies shifted from bimodal (1992—
did not want to confound nutrient effects with zebra mussel im 1994) to a single mode (1995-1997). In 1992, a high abun
pacts. Consequently, we chose to begin our data analysis witHance of small mussels (<2 mm) contributed to the highest
1988, since TP concentrations from 1988 to 1997 were stablggke-wide mean density (>40 000+ observed in this

- : : -1

interannual differences in TP were 10-8Q-L - for 1975-1987  gy,qy |n contrast, the highest mean wet weight (including
compared with a maximum difference of 1@-L~ since 1988 shell) of mussels was observed in 1997 (15608 rom-

(Fig. 2). We used a two-way analysis of variance (ANOVA) to test . . . .
for significant differences between pre- and post-zebra mussel perjared with average weights ranging from 343 to 1012°§-m

ods followed by a comparison of means for zebra mussel phasés0m 1992 to 1996. As might be expected, site-to-site-vari

within each season (SAS Institute Inc. 1989). When the criterior@NCe was high; coefficient of variation among sites ranged
for normality was not met, we log transformed the data prior tofrom 84% in 1993 to 206% in 1997. Mussel densities at in

analysis. Comparisons were considered significar® &t 0.05. dividual sites ranged from zero to a high of 114 30-m
© 2001 NRC Canada
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Table 1. Statistical analysis of seasonal attributes for variables Distributions of phosphorus and other nutrients varied sig
used in this study. nificantly by season from spring to summer to autumn; TP,
SRP, TPP, DOP, and SRS increased from spring to autumn,

Parameter Zebra mussel phase Seasonareas NQ declined over the same period (Fig. 4). Gom
P ns b parison of phosphorus concentrations by zebra mussel phase
TPP (=) i and by season indicated that TPP was consistently lower in
SRP ns * post-zebra mussel years for all seasons, whereas SRP and
DOP ns ns TP concentrations were lower only in summer and autumn.
NO; ns i NO; was significantly lower in autumn, while SRS was
SRS ns * lower in summer during zebra mussel years (Fig. 4).

Secchi depth *rE(+) *x

Chla N * () = Water clarity, Chl a, primary productivity, and

Primary productivity ns ns phytoplankton community dynamics

Total phytoplankton * () ns We hypothesized that grazing by zebra mussels would
Netplankton * () ns lead to increased water clarity, decreased phytoplankton bio
Nanoplankton ns ns mass and primary productivity, and a shift in algal composi
Cyanobacteria ns i tion to grazer-resistant forms. As expected, Secchi depth
Diatoms (=) ns increased significantly (two-way ANOVAR < 0.05) and Chl
Chlorophyta ns ns a decreased significantly (two-way ANOVA, < 0.05) in the
Chrysophyta (=) ns presence of zebra mussels (Table 1; Figg.aad 4). The
Cryptophyta ns ns lowest annual average Chlconcentration was recorded in
Mean zooplankton length () x 1993 and 1997 (4.9 and 4ug-L™, respectively); Chh was
Total zooplankton ns * 46% lower in post-zebra mussel years. For the years 1993—
D. pulicaria biomass *(+) * 1997, the annual average Secchi depth was consistently
D. pulicaria production * (+) * greater than that for previous years (Fig).5Although the

D. galeata mendotabiomass * (=) ns number of clear water days (defined as the period when
D. galeata mendotaproduction ~ ** (=) ns mean water column Cld was <3ug-L™) increased from 60 +
Yellow perch biomass ns fis 16 to 86 * 4 days, the difference was not significantest,
Yellow perch growth ns R P > 0.05). This statistical outcome was likely due to the pro-

Note: TP, total phosphorus; TPP, total particulate phosphorus; SRP, longed clear-water period I,n 1989 that extended beyond any
soluble reactive phosphorus; DOP, dissolved organic phosphorug; NO  POSt-zebra mussel year (Figb)s
nitrate-nitrogen; SRS, soluble reactive silica as SiGvo-way ANOVA We found significant (two-way ANOVAP < 0.05) zebra
treatments are zebra mussel phase (pre- (1988-1991) and post-zebra  myssel effects by season for Secchi depth andadhit not

mussel years (1992-1997)) and season (spring (Ap# June 3), summer . - . -
(June 10 — September 19), and autumn (September 26 — October 28)). for primary pmduc“on (Table 1, Fig. 4)' Secchi depth was

Number of samples per group: pre-dreissenid, spring and autumn, 40; predr€éater and Ché lower during post-zebra mussel years for
dreissenid, summer, 44; post-dreissenid, spring and autumn, 60; post-  all seasons (Figs.gdand 4). Primary productivity did not
oo g o e e e s mogsie S icmes T Significanty (wo-way ANOVA.P'> 0.05) by season
decline for thogepvariables having s)i/gnificant zebra n?ussel egectzﬁ Rl Ebl’. zebra mussgl pres?nce_absence; howeve.r’ higher mean
0.005; **P < 0.01; *P < 0.05: ns, not significanty > 0.05). primary production estimates were observed in the autumn

asummer and autumn values only. and lower estimates in the summer in years when zebra mus

sels were present (Figi)4
Primary productivity did not decline significantly during

and, likewise, site-to-site differences in mussel biomass (athe post-zebra mussel period in spite of the significant re
wet weight including shell) ranged from zero to 11 276 :m duction in Chla (34% reduction from pre-zebra mussel Chl
Highest mussel densities were generally observed at 3 raconcentrations) (Table 1; Figi)4 Primary productivity can
depth, decreasing in density to depths of 7 m. No musselbe maintained with declining algal biomass if there is a eom

were found beyond depths of 10 m. pensatory increase in photosynthetic rate per unit chloro
phyll (no observed differences in primary productivity
Nutrients between the two periods;test,P = 0.383). This can occur

We hypothesized that TP would not decline in the presthrough shifts in the Pl curves or increase in light penetra
ence of zebra mussels but that its constituents would shift tton. Extinction coefficient K;) values were significantly
more SRP and less TPP. Other major nutrients such as Nvigher during the pre-zebra mussel period compared with
and SRS would exhibit minimal, if any, change. Consistentpost-zebra mussel years (0.742 + 0.03%mand 0.564 +
with our hypothesis, we found (using a two-way ANOVA) 0.046 n1, respectivelyt test,P < 0.05). Botho® andPE in-
that there was no significant difference in mean TP concencreased from pre- to post-zebra mussel yeaPs=<(14.08 +
trations in pre- and post-zebra mussel years (Table 1). Whilé.68 and 20.28 + 6.15 mg C-mg Chl-einstein-nT?,
SRP concentrations did not increase in the presence of zebraspectively;RE = 6.53 + 1.24 and 7.49 + 1.2 mg C-mg
mussels, there was a significant decline in TPP (two-wayChl a™l.Ir, respectively); however, these differences were
ANOVA, P < 0.05). Annual averages of N@nd SRS con insignificant.
centrations exhibited no significant change in the presence Consistent with trends in Chd, total phytoplankton bio
of zebra mussels (Table 1). volume in all seasons declined significantly after the zebra

© 2001 NRC Canada
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Fig. 4. Mean (x1 SE) seasonal (spring, summer, and autumnY®, ©) TPP, €) SRP, @) DOP, €) NOs, (f) SRS, @) Secchi depth,
(h) Chl a, and {) primary productivity (PP) for pre- (1988-1991, open bars) and post-zebra mussel years (1992-1997, solid bars). As
terisks indicate significance levels as determined from mean comparisons of pre- and post-zebra mussel periods.
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Fig. 5. (a) Mean annual Secchi depth (+1 SE) averaged from  diatoms (1995) (Fig. &. The phytoplankton community in
five sampling sites in Oneida Lake and) (humber of clear-water 1991 was codominated by diatoms, cyanobacteria, and
days during pre- and post-zebra mussel years. The gray shadedchlorophytes (Fig. &). The transitional year, 1992, was
area indicates the post-zebra mussel period. dominated by cyanobacteria but also had a higher proportion
of nanoplankton than any pre-zebra mussel year (Hd). 6

5.0 a) The nanoplankton (chlorophytes and cryptophytes) domi-
40 | nated the phytoplankton community in 1993, but this was
T followed by a dramatic decline in 1994.
E 3.0 - Netplankton biovolume followed a trend similar to that of
s total phytoplankton and varied significantly with zebra mussel
S 2.0 1 phase (Table 1; Fig.Bj. In contrast, nanoplankton did not
S vary significantly by zebra mussel phase in summer and au
(§ 1.0 tumn but did so in spring; the major difference in the spring
was the dominance of the diatoByclotellaspp. during the
0.0 - pre-zebra mussel period (Fige)7 Cyanobacteria biovolumes
were not significantly different in the presence or absence of
120 zebra mussels (Table 1; Figd)7 Diatom and chrysophyte
100 | b) biovolumes both declined significantly in the presence of ze
% bra mussels, being most pronounced in the spring and autumn
T 80] (Table 1; Figs. € and @). Diatoms recovered to pre-zebra
2 60 1 mussel state in 1995 (Figah Chrysophytes were extremely
3 rare during the post-zebra mussel period in all seasons
§ 40 1 (Figs. @& and ®). Chlorophytes and cryptomonads were
o most abundant in summer during the clear-water phase;
201 however, neither taxon varied significantly by zebra mussel
0 phase or season (Table 1; Fig$.and ).
1988 1989 1990 1991 1992 1993 1994 1995 1996 1997
Year Daphnia spp. dynamics

We hypothesized that daphnid biomass would decline in
mussel invasion (Table 1). Associated with this decline wasesponse to a decline in algal biomass and produdiiaphnia
a shift in algal composition; the phytoplankton community pulicaria and D. galeata mendota&vere the two dominant
structure shifted from a pre-zebra mussel community domizooplankton species throughout the study period, accounting
nated by diatoms (1988-1990) to a community dominatedor more than 50% of the total zooplankton community-bio
by cyanobacteria (1992 and 1994), chlorophytes (1993), anthass (Fig. 8). Daphnia pulicarig the larger of the two spe
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Fig. 6. Proportional annual abundance in Oneida Lake &rthe  D. pulicaria and D. galeata mendotaegg ratios (0.49 *

five dominant phytoplankton groups (horizontally hatched bars, 0.165 and 0.502 + 0.077 egg-individtiafor pre- and post-
Cyanobacteria; solid bars, Cryptophyta; right-hatched bars, zebra mussel years, respectively). This suggests similar
Bacilliariophyceae; open bars, Chrysophyceae; left-hatched bars,feeding conditions for daphnids in pre- and post-zebra-mus
Chlorophyta) andk) netplankton (solid bars) and nanoplankton sel periods.

(open bars) during pre- and post-zebra mussel years. The gray  Daphnia galeata mendotaexhibited no significant sea

shaded area indicates the post-zebra mussel period. sonal variation in either biomass or production but did ex
hibit a significant difference by zebra mussel presence—
_5 1003) _ absence (Table 1). Biomass and production of this daphnid
= — = | &4 — were higher in years when zebra mussels were absent; the
-4 90 i o R e R e — i lowest biomass and production were in the autumn during
g 801 = H | = — these same years (Figse @nd 9). In post-zebra mussel
o 70 = H | = — years, biomass and production @f. galeata mendotae
§ 60- g ! — — peaked in summer (Figse®nd 9).
€ 50 s /) =
= 40- N — Zebra mussel and daphnid clearance rates
] N Q The most dramatic change in Oneida Lake post-zebra
2 307 mussels was the temporal duration and depth of water clar
bl NN N Z N ity, reflected in Secchi depth and the number of clear-water
§ 10+ Z NN days and the overall decrease in algal biovolume andaChl
e O . . . i i . (Figs. 4, 5, and 7). We attempted to determine if these
o changes were associated with clearance rates of zebra mus
b) sels and (or) daphnids. Estimated weight-specific zebra mus
sel clearance rates were highest in 1995 and corresponded to
s 100 the highest mean shell length (9.75 mm) (Table 2; Fig. 3).
% 907 Zebra mussel population clearance (as percentage of lake
& 801 cleared per day) increased to its highest level (2.5 times total
g' 70- lake volume cleared per day) in 1997 when the population
S 60- reached its highest biomass (Table 2; Fig. 3). In spite of a
£ 501 generally higher weight-specific clearance rate of daphnids
¢ compared with zebra mussels, daphnid population clearance
% 407 rates never exceeded 8% of lake cleared per day (Table 2).
c 301
S 207 YOY yellow perch biomass, growth, and production
f;’ 101 We hypothesized that YOY yellow perch biomass, growth,
o 0. and production would decline in response to negative zebra
1988 1989 1990 1991 1992 1993 1994 1995 mussel impacts orDaphnia spp. (also see Mayer et al.

2000). However, consistent with our findings at lower
trophic levels, we observed no significant effects of zebra
mussels on biomass, growth, and production of YOY yellow
cies, dominated the post-zebra mussel period, whil@erch (comparisons of the years 1988-1991 and 1992-1997:

D. galeata mendotadominated the pre-zebra mussel period.two-way ANOVA, P > 0.3) (Tables 1 and 3). Growth rates
Consistent with the dominance of the large-bodiedindexed as weight in October ranged from 4.2 to 5.8 g in
D. pulicaria in post-zebra mussel years was a shift to al988-1991 (mean 5.2 + 0.36 g) and from 4.5 to 8.7 g in
higher mean length of crustacean zooplankton (Fig). 8 1992-1997 (mean 6.0 + 0.59 g). Biomass of YOY yellow
Mean zooplankton length was significantly (two-way Perch typically peak in July—August in Oneida Lake (Mills
ANOVA, P = 0.001) higher (39%) in years when zebra mus €t al. 1987), and this was also observed for both the pre- and
sels were present (Figa® In spite of a shift to the larger Post-zebra mussel periods analyzed here. Production is
D. pulicaria in post-zebra mussel years, total zooplanktonusually greater in May—July, although neither biomass nor
biomass did not change significantly pre- and post-zebr@roduction was significantly different between pre- and post-
mussels (Table 1). However, total zooplankton biomass wagebra mussel years (Tables 1 and 3).
significantly greater (two-way ANOVAP < 0.01) post-
zebra mussels in the summer and significantly greater (twoPiscussion
way ANOVA, P < 0.005) pre-zebra mussels in the spring
(Fig. ). Nutrient dynamics

Mean annualD. pulicaria biomass and production were  We hypothesized that TP would not decline but would be
significantly higher in years when zebra mussels were-pregpartitioned into more SRP than TPP because of reductions in
ent (Table 1; highest production estimates were in summerplgal biomass. We did not observe a decline in TP after the
Egg production may be a good indicator of feeding cendi establishment of zebra mussels, consistent with findings in
tion (e.g., see Pace et al. 1998 and references therein). Weestern Lake Erie (Holland et al. 1995). Contrary to our hy
observed no effect of zebra mussels on combinegothesis, however, we did not detect a significant increase in

Year
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Fig. 7. Mean (x1 SE) seasonal biovolumes @) total phytoplankton, if) netplankton, ¢) nanoplankton,d) Cyanobacteria,

(e) Bacilliariophyceae, f§ Chlorophyta, §) Chrysophyceae, and Cryptophyta for pre- (1988-1991, open bars) and post-zebra mussel
years (1992-1995, solid bars). Asterisks indicate significance levels as determined from mean comparisons of pre- and post-zebra mus
sel periods. Note the different scales on thaxis.
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SRP or any change in DOP, although the DOP to TP rati@onditions may account for the different responses in phos
increased significantly (0.218 + 0.026 and 0.302 + 0.02 prephorus dynamics among freshwater ecosystems. In any case,
and post-invasion, respectively;test, P = 0.033) during the lack of change in TP in Oneida Lake suggests that poten
post-zebra mussel years. While these results are consistetidl productivity has remained unchanged, and this finding
with those observed in Saginaw Bay (Johengen et al. 1995jnay help explain why production at other trophic levels ex
they differ from those of recent studies in the Hudson Riverhibited little or no change in response to zebra mussels.
where SRP exhibited a significant increase (150%) and in

western Lake Erie where SRP increased by 17% (Holland efvater clarity, Chl a, primary productivity, and

al. 1995). In contrast with SRP, DOP concentrations werghytoplankton community structure

higher in the autumn in years when zebra mussels were pres Observed changes in Secchi depth, Ghland phyte

ent (but not in spring and summer). Heath et al. (1995)plankton biovolume were consistent with our hypothesis that
found higher DOP concentrations in enclosures with highphytoplankton biomass (and Ch) would decline as water
densities of zebra mussels, although the results were comlarity increased in response to grazing by zebra mussels, as
founded due to unusually high concentrations in one of thebserved elsewhere (e.g., Holland 1993; Karatayev et al.
control enclosures. Short-term increases in phosphorus coi997; Strayer et al. 1999). However, primary productivity
centrations have been shown in laboratory and mesocosuid not decline as predicted. Higher Pl parameter values and
experiments to be attributed to excretion by zebra mussel®wer extinction coefficients may have compensated for low
(Heath et al. 1995; Mellina et al. 1995; Arnott and Vanni chlorophyll concentrations.

1996). The influence of zebra mussel excretion on phospho Primary productivity cannot be maintained if algal bio
rus cycling, however, depends on zebra mussel populatiomass declines unless there is a compensatory increase in
size, size of individual mussels, and the relative concentraproduction per unit biomass (Fahnenstiel et al. 1995). This
tion of phosphorus in the water column (e.g., Heath et alin turn can be caused by an enhanced light environment or
1995; Mellina et al. 1995; Arnott and Vanni 1996); theseby changes in the phytoplankton community to species with
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Fig. 8. (a) Annual mean (x1 SE) zooplankton lengthb) @nnual ~ 1997). The degree of compensation will likely vary among
biomass ofD. galeata mendotaéopen bars)D. pulicaria (solid systems depending on the combination of factors, including
bars), and other zooplankton species including other cladocerans?| parameter values, light environment, phytoplankton spe

and copepods (gray bars), ang) Gnnual production of cies composition, and Cld concentration.
D. galeata mendotagopen bars) and. pulicaria (solid bars) The response of algal communities to dreissenid grazing
during pre- and post-zebra mussel years (gray shaded area).  varies among freshwater ecosystems (Smith et al. 1998;
— 1.2 Makarewicz et al. 1999). In Oneida Lake, a short-term shift
E a) was observed in the phytoplankton community to more nano
= 1 plankton (Chlorophyta, Cryptophyta, a@yclotellaspp.) and
2 sl less netplankton (Bacillariophyceae, Chrysophyceae, and €yano
ﬁ baceria). However, annual variability was high, thus fpre
£ 06 cluding the observation of any clear trends in phytoplankton
& dynamics over the long term. A clear shift, however; oc
s 04 curred in the Hudson River where there was a marked de
E 0.21 cline in cyanobacteria and a relative increase in diatoms
s postinvasion (Smith et al. 1998). It is argued that the likely
= 0.0 cause for the relative increase of diatoms over cyanobacteria
140 (dom!nated _byMicrocystis spp. in the Hudson_ River) was
b) the differential growth rates of phytoplankton in response to
~ 1207 zebra mussel grazing (Smith et al. 1998).
=" 100 On the other hand, Arnott and Vanni (1996) hypothesized
< 80 - that low nitrogen to phosphorus ratios (a result of zebra
2 mussel excretion) could cause a shift in the phytoplankton
o 607 community to cyanobacteria due to nitrogen limitation- Al
E 40 though we do not have nutrient data comparable with those
@ 20 ] of Arnott and Vanni (1996), N9Qand SRP concentrations
indicate possible nitrogen limitation in Oneida Lake since
0-1988 1989 1990 1991 1992 1993 1994 1995 1996 1997 1985 during the summer and autumn. Consequently, late-
120 summer nitrogen limitation leading to cya_nobacterla blooms
- c) in Oneida Lake likely preceded the invasion by zebra mus-
S 100 1 sels. Makarewicz et al. (1999) found a significant increase in
<, 80 1 ] cyanobacteria in the western basin of Lake Erie in the
5 spring, but this was followed by a significant decline in the
2 601 summer. There were no significant differences in cyano-
< bacteria biovolumes in all seasons analyzed in Oneida Lake.
.% 40
3 201 H H ﬂ H Daphnid community
T 9 We predicted that zebra mussels would negatively impact
1988 1989 1990 1991 1992 1993 1994 1995 1996 Daphnia spp. biomass and production in response to lower

algal food resources. Our findings do not support this hy
pothesis. Although algal food resources declinBaphnia
spp. biomass and production did not decline significantly.
higher growth rates. In Oneida Lake, changes in PI parame/Ne attribute the persistence of the daphnid community to
ters between pre- and post-zebra mussel periods were in tigglr observation that primary production did not change sig
direction of higher efficiency per unit chlorophyll; also-in nificantly (probably due to increased water clarity; see
creased water clarity accounted for higher photosyntheti@bove) and that there was no shift to less edible algal spe
rates belw 5 m depth. For example, areal primary produc cies; this result was also predicted in a simulation model
tion at Station B-125 on May 24, 1993, was 183 mg ¢:m (Padilla et al. 1996). Pace et al. (1998) similarly found that
using the proportional changes R§, o, k, and Chla that ~ macrozooplankton did not significantly decline after the ze
occurred between pre- and post-zebra mussel years and dga mussel invasion in the Hudson River. Microzooplankton
suming 20% variation to determine significant differenceswere significantly reduced in the Hudson River (Pace et al.
we find no change in areal primary production (184 mg1998) but were not sampled efficiently with the 158+
C-nT?) if Chl ais reduced to 65% of the original concentra mesh net used in Oneida Lake.

tion. The observed changes in parameters that affect primary The daphnid species shift observed in Oneida Lake was
production require a reduction of Chlby at least 50% in not studied in the Hudson River, although Pace et al. (1998)
order to produce a significant decline in primary productionspeculated that a shift in species composition might have oc
(141 mg C-rm). In other systems, the compensatory effectscurred.Daphnia galeata mendotaend to dominate in years

of increased water clarity and photosynthesis were not-suffiof high planktivory by fish in Oneida Lake (Mills and
cient to compensate for the dramatic declines in &b+ Forney 1983). Large year-classes of gizzard shad occurred in
centration, which were greater than those observed 1990 and 1991, leading to high planktivory rates and a-dom
Oneida Lake (e.g., Fahnenstiel et al. 1995; Caraco et alhance ofD. galeata mendotaever D. pulicaria (Roseman

Year
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Fig. 9. Mean (x1 SE) seasonal values @f) (nean zooplankton lengthb) total zooplankton biomass¢)(D. pulicaria biomass,

(d) D. pulicaria production, €) D. galeata mendotabiomass, andf( D. galeata mendotagroduction (the post-zebra mussel years for

D. pulicaria and D. galeata mendotagroduction included 1992-1996) for pre- (1988-1991, open bars) and post-zebra mussel years
(1992-1997, solid bars). Asterisks indicate significance levels as determined from mean comparisons of pre- and post-zebra mussel pe

riods.
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Table 2. Annual average clearance rates and proportion of lake cleared per day for total populations of
daphnids D. pulicaria and D. galeata mendotgeand zebra mussels in Oneida Lake.

Daphnid (mL-mg dry  Daphnid (% lake  Zebra mussel (mL-mg Zebra mussel (%

Year weight*.day?) cleared-day) dry weight®.day?) lake cleared-day)
1975-1991 243 3 — —

1992 430 8 15.5 180

1993 261 2 116 189

1994 262 3 287 198

1995 407 8 302 149

1996 305 6 296 132

1997 398 7 298 249

Note: Pre-zebra mussel clearance rates and proportion of lake cleared of daphnids are averages for the period 1975-1991.

et al. 1996; Shepherd and Mills 1996), but large numbers ohity, we did not detect a decrease in YOY yellow perch
these fish were not observed post-1992 (VanDeValk et algrowth, biomass, and production following the establish
1999). Larger daphnids may be better competitors at lownent of zebra mussels. Mayer et al. (2000) reported an in
food levels (Gliwicz 1990), and this has been used te excrease in YOY yellow perch growth post-zebra mussels in
plain the dominance ofD. pulicaria in years when their study of Oneida Lake (1964-1997). Although we also
planktivory rates are low (Rudstam et al. 1993). Zebra-musobserved an increase in YOY yellow perch growth post-
sels could induce low food levels, leading to the dominancezebra mussels, this increase was not significant, probably be
of D. pulicaria. However, in 1998 and 1999). galeata cause the power of our analysis was lower (4 versus 27 pre-
mendotaewvas again the dominant species, even though alzebra mussel years). Mayer et al. (2000) found increased
gal biomass did not increase (E.L. Mills, unpublished data)YOY yellow perch growth after accounting for density-
In those years, a resurgence of emerald shimddotropis  dependent effects and attributed such growth to increased
atherinoide$ and an associated increase in pelagicfeeding efficiency on zooplankton (mainly daphnids) associ
planktivore biomass likely caused the shift back to theated with zebra mussel induced elevated water clarity. In
smaller daphnid (VanDeValk et al. 1999). Thus, we believecreased YOY yellow perch growth could not be attributed to
that the observed shift iDaphniaspp. composition asseci the presence of zebra mussel veligers. These veligers are
ated with zebra mussels was due to the concomitant declingmaller (90—200 mm; Sprung 1993) than prey generally con
in open-water planktivory by gizzard shad rather than a zesumed by larval yellow perch (Schael et al. 1991), and diet

bra mussel effect of reduced resources. analysis from two post-zebra mussel years showed no veligers
in YOY yellow perch diets (Mayer et al. 2000).
Yellow perch In conclusion, our findings suggest that compensatory fac

Consistent with our observations in the daphnid commutors have lessened the impact @f polymorphaon the pe
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Table 3. Mean (x1 SE) seasonal YOY yellow perch biomass, daily specific growth rate, and production for
pre- (1988-1991) and post-zebra mussel years (1992-1997).

Season
Variable Zebra mussel phase Summer Autumn
Biomass (mg wet weight-Tf) Pre 41.8+3.94 23.6%x2.6
Post 37.2+4.29 26.8+3.5
Specific growth rate (mg wet weight-day Pre 1.1+0.203 4.7+0.119
Post 1.4+0.203 6.0£0.179
Production (kg wet weight-naseasort) Pre 12.645.5 7.06+3.18
Post 9.6+2.3 9.02+2.17

aMay 27 — July 15.
®July 15 — October 14.
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