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The role of the zebra mussel (Dreissena
polymorpha) in structuring macroinvertebrate
communities on hard substrata

Anthony Ricciardi, Fred G. Whoriskey, and Joseph B. Rasmussen

Abstract: We examined the importance of the Eurasian zebra mudseissena polymorphan structuring

macroinvertebrate communities on hard substrata in the Great Lakes — St. Lawrence River system. An experiment using
artificial substrata (i.e., cement bricks with either a layer of living zebra mussels, a layer of intact empty shells that mimicked
living mussels, or with no added layer) showed that macroinvertebrate abundance is enhanced in the presence of zebra
mussels and that macroinvertebrate responses to physical versus biological attributes of mussel beds (e.g., spatial habitat
created by clumped shells; biodeposition) vary among taxa. Moreover, densities of zebra mussels and associated epifauna
have increased severalfold at various sites in the Great Lakes — St. Lawrence River system within the past decade; changes in
community composition were similar to those observed in our artificial substrate experiment. Our results suggest that dense
zebra mussel colonization alters macroinvertebrate communities on hard substrata by enhancing conditions for
deposit-feeding organisms, small gastropods, and small predatory invertebrates, and by displacing large gastropods and
certain large filterers. In the St. Lawrence River, these effects were associated with zebra mussel densities of

1500-4000 individuals/fwhich are likely to be supported by most waterbodies in North America.

Résumé: Nous avons examiné I'importance de la moule zébrée eurasiBneisgena polymorphalans la structuration des

communautés de macroinvertébrés sur des substrats durs dans le réseau des Grands Lacs et du Saint-Laurent. Une expérience
faisant appel a des substrats artificiels (c.-a-d., des briques de ciment soit couvertes d'une couche de moules zébrées vivantes,

soit portant une couche de coquilles vides intactes ressemblant & des moules vivantes, soit sans recouvrement) a révélé que

I'abondance de macroinvertébrés est accrue en présence de moules zébrées, et que les taxons de macroinvertébrés varient en

fonction des attributs physiques ou des attributs biologiques des gisements de moules (p. ex., habitat spatial créé par les
coquilles entassées; nourriture fournie par le dépét de matiéres organiques). En outre, les densités des moules zébrées et de
I'épifaune associée ont augmenté plusieurs fois a divers sites du réseau des Grands Lacs et du Saint-Laurent au cours de la

derniére décennie; les changements dans la composition des communautés étaient similaires & ceux que nous avons observés

pendant notre expérience sur les substrats artificiels. Nos résultats font ressortir que la colonisation par les moules zébrées
modifie les communautés de macroinvertébrés sur les substrats durs en stimulant les conditions favorables aux organismes
déposivores, aux petits gastropodes et aux petits invertébrés prédateurs, et en déplacant les gros gastropodes et certains
filtreurs de grande taille. Dans le Saint-Laurent, ces effets étaient associés a des densités de moules zébrées de
1500-4000 individus/fy qui sont susceptibles d’étre observées dans la plupart des masses d’eau de ’Amérique du Nord.
[Traduit par la Rédaction]

Introduction 1994; Seed 1996) but may also reduce or displace other benthic
. . . . fauna (Paine 1974; Griffiths et al. 1992; Hockey and van

Sessile fouling organisms have been shown to play importante o ‘Schurink 1992). Dramatic changes in marine benthic
roles in structuring benthic communities (e.g., Paine 1974; ¢, hities have followed invasions by competitively domi-

Suchanek 1979, 1986; Ban and Nelson 1987, Matsumasa, s nyssels (Rao and Rao 1975; Griffiths et al. 1992; Hockey
1994). On marine rocky shores, mussels form spatially com- and van Erkom Schurink 1992; Abdel-Razek et al. 1993).

plex patches (mussel beds) that provide habitat for a diverse ™ o i ioduction of the Eurasian zebra mus&efssena

?;igg;bggg%-Ofoc;:gag;?én;égI?\A’ol—til:]cqggz?nﬂnﬁl;sshglgg éﬁg’polymorpha to the Laurentian Great Lakes in the mid-1980s
’ 9 ' (Hebert et al. 1989) added the first epifaunal mussel to North

American freshwater communities, which generally have
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European literature that could be used to predict the mussel’sintact, empty mussel shells of the same size range used in the previous
impacts on North American benthic fauna. Within the last few treatment. For this treatment, individual mussels were eviscerated and
years, the deleterious effects of zebra mussels on native NortHhe shells were dried at an ambient temperature of 20°C for several

American freshwater mussel (Unionidae) populations have be-42Ys; they were subsequently glued (using silicone aquarium sealant
come well documented (e.g., Gillis and Mackie 1994: cured in air for 5 days) to one broad (2x5.1 cm) surface of each

o brick so as to mimic a living zebra mussel bed. In both treat-
Schloesser and Nalepa 1994; Ricciardi et al. 299896), but ments, >90% of this surface was covered by the zebra mussel layer,

impacts on epifaunal communities have only recently begun yegiting in a net increase of ~60% of exposed surface area on the top
to be evaluated. face of the brick (assuming the bases of attached mussel shells to be
During the past decade, substantial changes in the compo-uncolonizable surfaces). Thus, the first set of bricks (treatment 1) was
sition and abundance of benthic macroinvertebrate fauna oc-intended to provide invertebrate colonizers with habitat structure
curred in the lower Great Lakes (Griffiths 1993; Stewart and (mussel shells), food (mussel biodeposits), and other advantages as-
Haynes 1994; Wisenden and Bailey 1995), where zebra mus-Sociated with a Iiv_ing mussel b_ed, while the s_econd set of _pricks
sel population densities were among the highest ever recordedtreatment 2) provided only habitat structure. Finally, 10 additional
(~ld5 mussels/A 100-fold higher than in most European bricks were left bare to control for the effects of both treatments.

; . . On May 19, 1995, the bricks were transported in buckets of water
habitats; cf. Stanczykowska 1977). It is unclear whether the to a shallow (<2 m depth), protected littoral site on Lake St. Louis, an

coincident development of dense zebra mussel populations Inenlargement of the St. Lawrence River at Lachine, Que. Natural sub-

the region was the direct cause of these changes, butithas beegyate at this site consisted of a dense layer of cobble on silty sand, and
suggested that the physical and biological attributes of zebrathe local zebra mussel density was 4553 individuals/m of rock
mussel beds (e.g., interstitial habitat provided by clumped surface. The 30 bricks were haphazardly deployed by a diver within
mussel shells and byssal threads; filtration currents; food pro-an area of 10 f They were placed on the cobble, with the zebra
vided by mussel feces and pseudofeces) play important rolesmussel cluster facing upward. After 9 weeks (on July 21, 1995), the
in structuring benthic communities (Griffiths 1993; Stewart bricks were located, carefully bagged und.erwater, and transported to

attributes for macroinvertebrate assemblages on hard substrat°! Pricks were recovered. Over 90% of zebra mussels on each of the
has not been tested ricks used for treatment 1 were still attached and alive at the time of

h | h b | dedi . recovery. Three bricks used for treatment 2 were found damaged
In the early 1990s, the zebra mussel expanded its range Into(most of the mussel shells had become detached) and were therefore

the St. Lawrence River (Mellina and Rasmussen 1994) and gmitted from our analysis. Changes in zebra mussel numbers caused
subsequently invaded several other large rivers outside of thepy |arval settiement on the bricks during the experiment were negli-
Great Lakes watershed (e.g., the Hudson, lllinois, Mississippi, gible (<2% of original total). All macroinvertebrates were removed
Ohio, and Tennessee rivers) (Ludyanskiy et al. 1993). Becausegrom the bricks using forceps and spray from a water bottle, washed
the zebra mussel is expected to become established in mosento a 5004m sieve, and sorted. They were identified to at least their
North American drainages (Strayer 1991; Ramcharan et al.family level (generic level in most cases) following Merritt and Cum-
1992), information on the response of St. Lawrence River ben- Mins (1984), Pennak (1989), and Thorp and Covich (1991). These
thic communities to this invasion will help predict the mussel's tgar’éi ;"SeEg:r‘::j%‘L‘J‘;mh’]:slsé%g‘;%g’sg‘f'Fr):ifnsgﬁl‘;'gﬁ '}‘;}?g::g;ﬁ:)fﬁ%%”g
"T‘paCtS In riveriné ecqsystems that have not yet been_exten-vided by Merritt and Cummins (1984) and Thorp and Covich (1991),
sively colonized. In this study, we tested the hypothesis that i the exception that all gastropods were placed within the same
zebra mussel colonization alters the abundance and compositynctional group (i.e., scrapers). The amphigagimmarus fasciatus
tion of macroinvertebrates on hard substrata. Specifically, we feeds on a range of food items but prefers fine particulate organic
examined the effect of zebra mussels on macroinvertebratematerial (Delong et al. 1993) and therefore was classified as a deposit
community development in the St. Lawrence River using de- feeder.
ployed substrata and field surveys and evaluated the relative The significance of the macroinvertebrate community response to
importance of physical and biological attributes of mussel experimental treatment was determined by multivariate analysis of
colonies in structuring these communities. variance (MANOVA) of abundance data (humbers of individuals per
brick), which were logy(x + 1) transformed to achieve normality and
stabilize variance (Draper and Smith 1981). For individual taxa, the
Methods effects of different treatments were tested at the 0.05 level using
Tukey's Studentized range test. Relationships between macroinverte-
brate taxa and treatment were further analyzed by principal compo-
nents analysis (PCA). The two factors that explained the most
variance in the data were used as axes to ordinate the taxonomic
g groups that responded significantly to treatment. These and all other
statistical analyses were done using SAS procedures (SAS Institute
Inc. 1991).

Artificial substrate experiment

Artificial substrata (plain cement bricks individually measuring
21.5x 11 x 6.5 cm) were used ta)(test whether zebra mussel beds
have a significant effect on macroinvertebrate colonization an
(i) distinguish the relative importance of the physical structure of
zebra mussel beds versus their biological characteristics in influen-
cing macroinvertebrate abundance and composition on hard sub-
strata. Clusters of byssally attached zebra mussels (collected fromField survey

various sites in the St. Lawrence River and maintained in laboratory Macroinvertebrates were sampled at four sites that are part of the
aquaria) were rinsed thoroughly to remove any epizoic animals andfluvial corridor of the upper St. Lawrence River (Fig. 1). Two sites
then allowed to attach to one broad (2%.51 cm) surface of each of ~ were on Lake St. Louis: one was on a jetty at Lachine, Que., and the
10 bricks in aquaria; in some cases, the attachment was reinforced byther was on the east shore of lle Madore, an island at the confluence
the use of a thin nylon thread permanently tying the cluster to the of the Ottawa and St. Lawrence rivers. The two remaining sites were

brick. In this way, 10 bricks were covered with a layer of 1#8.8 located on the eastern end of the Soulanges Canal at Pointe-des-
(meant SE) living zebra mussels (length 2210.6 mm). Ten addi- Cascades, Que., and on Lake St. Francgois at Cornwall, Ont. Each of
tional bricks were similarly covered with a monolayer of 188.5 these four sites supported rich macroinvertebrate communities on
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Fig. 1. Location of St. Lawrence River sampling sites (1, Lake St. Louis at Lachine; 2, Lake St. Louis at lle Madore; 3, Soulanges Canal at
Pte-des-Cascades; 4, Lake St. Frangois at Cornwall).
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abundant cobble and was invaded by zebra mussels in 1990-199%eeding groups (deposit feeders, scrapers, and predators) and four
(A. Ricciardi, personal observations). We sampled each site in Sep-principal taxa (gammarid amphipods, chironomid larvae, snails, and
tember 1992, when zebra mussel densities were relatively low, andturbellarian flatworms); these groups were chosen because they were
resampled them in September 1994 (September 1995 for the Lachinavell represented at each site in our data set before zebra mussels
site) following the develpment of dense zebra mussel populations became abundant and are considered to be important components of
in the river (Mellina and Rasmussen 1994; A. Ricciardi and epibenthic communities that have been altered by zebra mussel inva-
F. Whoriskey, personal observations). On each sampling occasion,sion (Dermott et al. 1993; Griffiths 1993; Stewart and Haynes 1994;
10 stones were collected randomly from <2-m depths by wading or Botts et al. 1996).

snorkeling (except at the Soulanges Canal, where they were collected We tested the significance of observed changes in macroinverte-
from ~6 m depth by a SCUBA diver) within an area of 16 amd brate communities using a multivariate approach. Replicated data for
placed in individual plastic buckets or enamel trays. The surface areaSt. Lawrence River sites were used to construct a robust PCA model
of each stone was estimated from its three orthogonal dimensionsdescribing macroinvertebrate community structure prior to the estab-
(length, width, breadth) by an equation that determines the area of anlishment of dense zebra mussel populations. Densities of functional

ellipsoidal shape (Dall 1979): or taxonomic groups sampled at the time when zebra mussel abun-
n dance was low (i.e., “before” data) for each St. Lawrence River site
1) Surface area 3 (lengthx width + length x breadth were normalized by log(x + 1) transformation and ordinated using

. PCA (SAS Institute Inc. 1991). The principal component (PC) that
+width x breadth) explained the most variance was used to generate scores from before

At each site, the mean surface area of stones did not vary by more thar(baseline) and “after” (post-invasion) data for each site (including
3% between sampling occasions. The mean stone surface areas foBreat Lakes sites; because raw replicated before data from the Great
Lachine, lle Madore, Soulanges Canal, and Cornwall were 554, 381, Lakes were unavailable to us, the St. Lawrence River model was ap-
535, and 342 cfy respectively. All visible macroinvertebrates were plied to all sites). Each score represented a linear sum of the products
removed from the stones with the aid of forceps, a bristle brush, and of PCA loadings and macroinvertebrate densities. The differences
spray from a water bottle and were then washed onto g&08ieve between before and after site scores were then tested at the 0.05 level
before being sorted and identified. of significance using paired-comparisartests. We excluded lle

To construct a Great Lakes — St. Lawrence River data set that Madore from this comparison, because it was the only site in our data
provided quantitative information on macroinvertebrate abundancesset where zebra mussels did not settle in large numbers during our
(numbers per square metre of rock surface) before and after zebrasampling period; the zebra mussel population density was only
mussel invasion, we combined our field data (Table 1) with literature 73 individuals/min 1994, which is an order of magnitude lower than
data for Lake St. Clair (Griffiths 1993) and Lake Ontario (Stewartand the lowest densities at which significant community changes associ-
Haynes 1994) (Table 2). Data from Wisenden and Bailey (1995) were ated with zebra mussel invasions have been reported. Differences
not included in this synthesis because their experimental designbetween sites were not tested, as we were primarily interested in how
(which involved the transfer of precolonized rocks between water- macroinvertebrate community structure had changed over time in
bodies) was not comparable with the other studies. The macroinver-densely colonized areas of the Great Lakes — St. Lawrence River
tebrate groups chosen a priori for analysis were three functional system. Bonferroni-correctadests were used on Iggtransformed

© 1997 NRC Canada


http://www.nrc.ca/cisti/journals/cjfas/cjfas54/fishco97.pdf

Ricciardi et al. 2599

Table 1.Macroinvertebrate densities on rocks at St. Lawrence River sites.

Lake St. Louis, Lake St. Louis, Lake St. Francois, Soulanges Canal,

Lachine, Que. lle Madore Cornwall, Ont. Pte-des-Cascades, Que.
1992 1995 1992 1994 1992 1994 1992 1994
Mollusca
Bivalvia
Dreissenidae 176 (22) 3876 (96) 6.8(3.7) 73.0(17.3) 82.7(14.1) 1502 (157) 504 (48) 3185 (228)
Gastropoda
Ancylidae — — — — — — 35.0(11.1) 178.5(30.0)
Hydrobiidae 23.7 (8.4) 406.6 (38.9) — — — — — —
Pleuroceridae 9.4 (6.4) 0 25(1.7) 6.2(3.4) 11.3(5.9) 8.2(5.7) 8.4 (3.1) 1.6 (1.6)
Bithyniidae 12.8(5.1) 42.7(11.1) 49.0(11.1) 82.1(22.3) 21.5(6.8) 36.0(11.7) 80.4(15.1) 223.4(34.2)
Valvatidae 0 28.1(10.1) — — — — — —
Planorbidae 16.5(5.1) 258.4(29.0) 25.8(10.1) 21.7(9.0) 7.0(5.3) 34.0(143) 7.6(4.9 1.6 (1.6)
Physidae — — 12.0(9.3) 57.8(26.3) 12.0(6.3) 19.9(10.0)0 4.1(2.7) 48.9(14.4)
Lymnaeidae 3.6 (2.4) 1.6 (1.6) — — — — 15.4(6.9) 25.6(5.2)
Crustacea
Amphipoda 77.2(19.9) 1634 (113) 11.4(4.8) 16.3(7.7) 62.3(12.1) 642.5(64.8) 176.5(24.5) 1097 (131)
Isopoda 5.1(2.9) 28.4(9.5 6.8 (3.7) 1.6 (1.6) — — 9.5(4.6) 90.3(22.2)
Insecta
Trichoptera
Helicopsychidae — — 48.4(7.5) 91.4(18.8) 41.0(9.4) 54.0(11.3) — —
Leptoceridae 26.3(10.3) 113.4(34.6) 11.4(5.2) 22.8(9.3) 152(6.9) 41.4(11.8) — —
Polycentropodidae — — — — 19.4(5.9) 12.9(6.8) 13.4(4.0) 0
Ephemeroptera
Heptageniidae 12.8(4.7) 57.5(15.7) 43.6(9.3) 29.2(9.1) 23.3(8.7) 61.1(15.4) 41.3(13.2) 105.1(20.5)
Baetidae 57.1(18.3) 227.1(35.4) — — — — — —
Coleoptera
Psephenidae — — 29.7(8.6) 15.5(7.1) — — — —
Elmidae — — 9.5(5.1) 26.1(11.5) — — — —
Diptera
Chironomidae 281(31.2) 1946(111) 20.0(7.3) 27.9(7.6) 53.7(13.4) 431.1(37.2) 195.5(26.3) 696.1 (92.1)
Turbellaria
54.1(9.1) 624.3(22.4) 38.5(11.1) 72.1(19.6) 23.2(5.7) 104.9(24.9) 46.7(12.4) 332.0(43.3)
Annelida
Hirudinea
Glossiphoniidae 8.0(3.4) 75.0(18.2) 5.8(4.4) 185(15.2) 13.4(4.8) 49.3(15.4) 10.7(38) 100.4(22.7)
Erpobdellidae — — — — 1.7 (1.7) 5.0 (3.4) — —
Oligochaeta
Naididae 22.4 (11.5) 310.5(39.0) — — 4.3(3.0) 71.9(24.7) 45.5(16.7) 263.4(53.3)
Spongillidae
34.9 (18.5) 55.7(18.9) — — — — 35.0(18.2) 62.2(29.3)
Ectoprocta
Plumatellidae 371.2 (110) 54.4(24.8) — — — — — —
Total no? 610 (99.9) 5753 (315) 314.4(38.3) 489.4 (41.5) 309.3 (47.6) 1572 (179) 690.0(85.2) 3164 (396)

Note: Values are mean numbers of individual$/ofi substrate (for sponges and ectoprocts, values represent colony areni ofn
substrate), with standard errors in parentheses.
2 ExcludingDreissenasponges, and ectoprocts.

data to test changes in the densities of zebra mussels and associataieatment levels and was about fourfold higher in the presence

macroinvertebrates.

Results

Artificial substrate experiment
In our artificial substrate experiment, macroinvertebrate num- organism’s affinity for mussel beds (treatments 1 and 2) com-
bers varied significantly among treatments (Wilkd'=
0.0045,p < 0.0001). The mean total number of invertebrates shown in Fig. 2 (i.e., live mussels > dead shells >> control).

(excluding zebra mussels) on bricks declined across the threeGroups that loaded positively on this axis (i.e., deposit feeders

of live mussels than on bare substrate (Fig. 2). Individual taxa
that responded to treatmetit {ests,p < 0.05) were ordinated
along two PCs that cumulatively explained 75% (P€1
57.6%, PC2= 17.3%) of the standardized variance (Fig. 3).
The first principal component (PC1) apparently describes an

pared with bare substrate (control), reflecting the general trend
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Table 2. Densities (mean no./nof principal macroinvertebrate taxa and functional feeding groups at Great Lakes sites.

Site Dreissena Gammarus Chironomids Snails Flatworms Deposit feeders Scrapers Predators 2 Total
Lake St. Clair®
May 1983 0 <1 280.0 20.0 <1 260.0 20.0 240.0 800.0
June 1991 20520 400 360.0 340.0 300.0 5440.0 340.0 460.0  6500.0
Lake Ontario®
Cobble site
Aug. 1983 0 357.8 6.0 48.1 12.0 391.5 55.3 23.7 531.0
Aug. 1992 20773 2095.1 67.0 1311.1 29.3 3506.1 1313.4 69.5 4971.0
Reef site
Aug. 1983 0 669.9 24 197.6 6.0 672.3 201.2 7.2 881.9
Aug. 1992 30597 1524.4 12.1 363.3 25.6 1703.6 364.5 39.0 211538

@ ExcludingDreissena
b Data are from Griffiths (1993).
¢ Data are from Stewart and Haynes (1994

Fig. 2. Mean macroinvertebrate densitiegsiSE; excluding
zebra mussels) after 9 weeks of colonization on experimental
treatment bricks (with living mussels or with shells only) and
control bricks.
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and predators) colonized bricks with living zebra mussels in
substantially greater densities than on control bricks (Fig. 4).
Gammarudiffered from other deposit feeders (Fig. 5) by re-

sponding only to mussel structure (aggregated shells of living

or dead mussels). Predators (e.g., leeches, flatworms, and

Chaetogastgrand commensal organisms (e.Brachycen-
trus) were found on live mussels in greater numbers than on
dead shells or bare substrate (Fig. 5). Conversely, the large
filter-feeding caddisflyCyrnellus loaded negatively on the
PC1 axis (Fig. 3).

The second principal component (PC2) appears to describe
an organism’s preference for surfaces with dead shells (treat-

Fig. 3. Ordination of macroinvertebrate groups that responded
significantly to treatment in the artificial substrate experiment. The
first two principal components are shown. We interpret principal
component 1 as a reflection of macroinvertebrate response to
mussel-covered substrata (treatments 1 and 2) versus controls and
principal component 2 as a response to substrate covered with dead
shells (treatment 2) versus living mussels (treatment 1) or controls.
Data are coded according to their functional feeding group:
scrapersl), deposit feedersk), filterers @), and predatorsY).

He, Helicopsychégcaddisfly); Gy,Gyraulus(snail); Bi, Birgella

(snail); F,Ferrissia(limpet); S,Stenonemémayfly); Ga,
Gammarugamphipod); NeNectopsychécaddisfly); Ch,

chironomids; O, ostracods; C€yrnellus(caddisfly); Br,
Brachycentrugcaddisfly); Du,Dugesia(flatworm); Hi, leeches;

Na, naidid oligochaetes (primarighaetogaster
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ment 2) compared with living mussel beds or bare substrate.towards dead mussel shells (Fig. 5). Most scrapers Aali;

The weak positive response I&yrnelluson PC2, coupled

copsyche, Gyraulus, Birgelldoaded positively on PCHeli-

with its strong negative response on PC1, indicates an aversiorcopsychis preference for surfaces with dead shells and
to surfaces covered with living mussels and an indifference indifference toward living mussels (Fig. 5) is refected by its
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Fig. 4. Mean density£1 SE) of functional feeding groups on at Great Lakes and St. Lawrence River sites. Populations of
treatment bricks in the artificial substrate experiment. Bars having ~ G. fasciatus increased dramatically, particularly in Lake
different letters above them differ significantly (Tukey’s range test). St. Louis at Lachine, where their density multiplied by a factor

500 of 20 between 1992 and 1995. Turbellarian flatworms and
] B VUSSELS small gastropods also became highly abundant at most sites
SHELLS (Tables 1 and 2).
a [ ] CONTROL Only a few taxa responded negatively to zebra mussel colo-
x nization at St. Lawrence River sites. In the Soulanges Canal,
g 100 E b larvae of the polycentropodid caddisfl@yrnellussp. were
-f_'-' ] /7 eliminated from rocks that became densely covered with zebra
(] % c mussels. Large pleurocerid snailli(ia livescensdeclined
cz. % at each of the three mussel-infested St. Lawrence River sites;
3 % they were virtually eliminated at the Lachine and Soulanges
~ % Canal sites, although smaller gastropods (hydrobiids, physids,
_-E‘ 10 % limpets, etc.) increased substantially (Table 1). The plumatel-
4 ] % lid bryozoanPlumatella fungosawhich historically domi-
8 % nated cobble at the Lachine site, was reduced to a few small
% colonies on zebra mussel shells and on surrounding substrate;
% areal coverage by this species declined by 85%. By contrast,
% areal coverage by spongesupapius fragilisand Ephydatia
] é mueller), which became abundant on mussel shells in

1994-1995, did not change significantly (Table 1).
Scrapers D.-F. Predators Filterers

Discussion

strong positive score on PC2 and its trivial score on PC1

(Fig. 3). By contrast, deposit-feeding chironomids and ostra- Comparison of field and experimental studies

cods were enhanced in the presence of living mussels, but didOur findings strongly support the view that dense zebra mussel

not respond to dead shells, and therefore scored negatively orpopulations have a profound impact on the structure of

PC2. The treatment response of these organisms was mirrorednacroinvertebrate communities on hard substrata, as claimed

by their predators (Fig. 5). in earlier studies (e.g., Dusoge 1966; Griffiths 1993; Dermott
In summary, almost all taxa increased in abundance on sub-et al. 1993; Stewart and Haynes 1994). Parallel changes in

strata covered with mussels (living or dead), and most macroinvertebrate abundance and composition at Great Lakes

achieved higher densities in the presence of living musselsand St. Lawrence River sites suggest that habitat differences

compared with dead shells. had less influence on community structure than the presence of
dense zebra mussel beds. These changes were characterized by
Field survey multifold increases in macroinvertebrate densities, and the de-

Zebra mussel densities on rocks at St. Lawrence River studyvelopment of mussel bed communities dominatedGam-
sites increased 14-fold, on average, over the 2-3 year periodnarus turbellarian flatworms, and chironomid larvae.
between sampling dates (Fig. 6). At every site, densities of  The results of our before and after field comparisons and
associated macroinvertebrates increased by 1.6 to 8.4 timesrtificial substrate experiment were remarkably similar. The
initial values. The smallest increase in macroinvertebrate den-direction and magnitude of the change in abundance of deposit
sity was observed at lle Madore, which had the smallest zebrafeeders, predators, and scrapers on rocks at Great Lakes —
mussel population (73 individualsfin at all other sites, St. Lawrence River sites mirrors observed differences in com-
macroinvertebrate density increased at least fivefold. Pairedmunity structure on bricks with and without zebra mussels.
comparisons of PCA site scores for communities sampled be-After 9 weeks, the treatment bricks developed mussel-
fore and after the establishment of dense zebra mussel populaassociated communities that were remarkably similar to those
tions at Great Lakes — St. Lawrence River sites indicate thatobserved at the Great Lakes — St. Lawrence River sites 4 years
macroinvertebrate community structure was altered substan-after colonization by zebra mussels. The mean density of living
tially (t = 8.68,p < 0.0003, using taxonomic group data and a zebra mussels on the treatment bricks (1450 individu&)s/m
PC that accounted for 80% of the variante;5.37,p < 0.003, was 50% lower than the mean density on stones at our
using functional group data and a PC that accounted for 77%St. Lawrence River sites in 1994-1995 (2854 mussé)s/m
of the variance). The direction and magnitude of changes in Zebra mussel densities in the St. Lawrence River were
dominant functional feeding groups (Fig. 7) and taxonomic ~10-fold lower than those observed at the Great Lakes sites,
groups (Fig. 8) were similar among the three St. Lawrence yet resulted in similar changes to the macroinvertebrate com-
River sites, where final dreissenid densities were ~1500-3900munity, which suggests that these changes may be better cor-
mussels/ri and agreed with the results of our artificial sub- related with zebra mussel biomass or that they may be
strate experiment. provoked by moderate zebra mussel densities. The zebra mus-
Following the establishment of dense zebra mussel popula-sel density at lle Madore (73 musselgjwas evidently insuf-
tions, deposit-feeding organisms (e.g., amphipod and isopodficient to cause significant community changes like those that
crustaceans, chironomid larvae) dominated benthic assemblagesccurred at the other St. Lawrence River sites. However, the
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Fig. 5. Mean density£1 SE) of invertebrates (sorted by functional feeding group) on treatment bricks in the artificial substrate experiment.
He, HelicopsychgGy, Gyraulus Bi, Birgella; F, Ferrissia S, StenonemaGa, GammarusNe, NectopsycheCh, chironomids; O, ostracods;
Cy, Cyrnellus Br, BrachycentrusDu, Dugesia(flatworm); Hi, leeches; Na, naidid oligochaetes (prima@ligaetogaster
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range of densities at which significant changes were observedRiver sites where dense (>1500 mussefy/mebra mussel
(e.g., 1500—4000 musselsnare likely to occur in mostlakes  populations became established (Fig. 7). However, our artifi-
and rivers in North America (Strayer 1991; Ramcharan et al. cial substrate experiment suggests that this response was pro-

1992; Mellina and Rasmussen 1994). voked by both physical and biological attributes of zebra
mussels.
Characteristics of zebra mussel aggregations that Mussel beds increase the surface area and spatial hetero-
influence invertebrate response geneity of benthic substrata, thereby creating habitat for a di-

Zebra mussels have a suite of physical and biological attributesverse group of associated organisms (Suchanek 1979, 1986;
that may influence the structure of their macroinvertebrate as- Jacobi 1987; Seed 1996). Spatially complex surfaces tend to
semblages. Through efficient filtration, zebra mussel popula- support richer faunal communities (e.g., Abele 1974; Hart
tions can remove large amounts of particulate organic matter1978; Minshall 1984; O’'Connor 1991), presumably because
from the water column and deposit these on sediments as agthey provide a greater number of niches and resources.
glutinated mussel feces and pseudofeces (lzvekova andClumped mussels have an abundance of interstitial spaces that
Lvova-Katchanova 1972; Stanczykowska and Planter 1985). may serve as refugia from disturbance and predation for small
Mussel biodeposits are a nutrient-rich and easily assimilatedorganisms (Gosselin and Chia 1995), a role played by other
food source (Izvekova and Lvova-Katchanova 1972), and the biological substrata (e.g., Brock 1979; Gillinsky 1984; Ban
organic enrichment of substrata by mussel biodeposition canand Nelson 1987; Holmlund et al. 1990; Matsumasa 1994).
alter the local distribution and abundance of benthic inverte- These spaces also trap sediments and biodeposits (Jacobi
brates (Sephton et al. 1980). Zebra mussel biodeposition is1987; Yager et al. 1993), thus benefiting deposit-feeding or-
assumed responsible for increased abundances of depositganisms. The interaction between interstitial habitat and sedi-
feeding chironomids and oligochaetes in Lake St. Clair (Grif- mentation makes it difficult to determine the primary
fiths 1993) and in European lakes (Lyakhnovich et al. 1982; mechanism(s) by which mussel beds enhance populations of
Smit et al. 1993). In our field survey, we found 5- to 10-fold associated fauna. Slepnev et al. (1994) found that invertebrate
increases in abundances of deposit feeders at the St. Lawrenceolonization was three times higher in the presence of living
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Fig. 6. Mean density£1 SE) of zebra musselB(eissengand associated macroinvertebrates on stones at St. Lawrence River @ite6.005.
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zebra mussels than in the presence of rubber models; theymussel populations in the Great Lakes — St. Lawrence River
attributed this difference to both the accumulation of biodepo- system. The results of our artificial substrate experiment sug-
sits among living mussels and the more complex spatial struc-gest that this increase is a response to enhanced substrate com-
ture of natural mussel aggregations. However, Suchanekplexity, which is consistent with published observations that
(1979) showed that artificial mussel beds contained faunal Gammaruspreferentially colonizes interstitial habitat (Gee
communities virtually identical to those of refdlytilus beds. 1982; Olyslager and Williams 1993).
The PCA of data from our artificial substrate experiment  Zebra mussels may colonize soft substrata by settling on
(Fig. 3) indicated that although general trends exist, taxa “seed” surfaces, i.e., individual shells or stones that serve as
within the same functional feeding group responded differ- foci for aggregations of byssally attached mussels (Hunter and
ently to treatment, suggesting that they responded to more tharBailey 1992). These aggregations act as islands of firm sub-
just a trophic effect. For several taxa, the effect of mussel strate for epifauna such as hydroids, sponges, bryozoans, tur-
structure on abundance was stronger than the various biotichellarians, gastropods, and leeches, in habitats where hard
effects associated with living mussels (Figs. 4 and 5). There- substrata are scarce (Maslowski 1992; Smit et al. 1995; Botts
fore, although biological attributes of living zebra mussels et al. 1996). However, the dense colonization of mussel-
played significant roles, we believe that the enhancement of covered bricks by a rich macroinvertebrate community in the
substrate complexity by zebra mussel beds was generally thepresence of abundant bare cobble at our experimental site,
most important factor controlling the changes in macroinver- coupled with a density enhancement (~400%; Fig. 2) that is
tebrate composition and abundance at our St. Lawrence Riverisproportionate with the net increase in surface area created
sites. by mussel beds (~60%), suggests that zebra mussels provide
Several previous studies have documented an increaseddditional advantages for epibenthic animals.
abundance of gammarid amphipods on substrata densely colo- Filtration currents generated by zebra mussels may be ex-
nized by zebra mussels (Protasov and Afanasyev 1990; Der-ploited by small organisms such as young sponge colonies and
mott et al. 1993; Griffiths 1993; Stewart and Haynes 1994, filter-feeding caddisfly larvae (e.gBrachycentruy which
Wisenden and Bailey 1995; Botts et al. 1996). Our analysis of normally attach themselves to the posterior margins of the
field data confirms a general multifold increasednfasciatus mussel shell in close proximity to the siphons (A. Ricciardi,
densities coinciding with the development of dense zebra personal observation). A similar commensal relationship
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Fig. 7.Mean density£1 SE) of functional feeding groups on stones at St. Lawrence River sites. Scr, Scrapers; Dep, deposit feeders;
Pre, predators. 1 < 0.05.
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involving blue mussels Mytilus edulig and barnacles  shells than on surrounding substrate. Conn and Conn (1993)
(Balanus improvisushas been documented; barnacles tend to also foundF. rivularis occurring in large numbers on zebra
attach to the siphonal regions of mussels, and those that attacimussel bedsFerrissia may benefit from grazing on mussel
to living mussels grow faster than those on empty shells (Lai- shell surfaces, which are often covered with attached diatoms
honen and Furman 198@rachycentrudarvae orient them- (A. Ricciardi, personal observation), the preferred food item
selves so that the anterior opening of their case is exposedor limpets (Thorp and Covich 1991). Because limpets appear
to the zebra mussel’s filtration current; in this position, the to have higher oxygen requirements than most other
larvae appear capable of scavenging incoming food partices.gastropods (Pennak 1989), they may also benefit from being
Their preference for living zebra mussels as attachment sitesin close proximity to currents generated by mussel siphons. In
was clearly demonstrated in our artificial substrate experiment our substrate experimerfgrrissia colonized living mussels
(Fig. 5). FurthermoreBrachycentruslarvae have densely in larger numbers than either dead mussel shells or bare sub-
colonized zebra mussel beds in sections of the St. Lawrencestrate. By contrast, other scrapers (itelicopsyche, Birgella,
River where they were historically absent (Conn and Conn Gyraulug did not differentiate between living and dead mus-
1993; D.B. Conn, University of Sewanee, Sewanee, Tenn., sels, but colonized mussel-covered bricks more densely than
personal communication). Sponges are also common epibiontsare bricks (Figs. 3 and 5). The depuration of nutrients (N, P)
of zebra mussels in the St. Lawrence River (Ricciardi et al. from living and dead zebra mussel shells (Stanczykowska and
199%), but their aerial coverage of hard substrata does not Planter 1985) could conceivably stimulate periphyton growth
appear to be affected by dense zebra mussel colonizationand thus attract scrapers.
(Table 1). Zebra mussels may also enhance local invertebrate abun-
Another organism commensally associated with zebra mus-dance by acting as prey (e.g., for leeches), or as hosts for para-
sels in our artificial substrate experiment and field studies was sites and internal commensals. Leeches, particularly
the limpetFerrissia rivularis (Ancylidae). Densities dferris- glossiphoniids, are common in zebra mussel aggregations (this
sia in the Soulanges Canal increased fivefold between 1992 study; Lewandowski 1976; Griffiths 1993; Dermott et al.
and 1994 (Table 1) and were more abundant on zebra mussel993; Stewart and Haynes 1994) and may prey on zebra

© 1997 NRC Canada


http://www.nrc.ca/cisti/journals/cjfas/cjfas54/fishco97.pdf

Ricciardi et al. 2605

Fig. 8. Mean density£1 SE) of principal invertebrate taxa at St. Lawrence River sites. @ammarusChir, chironomids; Turb, turbellarian
flatworms; Gast, snails and limpets.pF< 0.05.
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mussels (Smit et al. 1993) or their associated invertebratesavoid receiving water previously filtered by their neighbors
(Pennak 1989). The predatory oligocha€teaetogaster lim- (A. Ricciardi, personal observation; Hemphill 1988). Zebra
naei is a facultative parasite of zebra mussels (Conn et al. mussels may compete with polycentropodid caddisflies for op-
1996) and may also be abundant in zebra mussel beds (thigimal positions on substrate, and their filtration activity may
study; Piesik 1983; Stewart and Haynes 1994). Larval chiro- produce local flow patterns that interfere with polycentropodid
nomids ofParatanytarsusp. live commensally in the mantle feeding (cf. Johnson 1990).

cavity of zebra mussels, where they are provided with food (in  The decline of the ectoproct bryozoRiumatella fungosa

the form of pseudofeces and mucus secretions) and spatiabt our Lachine site is unusual given that this species was abun-

refuge (Ricciardi 1994). dant at this site in previous years (Ricciardi and Reiswig 1994;
A. Ricciardi, personal observation) and that plumatellids can
Negative responses to zebra mussels use zebra mussels as substrate (e.g., Maslowski 1992). How-

Contrary to most previous studies (Griffiths 1993; Dermott ever, because. fungoséuilds massive spreading colonies on

et al. 1993; Stewart and Haynes 1994), our results suggest thasmooth surfaces in the St. Lawrence River (A. Ricciardi, per-
dense coverage of hard surfaces by zebra mussels may reducgonal observation), its growth may be limited by the small
or displace certain species. Large net-spinning caddisfly larvaecavities and discontinuous shell surfaces of clumped mussels.
(Polycentropodidae) declined after the establishment of zebraCompetition with zebra mussels for local particulates may
mussel populations at our field sites (Table 1) and avoided have also occurred. Conversely, the decline may have been
substrata covered by living zebra mussels in our artificial sub- caused by a factor unrelated to zebra mussels, such as a change
strate experiment (Fig. 5). Competition for food and space lim- in water quality (see Ricciardi and Reiswig 1994, and refer-
its the distribution and abundance of net-spinning caddisflies ences therein).

on stones (Lancaster et al. 1990; Hemphill 1988). We believe  The displacement of large snails (i.e., individuals compara-
that these larvae cannot exploit zebra mussel filtration currentsble in size with zebra mussels) from substrata densely colo-
as can smaller caddisflies (e.@®rachycentrus Large net- nized by zebra mussels has been reported previously (Dusoge
spinning caddisflies are territorial and space themselves t01966; Wisenden and Bailey 1995). Gizinski and Wolnomiejski
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(1982) noted a reduction in native molluscs coinciding with interstitial shell matrix that provides refuge, traps sediment,
the development of shoals of zebra mussels in a Polish reserand enhances substrate complexity. Multifold increases in the
voir but did not speculate on mechanisms linking the two abundance of mussel-associated fauna may occur at zebra
events. Although zebra mussels may negatively impact largemussel densities as low as 1500 individuafsimithin a few
gastropods by fouling their shells (Tucker 1994), mussels years of invasion. Given that most lakes and rivers on this
rarely attached to snails at our study sites and probably did notcontinent are physically and chemically suitable for the estab-
reduce their abundance through increased mortality. Largelishment of these mussel densities (Ramcharan et al. 1992;
snails may be inefficient at grazing on interstitial surfaces and Mellina and Rasmussen 1994), we predict widespread
thus may have been outcompeted for food and space by smallerestructuring of North American freshwater benthic communi-
gastropods (cf. Harman 1968). We suggest that the alterationties and food webs as the zebra mussel continues to invade new
of hard substrata by zebra mussel aggregations increases thdrainages.

abundance of snails but limits their mean size, analogous to

the effect that marine mussel beds have on gastropods (Jacobj

1987; Griffiths et al. 1992). However, in littoral areas of lakes Acknowledgements
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