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PERSPECTIVE / PERSPECTIVE

The nearshore phosphorus shunt: a consequence
of ecosystem engineering by dreissenids in the
Laurentian Great Lakes

R.E. Hecky, R.E.H. Smith, D.R. Barton, S.J. Guildford, W.D. Taylor, M.N. Charlton,
and T. Howell

Abstract: Dreissenid mussels have been exceptionally successful invaders in North American lakes and rivers, espe-
cially in the lower Laurentian Great Lakes. As benthic filter feeders capable of attaching to hard substrates, the magni-
tudes of their biomass and filtering activity in nearshore waters are without precedent. The dreissenid colonization has
implications for the removal and fate of materials filtered from the water by the mussels and for the longer-term devel-
opment of the nearshore benthic community and lake ecosystem. A conceptual model, the nearshore shunt, seeks to
describe a fundamental redirection of nutrient and energy flow consequent to dreissenid establishment. The model ex-
plains some emergent problems in the Great Lakes, such as reemergence of Cladophora in some coastal zones while
offshore P concentrations remain low, and highlights areas in need of more research. The source of particulate nutrient
inputs to dreissenids and the fate of materials exported from the benthic community are critical to understanding the
role of dreissenids in the lakes and assessing the applicability of current models for managing nutrients and fisheries.
The nearshore shunt would require even more stringent P management for lakes strongly impacted by dreissenids to
maintain nearshore water quality.

Résumé : Les moules dreissenidées ont envahi avec un succeés exceptionnel les lacs et rivieres d’ Amérique du Nord, et
en particulier les Grands Lacs inférieurs. Des animaux benthiques se nourrissant par filtration et capables de se fixer a
des substrats durs, ils ont atteint des biomasses et des niveaux d’activité de filtration sans précédent dans les eaux
cotieres. La colonisation des dreissenidés a des conséquences sur le retrait et le sort des matériaux filtrés de 1’eau par
les moules, ainsi que sur le développement & plus long terme de la communauté benthique pres du rivage et sur
I’écosysteme lacustre. Un modele conceptuel, la « déviation cotiere », cherche a décrire 1’altération fondamentale du
cheminement des nutriments et du flux d’énergie depuis 1’établissement des dreissenidés. Le modele explique certains
des problemes qui surgissent dans les Grands Lacs, comme la ré-emergence de Cladophora dans certaines zones cotie-
res, bien que les concentrations de phosphore au large restent faibles et il identifie des domaines qui nécessitent des
recherches supplémentaires. Une connaissance des sources des apports de particules nutritives pour les dreissenidés et
du sort des matériaux exportés de la communauté benthique est essentielle pour comprendre le rdle des dreissenidés
dans les lacs et pour évaluer 1’applicabilité des modeles courants de gestion des nutriments et des péches. La « dévia-
tion cotiere » exigerait une gestion encore plus rigoureuse du phosphore dans les lacs fortement affectés par les dreis-
senidés afin de maintenir la qualité de I’eau pres du rivage.
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Introduction

Emerging evidence portrays a seemingly contradictory sit-
uation in many parts of the Laurentian Great Lakes in recent
years. Conditions in the offshore zones of Lake Erie, for ex-
ample, were consistent in the late 1990s with attainment of
the P concentration standards set by the International Joint
Commission and international water quality agreements. As
expected, and desired, the offshore zones appear to be meso-
trophic (west basin) to oligotrophic (central and east basins)
based on nutrient and plankton concentrations (Charlton et
al. 1999; Makarewicz et al. 1999; Barbiero and Tuchman
2001). In contrast, the nearshore zones of the lake exhibit
evidence of eutrophication, including some very negative
symptoms previously associated with serious excess nutrient
loading. Chief among these symptoms is the widespread
abundance of the benthic filamentous alga Cladophora,
manifested both in surveys of standing crops and in the foul-
ing of shorelines (Howell 1998; Charlton et al. 2000;
R. Hecky and T. Howell, unpublished data). Phosphorus
concentrations in the Niagara River, at the outlet of Lake
Erie, are anomalously high and have recently risen above
concentrations observed in the 1980s (Williams et al. 2000;
D.J. Williams, Environment Canada, P.O. Box 5050,
Burlington, ON L7R 4A6, Canada, personal communication)
even though concentrations offshore are low. The hypolim-
netic O, regime of Lake Erie, which has remained problem-
atic despite P loading controls, has raised concerns in recent
years and moved the US Environmental Protection Agency
to give it special attention. Elsewhere in the Great Lakes, al-
gal fouling of shorelines is increasingly common even though
the best assessments of P loading to Lake Erie do not sug-
gest a consistent excess of loading over the International
Joint Commission targets, nor is there evidence for recent P
increases in monitored streams and rivers.

We suggest that these seemingly contradictory observa-
tions are caused by the reengineering of nutrient cycling in
the nearshore zone after invasion by dreissenids. This re-
engineering has resulted in increased interception, retention,
and recycling of nutrients by the littoral benthic community
and has altered the composition of particulate material ex-
ported from the nearshore. We infer that dreissenids are very
effective ecosystem engineers (Coleman and Williams 2002)
and that they have created a new littoral material processing
function that we call the nearshore shunt.

North American lakes have always contained benthic filter
feeders that live on the bottom and remove particulate mate-
rial from suspension. Soft substrates support filter feeders
such as unionid clams and ephemerid mayflies (e.g., Hexa-
genia spp.). Hard substrates, in the more energetic littoral
environments of very large lakes, supported attached filter
feeders such as the larval stages of certain caddisfly (Tri-
choptera) species. Endemic populations of benthic filter
feeders were characteristic and important parts of the aquatic
food web (Shelford and Boesel 1942). Until recently, how-
ever, the filtering power of the benthic community has not
been regarded by managers and modelers as large enough to
exert a significant influence on particle and nutrient flux
among different lake compartments, such as nearshore ver-
sus offshore retention, or water column and sediment ex-
change rates. Numerous investigators have emphasized the
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great ability of dreissenids to divert energy and nutrients
from the water column to the benthos (e.g., Griffiths 1993;
Holland et al. 1995; Klerks et al. 1996) and to improve
nearshore water transparency (Holland 1993; Howell et al.
1996). Less appreciated is the extent to which the attached
mussels can physically alter the substratum roughness to en-
hance particle retention and increase surface area for attach-
ment and growth of benthic algae and their probable affect
on P partitioning between water and sediment. Dreissenids
are both autogenic and allogenic engineers, as they alter the
morphological and physical properties of the rocky areas
and nearby areas accumulating shells, and their feeding be-
havior changes the nature of nearshore materials and thereby
affects the availability of resources (Coleman and Williams
2002). Vanderploeg et al. (2002) delineated the physical and
habitat changes that can follow dreissenid establishment;
however, the implications for alteration of P cycling have
not been specifically recognized. The full consequences of
such P diversion to, and retention within, the nearshore are,
we believe, still in the process of being fully manifested in
the Great Lakes, and those consequences may well require
new approaches to nutrient management in the Great Lakes.

Short-term impacts of mussels on the
nearshore

The arrival of dreissenid mussels has greatly increased the
biomass of benthic animals in many parts of the Great Lakes
(e.g., Griffiths 1993; Howell et al. 1996; Haynes et al.
1999). It has especially increased the filtering power of the
attached community, particularly on hard substrates in near-
shore areas. Mussels can also attain large biomass in deeper
waters and on soft substrates(e.g., Coakely et al. 1997,
Dermott and Kerec 1997; Bially and Maclssac 2000), but
their contact with the water column is most favorable to
rapid growth, and a high rate of particle removal, in the shal-
lower and more energetic nearshore zone where strong cur-
rents can renew suspended particle concentrations to the
dreissenids (Ackerman et al. 2001). Here, also, primary pro-
ductivity and local contributions of allochthonous matter
from local direct runoff and streams can maintain compara-
tively high supplies of particles.

Rocky nearshore habitats in the Great Lakes formerly sup-
ported high standing stocks of animals (Krecker and Lancas-
ter 1933; Shelford and Boesel 1942; Barton and Hynes 1978),
but the ability of dreissenids to attach via byssal threads has
permitted a vast increase in community biomass in such ar-
eas (Stewart et al. 1998), creating a nearly continuous carpet
of mussels on all hard surfaces below 1-2 m depth. The ac-
cumulation of shells after mussels have died is extending the
area of hard substrate and increasing the area for settlement
by dreissenids, thereby autogenically reengineering local en-
vironments.

Extrapolation from laboratory measurements is difficult,
but potential filtration impacts by this extensive new com-
munity on suspended particles in shallow (<10 m) waters are
large relative to the preexisting benthic community and, in
some cases, to the planktonic community of grazers (e.g.,
Arnott and Vanni 1996; Maclsaac et al. 1999). Nearshore ar-
eas of Lakes Huron, Erie, and Ontario exhibited significant
decreases in phytoplankton, P, chlorophyll, and chlorophyll
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to P ratios coincident with establishment of dreissenids (e.g.,
Fahnenstiel et al. 1995; Nicholls et al. 1999, 2002), indicat-
ing that the filtering impact of the mussels has an apprecia-
ble effect on the nearshore water column. Further offshore,
evidence for significant impact of mussels on concentrations
of nutrients and plankton in the water column is generally
weaker and less consistent in direction (Fahnenstiel et al.
1995; Charlton et al. 1999; Makarewicz et al. 1999). Unam-
biguous impacts of dreissenids on the offshore water column
have been observed only where the offshore itself is shal-
low, as in western Lake Erie, and often mixed to the bottom
(e.g., Charlton et al. 1999, Makarewicz et al. 1999, Ackerman
et al. 2001).

These patterns imply a dreissenid-driven increase in rates
of particle and nutrient removal from the water column in
dreissenid-colonized nearshore versus offshore areas. This
removal may be represented as a nearshore deposition rate
that is large, on an areal basis, compared with that occurring
offshore or in the predreissenid benthic community (Fig. 1).
Such an increase in nearshore deposition through creation of
dreissenid biomass and their biodeposits can, however, also
increase the loss of particulate material at the outflow of the
basin because of resuspension by storms and longshore
transport providing these materials to the outflow (Fig. 1b).

Fate of the filtered material and implications
for the benthic community

Of the particulate nutrients contained in the inhalant cur-
rent of mussels (approximately 0.7-1200 pm in diameter:
Sprung and Rose 1988; Horgan and Mills 1997), a propor-
tion is invested in new mussel biomass, but a large propor-
tion is excreted in soluble form or released in particulate
form as either feces or pseudofeces (see review by Schneider
1992) (Fig. 2). Much of this particulate material is then
available to detritivores in the benthic community. The in-
crease of some benthic animals, notably amphipods (Gonza-
lez and Downing 1999), contemporaneously with the
dreissenids suggests such a benefit. In fact, a substantial
community of detritivores and decomposers develops with
the dreissenids (Stewart et al. 1998) and can further re-
mineralize a significant proportion of the nutrients contained
in the dreissenid wastes.

The remineralization of fecal and pseudofeces, together
with direct excretion by the dreissenids, represents a poten-
tially rich source of inorganic nutrients for benthic algae, es-
pecially attached algae preferring the same hard, rocky
habitat (e.g., Cladophora). Dissolved nutrient release by
mussels and associated benthic animals, which can be a sig-
nificant component of P and N cycling (Mellina et al. 1995;
Arnott and Vanni 1996; James et al. 1997) and cause in-
creased nutrient concentrations nearshore (Holland et al.
1995), is then subject to efficient interception by the benthic
algae. Enhancement of benthic plant growth by the activities
of mussels (including exotic species) has been documented
in coastal marine habitats (Reusch et al. 1994; Crooks
1998). We hypothesize that dreissenids have had a similar
nutrient enrichment effect in the nearshore of the Great Lakes.

Dreissenids alter the nearshore environment in other ways
that can encourage benthic algal growth. Filtration by mus-
sels improves water clarity (Leach 1993; Fahnenstiel et al.
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Fig. 1. Diagram of the nearshore shunt in which ovals represent
major compartments for nutrients and arrows represent fluxes
into and out of those compartments. Panels represent conditions
pre- and post-dreissenid establishment. (a) Predreissenid: the
nearshore retained P weakly and was a net source to the offshore
pelagic, P loss was primarily by sedimentation into the offshore
profundal, and concentrations in discharge were assumed to re-
flect those in the offshore. (b) Postdreissenid: the nearshore ben-
thic community retains P from offshore and allochthonous
sources strongly, at least during the growing season for benthic
algae and mussels, and much of the P released is in larger parti-
cles that are likely to go to the outflow or directly to the
profundal rather than return to the offshore pelagic. The shaded
arrows highlight the fluxes that are most changed, creating the
nearshore shunt, and the width of the arrow indicates the relative
magnitude of the flux.
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1995; Howell et al. 1996), increasing both the photo-
synthetic compensation depth (Lowe and Pillsbury 1995)
and the illuminated area available for benthic algal growth.
Dreissenids also increase the surface area available for ben-
thic algal attachment by enhancing the roughness of the sub-
stratum and through extension of hard substrate area by
accumulations of empty shells. Lastly, respiration by mus-
sels and associated animals as well as decomposition of fe-
cal and pseudofecal material are a new source of CO, in the
nearshore. CO, can limit benthic algal and macrophyte
photosynthetic rates because of boundary layer effects on
the bottom and on plants (Stevenson 1988; Hecky and
Hesslein 1995). Availability of CO, can limit benthic algal
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Fig. 2. Photomicrographs of suspended matter from (a) the Grand River and (b) Lake Erie near Peacock Point (5 m depth) compared
with sedimented material in chambers (¢) without and (d) with dreissenids mussels feeding within the chambers. Note the increase in
size and the aggregated nature of the particles in the material settling from the chamber in which mussels were feeding. Bar scale =
100 pm. Figures 2a and 2b are reproduced with permission from Brynn Upsdell and Figs. 2¢ and 2d from Paul Weidman, both at the
Department of Biology, University of Waterloo, Waterloo, ON N2L 3G1, Canada.
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photosynthesis in low-alkalinity lakes even when phyto-
plankton are P limited (Turner et al. 1994). In high-alkalinity
situations such as the Great Lakes, CO, can limit macroalgal
and macrophyte growth in dense stands unless the plants can
produce carbonic anhydrase to allow them to access CO,
from dissolved bicarbonate (Stevenson 1988). The increased
supply of respiratory CO, from dense mussel beds may itself
encourage increased benthic algal growth to take advantage
of any increases in N and P availability from the nearshore
shunt.

Through their effects on nutrient supply and physical en-
vironment, high densities of dreissenids therefore set the
stage for enhanced benthic algal growth, especially the pro-
liferation of a nuisance filamentous green alga like Clado-
phora. Cladophora is favored because its attachment keeps
it in a nutrient-rich area, and its buoyant filaments create an
upright architecture that can reduce C limitation relative to
benthic microalgae. This “eutrophication” of the benthic al-
gae can occur even if total P concentrations are relatively
low in the pelagic or nearshore water columns. Observation
of the rocky nearshore environment of eastern Lake Erie, for
example, shows that mussels are often buried in dense
Cladophora stands during early summer (Mitchell et al.
1996; R.E. Hecky, personal observation) that are much more
luxuriant than during the mid-1970s (Howell 1998;
D.R. Barton, personal observation). The roughness of

dreissenid beds and protection from bottom turbulence
caused by dense Cladophora stands enhance sediment reten-
tion in the nearshore zone.

We hypothesize that a benthic community dominated by
Dreissena and (or) Cladophora efficiently retains P in the
form of biomass and detritus so that the return of P to the
water column is relatively minor (Fig. 1), especially during
the growing season of May—September. When this commu-
nity releases material during die-offs and storms, the parti-
cles mobilized are much larger and often denser than
phytoplankton, so material tends to redeposit in the
nearshore or is transported downslope along the bottom.
Consequently, overlying waters remain relatively clear and
pelagic sedimentation may be reduced compared with pre-
dreissenid conditions (Fig. 1).

The close physical association of mussels and Cladophora
may also play a role in shaping succession of the zoobenthic
community. Quagga mussels (Dreissena bugensis) have been
shown to grow more rapidly at low food concentrations than
do zebra mussels (Dreissena polymorpha) (Baldwin et al.
2002). The displacement of zebra mussels by quagga mus-
sels in eastern Lake Erie, even in very shallow water (Mitch-
ell et al. 1996; Mills et al. 1999; Diggins 2001), may reflect
a general decline in food availability as a result of the filter-
ing of the water column and retention of P by benthic algal
growth. This low-food condition may have been exacerbated
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by the heavy overgrowth of algae, which reduces the contact
between mussels and the water column, giving a further
competitive advantage to quagga mussels.

Nearshore shunt: nutrient retention and
altered export pathways

The particles and nutrients harvested from the water col-
umn by the mussels may originate partly in offshore water
that is advected into the nearshore region. Nonpoint sources
(e.g., direct runoff and tributaries) are also an important part
of the total loading to the Great Lakes (Fraser 1987) and are
likely to be important to many nearshore areas especially
along urbanized coasts and intensive agricultural areas. The
relative magnitudes of these two sources in providing P flux
into the nearshore zone where they can be taken up by benthic
processes are poorly known (Fig. 1). Most of the non-point-
source loading of P from runoff is in the form of fine-
grained particulates (<63 um; Stone and English 1993)
(Fig. 2a) as opposed to the large soluble fraction characteris-
tic of point sources such as sewage treatment plants. Prior to
dreissenid colonization, the finer particles bearing the ex-
changeable and Fe-bound phosphate were retained only briefly
in the well-oxygenated nearshore before being transported
and deposited offshore as fine-grained sediments (Fig. 1).
Dreissenids, however, will retain such allochthonous parti-
cles more effectively. Not only phytoplankton, but also non-
living, micron-sized suspended particles can be effectively
removed by dreissenids (Klerks et al. 1996). Material not in-
gested by the mussels is nonetheless packaged into larger
and more cohesive organic—mineral aggregates (Fig. 2d),
whether they be feces or pseudofeces, and such aggregates
will not resuspend and travel as easily as the original,
smaller particles (Figs. 2a—2c). Instead, they will be retained
for a time in the nearshore benthic community, if only be-
cause the increased roughness of the bottom produced by the
mussels themselves provides low-turbulence zones in the
beds where detritivore and decomposer activity can regener-
ate P. During gut passage of normally oxygenated mineral
material, P firmly bound to iron oxides could also be liber-
ated to solution in the anoxic intestinal tracts of the mussels.
These dreissenid-dependent transformations will, in effect,
provide new sources of available P to the nearshore environ-
ment, and particularly for benthic algae, without requiring
any increase in external P loading to Lake Erie.

The enhanced trapping and recycling of formerly unavail-
able allochthonous P (and other nutrients), as well as trap-
ping of pelagic P, may help explain why we are now seeing
postdreissenid symptoms of nearshore eutrophication despite
apparently stable P loads from point sources. If non-point-
source loads have increased over the last few decades, then
the increased retention and processing by dreissenids may
now be making this explicit as nearshore eutrophication. By
intercepting and retaining particles introduced via tributaries
and direct runoff, the nearshore shunt should not only in-
crease benthic plant growth but also result in greater spatial
heterogeneity in mussel distribution. As mussels become in-
creasingly food limited by their own high densities, greater
densities of mussels should be maintained in areas influ-
enced by these external sources of particles and nutrients.
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The nearshore shunt cannot accumulate nutrients indefi-
nitely, as these rocky habitats are nondepositional environments
under high wave energies. Some flux of soluble nutrients will
leave the community, unless internal cycling is 100% efficient.
High retention efficiency might be realized in the summer
growing season when mussels and benthic algae are active, but
winter will certainly reduce their activity and reduce trapping
efficiency. More importantly, trapped particles (and their nutri-
ents) will be exported periodically, e.g., during seasonal
sloughing and die-off of Cladophora, which occurs in midsum-
mer. Organisms and their remains, as well as detrital material
(including dreissenid feces and pseuodofeces), would be im-
portant components of the export flux, although the persistence
of dreissenid-generated aggregates remains to be determined.
In any case, the particles would be generally larger (Fig. 2d)
and less prone to remain suspended for long periods than the
smaller particles characteristic of lake seston or stream and
non-point-source runoff. Larger particles will tend to travel
mostly during episodes of high turbulence and resuspension in
the wave zone and will be subject to longshore transport that
follows shorelines and depth contours, as is typical of coarser
sediments. This longshore movement would account for the in-
creasing concentrations of P, primarily in particulate form and
in late fall and winter, entering the Niagara River in recent
years (Williams et al. 2000) and increased accumulation of or-
ganic material in nearshore sandy sediments (Howell et al.
1996).

According to our model (Fig. 1), low total P concentra-
tions in the pelagic offshore zone can occur even while total
P concentrations in the discharge (Niagara River) are in-
creasing, especially in the suspended phase. There will also
be an offshore component to the transport of particles from
the nearshore. Relatively little of the coarser material result-
ing from dreissenid feeding (Fig. 2d) would be expected to
reside for long in the deeper and less turbulent offshore wa-
ter column, but episodic downslope transport would focus
this material to the deeper offshore sediments (see major ex-
port arrows, Fig. 1). These coarser particles of nearshore ori-
gin are transported with less processing time than would be
characteristic of smaller and more slowly sinking lake
seston. One result could be enhanced rates of O, consump-
tion in offshore hypolimnetic sediments without increased
productivity in the overlying pelagic water column. The ap-
parent disappearance of Diporeia from portions of the Great
Lakes (Landrum et al. 2000; Dermott 2001) could be a re-
flection of greater O, demand from coarser organic debris
originating from the nearshore.

We hypothesize that the nearshore shunt should deprive
the offshore pelagic zone of nutrients, both by intercepting
allochthonous nutrient from nonpoint sources and by strip-
ping nutrients from offshore water that may periodically be
advected through the nearshore zone. Increased burial of P
in coarse organic particles in nearshore sands and increased
loss of particulate P at Niagara represent a net loss of P from
the pelagic ecosystem. This is indicated by the imbalanced
exchange of P between nearshore and offshore following
dreissenid establishment (Fig. 1), especially during the
prime (May-September) growing period of benthic algae
and mussel feeding activity. As yet, evidence for systematic,
dreissenid-associated decreases in plankton, nutrients, and
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sedimentation rates in deeper offshore zones is limited, e.g.,
the eastern basin of Lake Erie (Charlton et al. 1999;
Makarewicz et al. 1999, 2000). The enhanced export of
coarser, nutrient-rich particles by downslope bed load trans-
port to the offshore profundal zone may also lead to higher
burial rates of this material and associated P than formerly.
The net basin-wide effect of the repackaging of fine-grained
materials into coarser feces and pseudofeces would be to ac-
celerate P sedimentation, burial, and loss at the outflow that
would result in lower dissolved P concentrations even if ex-
ternal loading rates are unchanged.

Current and future development of
dreissenid-colonized lake ecosystems

The effects of the nearshore shunt that we describe are not
the same as those of the initial colonization phase of the
dreissenid community, when net mussel (and other zoo-
benthos) biomass accumulation was resulting in a substantial
storage of P in the new littoral biomass and shell mass of
mussels. What we suggest here is that the mussels have
reengineered the biophysical environment in the littoral zone
with profound and persistent effects on nutrient recycling,
packaging, and transport. These will be permanent changes,
although the strength of the shunt may vary in a complex
way with mussel and benthic algal densities. This re-
engineering may have critical consequences for the relative
productivity of the littoral and pelagic zones and the routes
and mechanisms of exchange between them. The effects
would have been obscured by the profound increase in
dreissenid biomass during the colonization phase of the in-
vasion, when attention was directed to potential disruption
of food webs through direct competitive effects on food re-
sources and to the functioning of physical infrastructure such
as water intakes. The effects that we hypothesize will not be
fully manifested until the new, dreissenid-dominated benthic
community has attained more of a steady state between nu-
trient accumulation and release in the reengineered littoral
zone. For example, as the littoral environment retains or-
ganic material, O, conditions may suffer around mussel beds
and beneath dense Cladophora stands. The development of
hypoxic and anoxic zones in shallow water would further fa-
vor the release of P from fine sediments and also harbor an
anoxic microflora including toxic species such as Clostri-
dium botulinum, which has also recently caused alarm be-
cause of apparent increases in fish and bird kills on Lakes
Ontario and Erie. This may explain why some of the hypoth-
esized symptoms, such as nuisance growth of Cladophora or
higher densities of fishes, including native species such as
smallmouth bass (Micropterus dolomieu), exploiting the en-
hanced energy flow in the nearshore (P. Ryan, Ontario Min-
istry of Natural Resources, P.O. Box 429, Port Dover, ON
NOA 1INO, Canada, personal communication), seem to have
developed well after the initial dreissenid colonization phase.

The functioning of the nearshore shunt may also change
again, of course, as additional organisms join the parade of
exotic species into the Great Lakes. Prominent among these
newer arrivals at present is the round goby (Neogobius mela-
nostomus) that has achieved very high densities on rocky
substrata (Charlebois et al. 2001; R.E. Hecky, personal ob-
servation). It might be anticipated that predation upon
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dreissenids by gobies could only diminish the effectiveness
of the nearshore shunt. In fact, the net effect is hard to pre-
dict, unless the gobies actually exterminate the dreissenids.
For example, the in situ filtration efficiency of dreissenids in
dense communities is less than that of individual specimens
under less crowded conditions with better water circulation
(Yu and Culver 1999). Diminished dreissenid abundance may,
up to a point, be offset by increased filtering efficiency of
the survivors. The gobies themselves, as exclusively bottom-
dwelling fish with relatively low mobility, are part of the
nearshore shunt and will contribute their own waste products
to the recycling effort of the benthos. However, the gobies
may be more amenable to consumption by predators, such as
a variety of fish and birds, than are the dreissenids that they
consume and so may facilitate alternative export pathways,
especially if offshore piscivores make use of this new food
resource (Schindler and Scheuerell 2002).

Research required to confirm the nearshore
shunt

The nearshore shunt is still a hypothetical construct, and
focused research will be necessary to verify the assumptions
that we have had to make (summarized in Table 1). Several
of these assumptions we consider to be well founded, partic-
ularly 1-5, although more study of nearshore conditions
would strengthen our confidence and improve our ability to
model these aspects. The altered cycling of nutrients and es-
pecially P (assumptions 6-9) requires specific research to es-
tablish quantitatively the link between dreissenid biodeposits
and excretion and increased nutrient supply to benthic algae.
The longer term (interseasonal) sedimentary fate of
dreissenid biodeposits and of benthic algal material (as-
sumptions 12 and 13) is an essential component of the
nearshore shunt and the most poorly known. If biodeposits
and benthic algal growth are fully regenerated annually into
dissolved nutrients and mixed back into the pelagic water
mass, then the net effect on offshore P concentrations and
sedimentation may be negligible and the shunt only a sea-
sonally ephemeral phenomenon. However, if the shunt leads
to more rapid burial and more loss of particulate P at the
outflow, then a new paradigm of P cycling will be required
because lower offshore concentrations with unchanged ex-
ternal nutrient loading will result (assumption 13). Both lab-
oratory and comparative field studies between lakes heavily
impacted by dreissenids or with low impact, e.g., Lake Su-
perior or northern Lake Huron, would provide tests of hy-
potheses formed from assumptions 5—11. Sediment transport
studies, continued monitoring of the Niagara outflow, and
paleolimnological studies would validate assumptions 12
and 13. The possibility of antagonistic interactions of
Cladophora with dreissenids as they compete for space in
the nearshore zone should also be examined to determine the
stability of the nearshore shunt interannually. Cladophora
and other benthic algae can benefit from the feeding activi-
ties of dreissenids, but dense growths of Cladophora would
restrict the access of dreissenids to the overlying water col-
umn and might even asphyxiate mussels owing to low-O,
conditions under Cladophora stands. The round gobies pro-
vide another negative feedback on dreissenid abundance; the
temporal dynamics of these three species could result in dra-
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Table 1. Assumptions necessary for the nearshore shunt to function or that can amplify its magnitude.

1 Dreissenid feeding clears a significant proportion of particulate material from pelagic, riverine, and local runoff sources

2 Dreissenid shell production increases the area available for dreissenid settlement and benthic algal attachment

3 Dreissenid feeding results in more transparent waters on average in the nearshore

4 Depth of euphotic zone increases in the presence of abundant dreissenids, as does the areal extent of well-illuminated benthic
algal habitat

5  Particulate products of dreissenid feeding are larger and often denser than filtered material

6

Feces and pseudofeces of dreissenids and associated invertebrates will regenerate nutrients primarily in the nearshore

7  During the growing season, benthic algae and especially Cladophora will have an advantage over phytoplankton in taking up
nutrients regenerated benthically by dreissenids in excretion or benthic detritivores and bacteria degrading feces and

pseudofeces

8  CO, regenerated from dreissenids and from benthic detritivores and bacteria can stimulate benthic algal production in the benthic

boundary layer

9  Dreissenid feeding can release iron oxide bound P to solution during gut passage

10 As a result of increased transparency, increased nutrient availability, and more hard substrate (from shells), benthic algal
biomass, growth, and nutrient demand become a substantial proportion of P loading

11 Increased biomass of Cladophora and its decomposition in the nearshore can cause local, shallow anoxia that can further release

P from iron oxides in allochthonous particulate matter

12 Coarse residual feces and pseudofeces as well as detrital material from Cladophora will move laterally in longshore currents or
downslope to deeper waters rather than be returned to the pelagic
13 An increased proportion of P loading will reside in the nearshore and be lost at the Niagara outflow and offshore P sedimenta-

tion and offshore P concentrations will decline

matic year-to-year changes in nearshore water quality condi-
tions and the strength of the nearshore shunt.

A very important question concerns the magnitude and
fate of benthic algal production, including Cladophora. Cla-
dophora that accumulates on shorelines is obvious and ob-
noxious, but what eventually happens to it and other benthic
algal production, how much is exported elsewhere, and its
overall role in the food web of the lakes are just some of the
questions requiring answers. Benthic algae, even the notori-
ously inedible Cladophora, may help explain the apparent
substantial imbalance between primary production and com-
munity consumption that has been suggested to exist in Lake
Erie (Johansson et al. 2000; O. Johansson, Fisheries and
Oceans Canada, P.O. Box 5050 Burlington, ON L7R 4A6,
Canada, personal communication; G. Sprules, Department of
Zoology, University of Toronto at Mississauga, Mississauga,
ON L5L 1C6, Canada, personal communication). This
would imply a fundamental redirection of energy flow in the
lake compared with previous, pelagic-oriented models, but
we still lack good quantitative data to assess this possibility.

Implications for Great Lakes nutrient
modeling

Mass balance models of nutrients in the Great Lakes, par-
ticularly for P, have been successful in describing nutrient
distributions on the broad scale without reference to benthic
activity or any distinctive cycling pathways in the nearshore.
The nine-box model for Lake Erie is a good example (Lam
et al. 1987). In the horizontal, the lake’s basins are assumed
to be well mixed. Particle and nutrient removal from the wa-
ter column is modeled by average sedimentation coefficients
that are uniform across the area of each lake basin. No dif-
ferentiation is made in the model between nearshore and off-
shore regions, implying that concentrations are uniform
across the basin and that offshore concentrations can be used
to estimate loss at the outflow. External loading, although

delivered mainly to the nearshore, is assumed to be mixed
uniformly across the basin. While never intended as a realis-
tic ecological model, the success of the nine-box model in
predreissenid times is demonstrable (Lam et al. 1987) and is
an example of the type of model that we must have to esti-
mate loading targets and other management criteria. Whether
such well-mixed reactor models are still acceptable, despite
the development of the nearshore shunt, is an important
management question in the Great Lakes, as is the structure
of current monitoring programs on the Great Lakes that fo-
cus almost entirely on pelagic conditions. Throughout the in-
vasion and establishment of dreissenids and the reemergence
of Cladophora as a concern, the offshore chlorophyll and
total P concentrations have met or exceeded target concen-
trations set by international agreement. Consequently, the
deterioration of nearshore conditions has been largely unob-
served, leading to confusion and consternation in the face of
public concern about these changes (e.g., McGuinness 2002;
Mittelstaedt 2002).

How to manage the nearshore shunt?

The phenomenon of high-productivity communities on hard
substrata in the midst of ultraoligotrophic waters is well
known from coral reefs. This high production is in part
maintained by effective suspension-feeding by corals from
low particle concentrations and tight recycling of materials
within the coral community. The dreissenids have provided
the mechanism for the establishment of similar productive
benthic communities even in meso- and oligotrophic lakes.
Unfortunately, the relatively low biodiversity of the Lauren-
tian Great Lakes compared with healthy coral reefs allows
energy to accumulate as high standing crops in often unde-
sirable species such as Cladophora and round gobies. Simi-
larly, the role of benthic suspension-feeding mollusks in
retaining and recycling nutrients from river runoff and main-
taining nearshore nutrient concentrations and algal growth
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has recently been shown for the nutrient Si and diatoms in a
coastal marine bay (Ragueneau et al. 2002). The potential
for dreissenids to perform a similar function with regard to P
and Cladophora in the Great Lakes is clear, but the near-
shore water quality implications are undesirable and the
management actions required to mitigate such changes are
as yet undefined but likely significant. Contaminants as well
as P may be subject to retention by the nearshore shunt,
which would also have implications for utilization of the
burgeoning nearshore food web (Bruner et al. 1994).

We conclude that dreissenids are ecosystem engineers
(sensu Coleman and Williams 2002) that substantially mod-
ify the physical habitat and whose ecological activities also
change the availability of resources to other species at the
ecosystem scale. Their long-term impacts will extend be-
yond direct competition for planktonic food resources or
nuisance growths on infrastructure. Concerns about food
competition have led to calls for relaxing P control in the
Great Lakes to ensure adequate primary production to sup-
port fish populations. This would likely be a mistake; the
nearshore shunt might effectively redirect any increase in
nutrient loading into excess benthic algal growth and degrada-
tion of ecological and aesthetic conditions along Great Lakes
coastlines. The long-term consequences of reengineered nutri-
ent flows in the Great Lakes are uncertain and require fo-
cused research before any modification is made to current P
control strategies. Rather than relaxing P control to offset
some of the consequences of dreissenid invasion, the
dreissenid-driven nearshore shunt may require increased reg-
ulation of nonpoint sources of P, which are not addressed by
existing international conventions, as well as more stringent
controls on point sources to maintain beneficial uses of the
nearshore where most people interact with the lakes.
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