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Abstract

Invasive organisms are one of the major threatisd@cological integrity of aquatic systems
in the 22" century. Among the most notorious and importanissig invasive organisms are the
dreissenid musselBreissena polymorphandD. rostriformis bugensjswvhich having originated in
the Ponto-Caspian region are now common in martg paEurope and North America. Dreissenids
have large impacts on many aspects of lentic et@syRinctioning, the sum of which is thought to
lead to the translocation of biological productfoam the pelagic to the littoral zones of lakestHis
thesis | explore the effects of dreissenids omtmashore zones of large lakes, investigate the
mechanisms by which dreissenids couple the pelaglmearshore zones of lakes and attempt to
elucidate the factors affecting the strength ofdfessenid-mediated connection between the pelagic
and littoral zones.

The effects of invasive organisms on an aquatisystem will depend, in part, on the
distribution and biomass of the invasive organigmthe system. In chapter 2 | present the resilts o
a lake-wide survey of the distribution of invastreissenid mussels in Lake Simcoe, Ontario and
discuss some of the factors that shape their liigian pattern in the lake. Dreissenid biomass
averaged 27.2 (+24.3 SD) g shell-free dry mass (#fD? in the main basin of Lake Simcoe and
12.4 (+16.9 SD) g SFDM/frin macrophyte-dominated Cook’s Bay. | argue thatewmovement is
an important determinant of dreissenid distributimoth through catastrophic disturbance in shallow
water and through non-catastrophic effects on safestlistribution and possibly food supply rates. |
areas of dense macrophyte growth, mussel abundeaxshown to be associated with that of
preferred macrophyte taxa, in particular with thia€eratophyllum demersurhused the results of
my survey and the relationships between environah@ariables and dreissenid biomass to estimate
the total biomass of dreissenids in Lake Simcogdd®tonnes SFDM. Most of the dreissenid
biomass in Lake Simcoe was concentrated in thesheeg zone, where dreissenids would have
maximal impacts on littoral biological production.

One of the effects of the dreissenid invasion theoLaurentian Great Lakes appears to be a
resurgence in the abundance of the nuisanceCGifgiophora glomeratavhich experienced a marked
decline following phosphorus abatement in the 18&@0s and early 1980s. A subsidy of bioavailable
phosphorus excreted by dreissenid mussels colddh lmaportant mechanism facilitating the growth
of C. glomerataln chapter 3, | describe a survey of dreisseisittidution and abundance followed

by in situ experiments designed to measure dreissenid phaspbgrcretion rates. Average dreissenid



mussel abundance in our study area was 3674 (¥3R3dividuals/mi, with an average biomass of
52.2 (¥29.0 SD) g of shell free dry mas&/ifhe mussels excreted bioavailable soluble reactiv
phosphorus (SRP) at an average rate ofig.8RP/g shell free dry mass/hour, contributing &idu
tonnes of SRP to the study area overGhglomeratagrowing season. Dreissenids appear to be an
important source of recycled bioavailable phosphaoithe littoral zone, potentially supplying more
soluble reactive phosphorus to the study arealttah watercourses and waste water treatment
plants, and more phosphorus than is required taisuscalC. glomeratagrowth.

Dreissenid establishment in many systems coingididsincreases in the abundance and
diversity of littoral benthic invertebrates and lwvithanges to community composition of the benthos.
Currently, there is a lack of long-term studieshaf impact of dreissenid mussels on hard-substrate
inhabiting littoral benthos. In chapter 4 | comptre littoral benthos of Lake Simcoe, Ontario just
prior, and 14 years following the establishmentdr&issenids in the lake. Densities of non-dreigkeni
invertebrates on hard substrata increased by ng@diynes, from an average of 367.9 (+460.8 SD)
individuals/nfin 1993 to an average of 16,706.4 (+10,204.5 SBiyiduals/nf in 2008. The
taxonomic diversity of the benthos increased sigaiiftly. The distribution of benthic organisms also
changed; the numerical abundance of benthos hasneemore even across depths and sites, as has
community composition. | suggest that in additiotincreasing resource availability to benthic
organisms dreissenids have also caused a homotienia&the littoral habitat by increasing the
evenness of the distribution of food and habitabueces. The changes in the littoral benthic
community in Lake Simcoe likely have wide-rangingpiications to higher trophic levels and the
cycling of energy in the lake.

In addition to impacting nutrient cycling and thenthic invertebrate communities of littoral
zones, dreissenid mussels can have large effedtsdrwebs and energy cycling. In chapter 5 | used
stable isotope analysis of pre- and post-dreisssangponents of the nearshore food web of Lake
Simcoe, Ontario to determine how dreissenids adféfbod sources and energy flow in the littoral
zone of Lake Simcoe. Results suggest that thegrestsenid food web relies about equally on two
energy sources: dreissenid biodeposits (redirgatyic primary production) and littoral benthic
primary producers. Although the relative importanégelagic and benthic primary production to
benthic organisms has not changed much followirgsdenid establishment, the absolute importance
of both increased considerably in the post-dreigdétoral zone: the large increase in invertebrat
biomass that followed dreissenid establishment mézat the amount of both pelagic and benthic

primary production needed to sustain post-dreisserganisms had to increase considerably. The
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results of this chapter suggest that dreissenmease the availability to food to littoral organshby
redirecting pelagic primary production to the bestland by stimulating littoral benthic primary
production. The impacts of dreissenids on littew@hthic organisms probably have large effects on
littoral and pelagic fish communities of lakes.

Dreissenid mussels translocate biological prodadiicthe benthos by stimulating benthic
primary production through nutrient excretion andréases in water clarity, by increasing habitat
availability for benthic organisms and by biodefiogi pelagic material that becomes available to
benthic organisms and the fish that feed on theargue that hydrodynamic factors are important in
controlling the strength of the dreissenid-medigteldgic-littoral connection in lakes. Because
hydrodynamics relate to lake size, a relationslkeipvben lake size and the ability of dreissenids to
translocate production the littoral zone can bdwated, where dreissenid effects are maximal in

intermediate-sized lakes.
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Chapter 1

General Introduction

1.1 Introductory remarks

When non-biologists ask me what | study and | nmenziebra mussels | often get nods of
recognition and complaints about cutting their feetthe little bastards” last year at the cottafjee
zebra musseDreissena polymorphand its cousin the quagga mus$l (ostriformis bugensjsare
two of the most familiar and recognizable invasivganisms in the Great Lakes region and, as their
spread continues, in many other parts of North AcaeiThe notoriety of dreissenids is related to the
severity of their impacts on ecosystems: from wel@rity to phytoplankton community composition
to fish yields, dreissenids can affect numerougetspof the aquatic environment. A conceptual
understanding of the way dreissenid mussels dffeatied lentic ecosystems is coagulating around
the central idea thalreissenids translocate biological production frdme pelagic realm to the
littoral benthos of lakegvanderploeg et al. 2002, Mills et al. 2003, Heekyl. 2004, Higgins and
Vander Zanden 2010). Working within this concepfraiework, my PhD thesis explores the way

dreissenid mussels affect the ecological relatiigrssin the nearshore areas of large lakes.

1.2 Dreissenid invasion history and autecology

Dreissenids are thought to have evolved in antiaké Pannon during the late Miocene
period, more than 10 million years ago (Mdiller etl&99). In modern times their native range
included the brackish and freshwater drainageseBlack, Azov and Caspian seas (May et al.
2006). Dreissenids began their range expansidmein®' century, which was facilitated by the
construction of shipping canals among various watelies in the Ponto-Caspian area and Europe.
By the 19" century dreissenids made their way to the Tharsesey, and many other water bodies
throughout Europe (Astanei et al. 2005).

In 1988 adulD. polymorphawere discovered in Lake St. Clair (Hebert et 8B9), and in
1991 a second dreissenid spedizsiostriformis bugensigvas found in the Erie Canal and in Lake
Ontario (Mills et al. 1996). Both dreissenids dreught to have been introduced as planktonic
veligers in the ballast water of transoceanic shippessels, zebra mussels likely arriving fromtNor
European ports, and quagga mussels from the BlaaKEBown and Stepien 2010). Since their initial
introduction in the lower Laurentian Great Lakesisgenids have spread to all five of the Great



Lakes, and many interconnecting waterways incluttiegMississippi River. In 2007 quagga mussels
were discovered in Lake Mead, Nevada, and now docaimumber of watersheds in the south-
western United States (Stokstad 2007).

Dreissenids are unique among freshwater bivalvésving a planktonic larval stage and the
ability to attach to hard substrates by meanshyfsaus. These two traits are thought to play an
important role in the invasiveness of dreisserfitlianktonic larvae can remain in the water column
for up to a month (Sprung 1993) and are able triavge distances with water currents and in the
ballast tanks of ships. Adult dreissenids are sdma¢wessication resistant and can be transported
between water bodies attached to the hulls of tdveeds, on anchors, buoys and even on scientific
equipment (Carlton 1993). Dreissenids are astoghdfiecund, with females producing up to a
million eggs in one spawning event (Sprung 1993J, @an be very abundant: settled mussels can
reach densities of 50,000-150,000/m2 in the edalges on an invasion (eg. Dermott et al. 1993,
Evans et al. in press).

Zebra and quagga mussels display some differentabitat preference. While both species
appear to prefer hard substrates, quagga mussedblarto colonize softer, silty substrates, and
consequently are more common in deeper portiofekes (Mills et al. 1996). When both species
occur in the same system, over time quagga muaselsiten able to out compete and replace zebra
mussels. Initially, the two species partition tlabitat, with zebra mussels being more common in
shallow water, and quagga mussels occurring merpiémtly in deep water, but eventually quagga
mussels displace zebra mussels even in shallow.\ildtes has been observed in Europe (reviewed in
Mills et al. 1996), as well as in many North Amaricaquatic systems (Mills et al. 1999; Wilson et al
2006, Patterson et al. 2005, Ricciardi and WhoyisR804). Faster growth rates at low food
concentrations is one of the factors thought todawjuagga mussels over zebra mussels
(Stoeckmann 2003).

Dreissenid mussels are filter feeders, capablétefifig bacteria, algae, and small
zooplankton in the size range of 0.4—1200 um frieevtater column (Sprung and Rose 1988, Cotner
et al. 1995, Lavrentyev et al. 1995, Horgan anddMif97). Dreissenids not only filter a wide range
of particle sizes, but are capable of filteringuaye volume of water. Estimates of filtration ratasy,
ranging from 4 ml/individual/h to upwards of 200/imdlividual’ h, resulting in substantial filtering
potential for large populations of dreissenids (Betral. 1993, Reeders et al. 1993, Horgan andsMill
1997, Roditi et al. 1997). Regardless of clearaates, it has long been realized that the abifity o

dreissenids and other mussels to filter partiglesfthe water column strongly depends on
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hydrodynamic factors (eg. Izvekova and Lvova-Kahthe 1972, Frechette et al. 1989). Because
dreissenids are benthic organisms they rely onnmaiténg to replenish the supplies of edible
particles near the bottom, and their ability teeeaffthe phytoplankton is highest in mixed water
columns (Ackerman et al. 2001, Edwards et al. 2005)

Material that is removed from the water column bsissenids has a number of possible
fates. Material that is not ingested is rejectethasous-bound pseudofeces. Material that has been
ingested can either be used to support metabatisexcreted as feces and dissolved waste.
Deposition rates, and the properties of feces aedgnfeces (biodeposits) have been examined by a
number of investigators. Biodeposits consist ofi¢tume of digested and live phytoplankton, organic
detritus and mineral particles (Izvekova and Lv#atehanova 1972, Roditi et al. 1997, Naddafi et
al. 2007). Estimates of deposition rates showdhgissenid deposits can contribute significantly to
the flux of material to the benthos, and togethigh the bacteria inhabiting them can be a significa

food source to some benthic organisms (IzvekovalLangla-Katchanova 1972, Gergs et al. 2009).

1.3 Dreissenid impacts on ecosystems:

Because of their filter-feeding mode of life, ahdit ability to attain very high densities on
appropriate substrates, dreissenids can haveitapgets on many facets of the agquatic environment.
Perhaps most apparent are effects of dreissenittegrlankton. By removing a large quantity of
phytoplankton from the water, dreissenids can eeenater clarity, and alter the community
composition of the phytoplankton. Increases in weli@ity are reported from numerous dreissenid
invaded systems, as are reductions in seston dobphyll concentrations and in algal biovolume
(Leach 1993, Budd et al. 2001, Eimers et al. 2608gins and Vander Zanden 2010). Increased
water clarity enables primary production to ocdugreater depths, leading to increases in the
production of benthic algae and macrophytes (Rilglet al. 2002, Higgins 2005a, Zhu et al. 2006,
Depew et al. in press).

The enhancement of benthic primary producers biggiaids occurs not only through
changes in water clarity but also through changesitrient cycling. Large populations of dreissenid
mussels excrete dissolved nutrients at ecologisadiyificant rates, potentially supplying limiting
nutrients to benthic primary producers (Arnott &ahni 1996, James et al. 2001, Conroy et al.
2005). Stewart et al. (1998) convincingly demortstidhat dreissenids can increase benthic primary
production on a local scale, most likely thougheheretion of dissolved nutrients. Particulate

dreissenid biodeposits may also increase the nutantent of sediments, fertilizing macrophyte
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growth. Experiments in marine systems demonstitagdmussels can fertilize the growth of sea
grasses (Reusch et al. 1994, Peterson and Hecl, 20ibugh Zhu et al. (2007) found no fertilizing
effect of dreissenids on macrophytes in Oneida Lake

In addition to impacting pelagic and benthic prignproducers, dreissenids have large effects
on benthic invertebrates. Many studies and metéysemindicate that dreissenids enhance the
production of littoral benthos, while negativelyeadtting the abundance of profundal benthos (Stewart
and Hynes 1994, Dermott and Kerec 1997, Karatayal; €997, Ricciardi et al. 1997, Bially and
Maclsaac 2000, Lozano et al. 2001, Mayer et al22Ward and Ricciardi 2007, Higgins and Vander
Zanden 2010; Jimenez et al. 2010). It is thougdtttie enhancement of littoral benthos occurs due t
two factors. Dreissenids enhance food availalilitypiodepositing edible material and increasing the
production of benthic algae. Dreissenids also mseethe availability of habitat for benthic orgamss
among the shells of living mussels and in the ditegllosits of dead mussels (Botts et al. 1996,
Ricciardi et al. 1997, Stewart et al. 1998). Thgatiwe impacts of dreissenids on profundal benthos
are less well understood, but it is thought thdtiotion in phytoplankton biomass and competition
between dreissenids and other benthos for sefiigtpplankton are responsible (Dermott and Kerec
1997, Higgins and Vander Zanden 2010).

Clearly, the impacts of dreissenids on various aomepts of aquatic ecosystems have large
consequences for the entire food web and for higbphic levels. Many of the impacts of
dreissenids on food webs can be viewed as the i@sshifting patterns of biological production,
with simultaneous enhancement in littoral areasraddctions in pelagic and profundal areas
(Higgins and Vander Zanden 2010). The enhanceduptimh of algae and invertebrates in nearshore
areas has been associated with increases in teqpian of littoral fish species in Eastern Eurapea
lakes (Karatayev et al. 1997) and in experimermalds in North America (Thayer et al. 1997).
Bioenergetics modeling and studies on the distionuand diet of pelagic fish suggest that
dreissenids have led to reductions in the body itiondand growth of some pelagic fish and
increased their reliance on nearshore resourcébdi®m et al. 2001, Pothoven and Madenjian 2008,
Rennie et al. 2009).

1.4 Structure and objectives of the thesis:

This thesis takes a multi-directional approachxgaing the effects of dreissenid mussels
on the nearshore ecology of large lakes, focusiagiyon Lake Simcoe, Ontario, and to a lesser

degree on Lake Ontario. The core of the thesisistnsf four data chapters (chapters 2-5), each
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written as an independent study. At the time o$iheubmission chapters 2 and 3 have been
published in the Journal of Great Lakes Researdithapter 4 has been submitted for publication in
the Journal of the North American Benthologicali8tyc The overall aims of this thesis were to
describe and quantify how dreissenid mussels afiigitient cycling, biological production and food
web structure in the littoral zones of large lakem: the purposes of this thesis | define therkto
zone as the nearshore area of a lake, where sulffigjht reaches the lake bottom to maintain net
primary production.

The effects of dreissenids on an ecosystem wileddpn part on their distribution and
abundance in the system. In chapter 2 | set odésaribe the distribution of dreissenid mussels in
Lake Simcoe, Ontario, and to determine which emvirental parameters are important in
determining dreissenid distributions. It is wellbkmthat substrate composition is an important
determinant of dreissenid distribution (e.g. Melland Rasmussen 1994, Wilson et al. 2006), but the
impacts of water movement on dreissenids are ntbdescribed. | used a video-based method to
survey dreissenids on simple substrates such ksgand or silt, and ponar sampling in areas of
dense macrophyte growth to describe relationstepsden dreissenid biomass, substrate
composition, water movement and macrophyte commuwitnposition. The results of this study will
improve our understanding of dreissenid- environnmgraractions and are the first published
demonstration that water movement is an importaterchinant of dreissenid distribution of a whole-
lake scale.

Excretion of dissolved nutrients by dreissenidslieen measured in a number of lab studies
(Arnott and Vanni 1996, Conroy et al. 2005), betdiestimates of dreissenid phosphorus excretion
are rare. Chapter 3 details a study designed tesuneghean situ excretion of dissolved phosphorus
by dreissenids in the nearshore of Lake Ontatiged benthic microcosms to measure dreissenid
excretion rates, and conducted a video-based sofvdneissenid biomass distribution in a portion of
the lake nearshore which enabled me to estimatextretion rates of the entire dreissenid poputatio
in my study area. To determine the importance eisdenid excreted phosphorus to the study area |
estimated the contribution of land based point- mmipoint sources of phosphorus in the study area.
Finally, with the help of Dr. Sairah Malkin, aniesate of phosphorus demand by benthic primary
producers was made. This enabled me to compargsdredls as a source of phosphorus to watershed
phosphorus contributions to phosphorus demandimapy producers, and to gain a better

understanding into the role of dreissenids in femesnutrient cycling.



While it is known that dreissenids enhance the petdn of nearshore invertebrates (Ward
and Ricciardi 2007, Higgins and Vander Zanden 209} studies have examined the long term
effects of dreissenids on hard-substrate inhabiliittggal benthos. Chapter 4 describes such a study
Dr. David Evans of the Ministry of Natural Resows@®nducted a detailed survey of the littoral
macroinvertebrate community in Lake Simcoe jusbipid dreissenid establishment, and | repeated
his survey in 2008, fourteen years following drefsd establishment. In both years sampling was
conducted at four different sites and three difiedepths at each site. This enabled me to determin
whether dreissenid impacts on the benthos varyadlyand with depth, another novel aspect of this
study.

Chapter 5 explores the effects of dreissenids emé#arshore food web of Lake Simcoe. A
number of authors have suggested that dreissenidd mcrease the contribution of pelagic carbon
to littoral benthos (Izvekova and Lvova-Katchand®a2, Gergs et al. 2009), but there are no studies
examining the changes to the benthic food web &ssacwith dreissenid establishment. The
objectives of this chapter were to describe feedihgtionships in the pre- and post-dreissenidrhdt
food webs on Lake Simcoe and to determine whettegsgknids increase the reliance of the benthic
food web on redirected pelagic carbon. | used statope analysis of pre- and post-dreissenid
benthic organisms to evaluate the effects of deeisls on carbon sources and feeding relationships i
the benthos and to test the effect of using diffemeixing model and trophic level estimation
methods on food web reconstruction. In Chaptesiimmarize the results of chapters 2-5, and
propose that the strength of the dreissenid-medijzééagic-littoral connection strongly depends on

hydrodynamic factors and lake size.



Chapter 2
Effects of Water Movement on the Distribution of In vasive

Dreissenid Mussels in Lake Simcoe, Ontario

2.1 Introduction

The ability of invasive dreissenid mussélseissena polymorphandD. rostriformis
bugensiyto attain very high biomass in some systems andexuently affect many important
aspects of their environment has led to them blkingled “keystone species” (Vanderploeg et al.
2002), “ecosystem engineers” (Hecky et al. 200458t al. 2009) and even “keystone engineers”
(Gergs, 2009). Dreissenids can impact numeroussfa¢ehe aquatic environment including water
clarity (e.g., Lowe and Pillsbury 1995, Eimers le2805), nutrient dynamics (Hecky et al. 2004,
Conroy et al. 2005), pelagic and benthic productimihannsson et al. 2000, Vanderploeg et al.
2002), food web and community structure (Bially &taclsaac 2000, Mills et al. 2003), sediment
accumulation and distribution patterns (Howellletl896, Klerks et al. 1996), and the accumulation
and distribution of toxic substances (Howell etl&®96). The magnitude and spatial extent of these
effects will depend, in large part, on the abundaaud distribution attained by dreissenids in the
system.

Previous studies have identified a number of emvitental parameters that can affect
dreissenid distribution and abundance. These paeasiaclude, among others, salinity and calcium
concentration (Mellina and Rasmussen 1994, Millsl.et996), temperature (Mitchell et al. 1996),
availability of suitable substrate (Mellina and Rasssen 1994, Patterson et al. 2005, Wilson et al.
2006) and predation pressure (Barton et al. 2088g¢ter et al. 2006). Despite the recognition that
physical disturbance by water movement is an ingmbfiorce structuring the distribution of mussels
in marine systems (Sousa 1985, Hunt and ScheiBdg., Westerbom and Jattu 2006) as well as that
of some macrobenthos in freshwater systems (BamdnCarter 1982), little research has been done
on the role of disturbance in structuring dreisdenussel populations in freshwater. To my
knowledge only two studies have explicitly examitieel role of disturbance by surface waves on
dreissenid mussel distribution. In a study of dteeia Lake Erie, Maclssac (1996) found that
dreissenids were more common in deeper water atarger rocks where they would be more
protected from physical disturbance by waves. Sirlyil Bially and Maclsaac (2000) found that
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larger colonies in deeper water were less vulnerbdestruction by water movement in a study of
dreissenid colonies on soft substrates in Lake Bsdar as | am are aware, no system-scale studies
of the effects of physical disturbance by water emgnt on dreissenid distributions have been
published to date.

| undertook a survey of dreissenid mussels in LSikecoe, Ontario, in order to estimate their
lake-wide abundance and describe and quantifyffeete of several key environmental parameters
on their distribution. | expected that the most amiant factor affecting dreissenid distribution wbu
be the availability of hard substrata (Mellina &asmussen 1994, Jones and Ricciardi 2005) but that
local abundances could also be affected by expdasuwave action (Maclsaac 1996, Bially and
Maclssac 2000). Dreissenids are capable of an ggpxistence, settling on and attaching to
macrophytes (e.g., Diggins et al. 2004), so | #pdted that mussel abundances may be related to
macrophyte distribution in parts of Lake Simcoe wheascular plants are abundant. The results of
this study will be important to understanding tfffees of dreissenids on the Lake Simcoe
ecosystem, as well as in any future modeling effasftich integrate physical and biological processes
in Lake Simcoe.

2.2 Materials and Methods

2.2.1 Study site

Lake Simcoe is the largest inland lake in soutl@ntario with an area of 722 Kpmean
depth of 14.2 m and maximum depth of 42 m (Young.e2010). The extensive littoral zone of Lake
Simcoe is dominated by rocky substrates with scanesareas as well as areas of dense macrophyte
growth and finer sediments. Soft sediments predataiat depths greater than about 8-9 m (Rawson
1930). The lake consists of a roughly square atiggsotrophic main basin and two large bays: the
deep and oligo-mesotrophic Kempenfelt Bay, anddtaively shallow, macrophyte dominated,
mesotrophic Cook’s Bay (Fig. 2.1). The main basis & number of islands, the two largest of which
are Georgina and Thorah Islands (15 &md 6 km, respectively). The proximity of Lake Simcoe to
the Toronto metropolitan area makes it a populeneaional site, with a large (>$200 million/year)
sports fishery, in part supported by intensive ldtog programs (Young et al. 2010).

Lake Simcoe experienced a number of invasions btiegpecies over the last century, with
dreissenid mussels being among the most recenta Zelsselsy. polymorphawere probably
introduced into the lake in 1991 and were well ldi&hed by 1996 (Evans et al. in press). Quagga
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musselsD. rostriformis bugens)swere first detected in 2004, but so far appedretgignificantly

less abundant than zebra mussels (personal olisajv&ireissenids are suspected of contributing to
a number of recent changes in Lake Simcoe; dededgal biovolume, increased water
transparency, increased biomass and productioraofaphytes, changes in benthic communities and
changes in nutrient dynamics have all been linkigd thie establishment of dreissenids (Eimers et al.

2005, Depew et al. 2010, Jimenez et al. 2010, Weital. 2010, Guildford et al. unpublished).
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Figure2.1: Map and location of Lake Simcoe with samplingss#ed 5-m contour lines shown.
Circles represent video survey sites, trianglesasgmnt sites surveyed with Ponar. The relative
location of Lake Simcoe is represented by stapjnimset. Bottom right inset shows a wind rose for
Lake Simcoe, based on 2006—2008 meteorologica) déta‘petals’ pointing in the direction in
which wind blows.



2.2.2 Estimation of mussel biomass

| used a video-based method to assess mussebdiin and biomass in the main basin of
Lake Simcoe and in Kempenfelt Bay. Dreissenid percever was determined from underwater
video recordings, and a percent cover-dreissewichass regression was used to estimate mussel
biomass in video recordings. Video sampling offefast and economical way of surveying mussel
distributions on relatively simple substrates (€usind Custer 1997, Ozersky et al. 2009), but danno
be used to survey mussels attached to macroplsdietation. Since macrophytes are common in the
nearshore of Cook’s Bay, | sampled mussels andaphgtes in that portion of the lake using a

Ponar grab.

Main Basin and Kempenfelt Bay

Mussel surveys were conducted over a number of lgagrpips during the summers of 2006,
2007 and 2008. Six sites were sampled in May 2806 ,another 20 in August 2006, all in the
vicinity of Georgina and Thorah Islands. Nine sitese sampled in May 2007 and another 52 sites
were sampled in October 2007; these were distribileughout the main basin of the lake. Sites
where heavy periphyton growth inhibited analysisideo images in October 2007 were re-sampled
in September 2008. Examination of the results shaveeevidence of differences in dreissenid
biomass between years, so data from all three giyea@'s were combined for analysis. Of the 87
sites visited, 22 were at a depth of 2 m, 22 weeedepth of 5 m, 29 were at a depth of 10 m, ahd 1
ranged in depth from 12 to 42 m.

The same sampling procedure was followed on eaunplgsy date. A Splashcam underwater
video camera (Ocean Systems, Everett, WA) connectadVD recorder was used to film the lake
bottom from a boat. The camera was mounted in@mialm frame such that an area of ~0.041 m
was filmed when the camera frame was resting obhotism. Upon arrival at a sampling site, the
depth and the site coordinates were recorded antbthered frame was lowered until it touched
bottom. The camera and frame were repeatedlydraisé lowered to capture a number of separate

“video quadrats” (Fig. 2.2) of the lake bottom atle sampling location.
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Figure2.2: Video quadrats from 2-m sites with two differenptleadjusted exposure (DAE) levels
a) Grape Island site, DAE=8.4 b) Blackbird Poit¢ sDAE=27.2.

The video footage from each site was convertaddigital images by capturing video stills
of non-overlapping quadrats not obstructed by digtd sediment or macrophytes while the camera
frame was resting on the bottom. Three to five canlgt selected still images from each sampling site
were analyzed using Adobe Photoshop CS2, versib(®@lobe Systems, San Jose, CA). The areas
covered by dreissenids in each image were delideatd coloured bright red, and the proportion of
red pixels in the image was determined from a adhigtogram. The proportion of red pixels in each

image represents dreissenid percent cover whictcamgerted to dreissenid biomass (see below). |
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also used the video footage to classify the sulesiineeach quadrat as silt, sand, rock (which
generally consisted of cobble and pebble), or mixet#t and silt.

To convert percent dreissenid cover from the videsges to estimates of dreissenid
biomass, a percent cover-biomass relationship wasldped. Video groundtruthing was carried out
on August 10, 2006 at Sibbald Point Provincial Rdd¢ 20’ 09.5" N, 79° 19' 34.5” W) at a depth of
~ 2 m. Calibration of the video technique at gred&pths was impossible due to recent legislative
restrictions on scientific diving in the province@ntario imposed by the Ontario Ministry of Labour
Substrate at the site consisted primarily of colalpié boulder with some pebble. Ten quadrats
spanning a wide range of dreissenid percent coeee filmed and all mussels from each quadrat
were harvested by a skin diver using an airlift geem(Barton and Hynes, 1978). Upon return to the
lab the dreissenid percent cover in each videomghiaghs determined as described above. Mussels
physically harvested from each quadrat were couateidshell length was measured with electronic
calipers to the nearest 0.1 mm. Seventy-threevithahls ranging in size from 5.0 to 24.6 mm were
dried at 60°C for 48 hours, and weighed beforeadtst soft tissues were removed from the shells.
The relationship between shell length and softidssass was used to construct a power function
between shell length (mm) and dreissenid biomasekgressed as shell-free dry mass (SFDM):

SFDM=0.000014xShell lengitff, R*=0.92

This relationship was used to calculate dreisskitichass for each of the harvested
calibration quadrats. Percent cover determined frimt®o analysis of calibration quadrats was
regressed against dreissenid biomass determineddbr calibration quadrat. The resulting
relationship was used to convert percent coveraded from video analysis to dreissenid biomass
for the survey quadrats (see results section).

Cook’s Bay

A petite Ponar grab (sampling area=0.023) was used to obtain triplicate samples of
mussels and macrophytes at 13 sites, ranging ithdiepn 1 to 5 m on August 9, 2006. The contents
of each grab were placed in a 250-um aperturentetvashed to remove fine sediment. Mussels and
macrophytes were removed to separate plastic mapbplaced on ice until they could be frozen upon
return to the lab. Plants were identified to gemuspecies and recorded in order of their relative
abundance in the sample. The plant material wasrtheed, dried at 60°C for 48 hours and weighed
to determine dry mass. Frozen mussels were thaweasured with electronic calipers to the nearest

0.1 mm and their biomass was estimated using tagaeship between shell length and SFDM.
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2.2.3 Site exposure determination

The wind exposure (and hence the degree of poteligiarbance by water movement) of all
sampling sites at deptkd0 m was determined from wind records and fetcleoRks of wind speed
and direction during 2006—2008 were obtained froenNational Climate Data and Information
Archive (Environment Canada, http://climate.weatffize.ec.gc.ca/) for the Barrie-Oro
meteorological station (44° 26’ 60.0" N, 79° 32'®0W). A wind-rose diagram showing the
distribution of wind speed and direction is presdrds an inset in Fig. 2.1. | chose to restrictyasim
to the strongest 10% of winds (wind speed >6.1,més)soning that strong winds would be most
important in creating physical disturbance andcstning mussel distributions. To parameterize wind
exposure | divided the sum of wind speeds blowinog@20° compass intervals by the sum of wind
speeds blowing from all directions to obtain arexadf relative wind exposure from each direction.
The fetch across water was determined for eachlsagrgite using ArcView 3.2 GIS software
(ESRI, Redlands, CA). A clear acetate sheet withrE® representing compass directions matching
those for which relative wind exposure was deteetliwas taped to a computer screen and centered
over an individual site. The fetch from each ditéhie nearest shoreline (mainland or island) was
measured along 18 compass directions to the nedd@sn. For nearshore sites (less than 500 m from
shore), fetch was not measured within 30° partadlgie shoreline on each side of the site, since
winds blowing parallel (or nearly parallel) to laagk much less important in creating waves and
disturbance than winds blowing more directly towiarad.

Total wind exposure for each site was estimatenhbliplying the square root of fetch along
each of the measured compass directions by thieveelsind exposure along that direction and
summing the resulting estimate of wind exposurmfeach measured compass direction. This
transformation was applied because wave energyeigtht are proportional to the square root of
fetch (Wetzel 2001). To account for diminishing wanergy at increasing depth | calculated the
Depth Adjusted Exposure (DAE) for each site bydiivy the total wind exposure of each site by site
depth squared. | squared the depth of the site siawe energy is dampened proportionally to depth
squared (Wetzel 2001). This method of parameteayiwimd exposure integrates the frequency and
the speed of winds from each particular directiorss open water as well as the effect of depth on
exposure. Variations of this method for estimatiigd exposure have been used in both freshwater
and marine studies (e.g., Barton and Carter 19&&t8vhom and Jattu 2006). As can be expected,
DAE values generally decreased with depth, and Wgteer in the main basin than in Cook’s Bay

because of shorter fetch in Cook’s Bay. At eachidegites were bimodally distributed in terms of
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DAE; sites on southeastern shores tended to hgiehDAE values than sites on northwestern

shores owing to the prevailing north-western wiimdhe region.

2.2.4 Lake-wide biomass estimate

Lake-wide dreissenid biomass was estimated by godating biomass estimates by depth
and substratum, using the results of video-samjtilge main basin and in Kempenfelt Bay and
Ponar sampling in Cook’s Bay. A digitized bathyrieetmap of Lake Simcoe (excluding Cook's Bay)
was used to estimate the areas of lake-bottom ket@e3.5 m, 3.5-8 m, 8-12 m, 12-20 m and 20—
42 m. Dreissenid biomass differed among substratatals for each depth interval were calculated
from the average dreissenid biomass in each stilnsifdepth interval, weighted by the frequencies
of different substrata at our sampling sites. Bsealreissenid biomass varied significantly with DAE
at 2-m depths (see results section), the biomdsslaton for the 0-3.5-m interval was further
weighed for DAE. The shoreline of the lake wasdidd into 27 segments and the DAE for the center
of each shoreline segment was measured in thewagnas for the sampling sites. The average
dreissenid biomass (gfinwvas calculated for each segment based on its &k and the DAE-
dreissenid biomass regression on rock substratésd@-m sites:

SFDM=60.82-(1.80xDAE)R’=0.56
Total dreissenid biomass for the 0—3.5-m deptmiatavas calculated by multiplying the dreissenid
biomass/rmby the area of each shoreline segment and surtiméngalues for all segments. Sand
supported low dreissenid biomass, and dominate @f2quadrats at 2-m depths. The biomass
estimate was adjusted to account for sand sitessyming 9.2% of the lake bottom in the 0-3.5-m
interval was sandy. In Cook’s Bay | used averagenbiss estimates from macrophyte dominated
sites for the 0—8-m depth interval, and averagenbis estimates from 10-m sites for the deeper

portions of the bay where macrophytes were notdoun

2.2.5 Statistical analyses

Because depth, substrate type and exposure aedaddid, but depth and substrate type are
categorical variables whereas exposure is a canisuariable, | chose to assess the effects o thes
factors on dreissenid biomass separately. Dredd®oimass was not normally distributed and could
not be transformed to approximate normality, makivguse of non-parametric tests necessary.
Parametric tests were used where assumptions wfatiby and equal variance were met.

Comparisons of multiple groups were carried ouhgi#iruskal-Wallis one-way non-parametric
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ANOVAs, followed by Dunn’s post-hoc tests. T-teskre used where two groups meeting the
assumptions of normality and equal variance weiggbeompared. Simple linear regressions were
used to examine the relationship between dreis¢Boidass and DAE at 2, 5 and 10-m depths. The
association between depth, macrophyte dry masdramsenid biomass in Cook’s Bay was assessed
using Spearman’s rank correlation analysis. Alistiaal analyses were carried out using SigmaPlot
11.0 for Windows (Systat Software Inc., Chicagg, IL

2.3 Results

2.3.1 Mussel distribution and biomass

Main basin and Kempenfelt Bay

Video estimates of the percent cover of dreissenidalibration quadrats ranged from 18.3
to 87.6%. Measured dreissenid biomass in theseraisagnged from 9.2 to 48.0 dlmverage
mussel length in calibration quadrats was 13.0 amd,average biomass per mussel was 0.0066 g
SFDM. A linear relationship between percent covet dreissenid biomass (¢fpitted to the data
(dreissenid biomass=0.75x%(percent cover)) explated% of the variation (Fig. 2.3). This equation

was used to convert percent cover as determinetfideo sampling to dreissenid biomass.
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Figure 2.3: Results of video method calibration, showing ietathip between dreissenid percent
cover (as determined from video) and harvestedskeeid biomass (as shell free dry mass (SFDM)

(g/n)).

Estimated dreissenid biomass averaged 27.2 @24.3 SD), with a maximum of 75.3 ¢fm
and varied significantly with depth (Kruskal-Walbsie-way non-parametric ANOVA], g=22.78,
p<0.001) (Fig. 2.4a). Mean site mussel biomass weatgst at depths of 5 m and smallest at depths
>20 m, but the differences were significant onlyween the >20 m depth category and the three
depth categories10 m (Dunn'’s test). Mussel biomass also differedwanstrata of different textures.
Quadrat biomass values (as opposed to site biomeass) from all depth strata were used to
evaluate the relationship between substrate tydedegissenid biomass because more than one type
of substratum was encountered at some sites. Rutkogk/silt quadrats supported significantly
greater Hs, 4165102.55p<0.001) dreissenid biomass than did sand or sit E4b).

The substratum was primarily rock at shallowerssigéit became increasingly important as
depth increased and sand was most common at irdexteelepths (Fig. 2.4c). To test the
interactions between depth, substratum and mussablss with this unbalanced distribution of
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samples, | conducted a series of Kruskal-Wallis\wag non-parametric ANOVAs on quadrat
dreissenid biomass, comparing individual typesutsgratum across different depths. Dreissenid
biomass differed among depths on rock substratsvas significantly lower at 2 m than at 5 or 10
m (H,, 105723.96,p<0.001). Sand supported more mussel biomass atth@mat 2 or 5 mH,,
30=11.94,p=0.003). Dreissenid biomass appeared to be similanixed rock/silt substrata at depths
of 5 and 10 m but this could not be tested becansetwo quadrats with rock/silt were sampled at 5
m. Dreissenid biomass declined with increasingtd@ptjuadrats on silt substrata, with significant
differences among all depth strak, (16=70.85,p<0.001).
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Figure 2.4: Dreissenid biomass expressed as shell free dry (8&DM) (g/m) in the main basin
and Kempenfelt Bay of Lake Simcoe: a) mean sitessleaid biomass in five depth categories; b)
quadrat dreissenid biomass from all depth strafalinsubstrate categories; ¢) quadrat dreissenid
biomass by substrate type in five different de@tegories. Numbers above bars show number of
quadrats in each substrate category. Error baregept one standard deviation about the mean.

18



Simple linear regressions were used to examineetaionship between DAE and mean site
dreissenid biomass at 2, 5 and 10-m depths (F5. Pconfined regression analysis to rocky sites a
2 and 5-m depths, and to sites that containedhat 8me rock at 10-m depth. | also excluded one 2-
m site that was dominated by fine gravel, reasotiiagat shallow depths fine gravel is unstable and
behaves similarly to sand. This was done to renio@eonfounding effects of substrate type on
dreissenid biomass and focus solely on the effefdBBAE on the most dreissenid-preferred
substrates. There was a significant negative ogisliip between mean site dreissenid biomass and
DAE at rocky sites at 2-m deptH8*0.56,p<0.001), and a negative, but not significant, retethip
at 5-m depths”f=0.15,p=0.11). Mean site dreissenid biomass showed aiymsiton-significant
relationship to DAE at 10-m depth&*€0.14,p=0.18).

Substrate distribution also seems to be relat&iis. Sand, which supported very low
mussel mass at 2 and 5-m sites was restrictete® afi intermediate DAE values (Fig 5a, 5b). Sites
at 10 m which contained hard substrate in additiagilt tended to be slightly but not significantly
more exposed (one-tailed independent samples, t4est.69,p=0.051) and supported more
dreissenid SFDMt{=2.16,p=0.02) than sites where the substratum was orl{fsg. 2.5c).
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Cook’s Bay

The macrophyte community in Cook's Bay was faidyelnogeneous; | commonly found two
or more macrophyte taxa in individual Ponar sam@esatophyllum demersuriwallisneria
americanaandPotamogetorspp. were most common and frequently domin@hgraspp.,Elodea
canadensisindMyriophyllum spicatumwere frequently collected but rarely dominatedftbe of a
site. Macrophyte biomass ranged from 11.7 to 9§2ily mass/f) and averaged 362.6 g dry
mass/m (+266.2 SD). Spearman’s rank correlation test glibthat macrophyte biomass was
significantly and negatively associated with defpth-0.62,p=0.01).

Mussel SFDM in Cook's Bay ranged from 0 to 69.8%¢fmean=12.4 g/At16.9 SD) and did
not vary systematically with depth. Average mussag was 11.65 mm, and average biomass per
mussel was 0.0059 g SFDM. Neither plant mass na@selibiomass varied significantly with DAE in
Cook’s Bay. The ratio between dreissenid SFDM dadtgry mass was compared among samples
dominated by the three most common macrophyte(téiga2.6). The ratio of mussel to plant
biomass assesses the suitability of each plantasuxireissenid substrate while accounting for
differences in plant biomass among samples andiffierences in plant morphology. The few
samples dominated Wyharaspp.,E. canadensiandM. spicatumwere excluded from the analysis
because of low sample size. demersursupported significantly greater mussel mass pangsf

plant dry mass than eith€t americanaor Potamogetorspp.(H,, 2=18.37,df=2, p=0.0001).
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Figure 2.6: Ratio of dreissenid biomass (expressed as skelldry mass (SFDM) (g to total
plant dry mass (g/fnin samples dominated by the three most commomaphyte taxa in Cook’s
Bay, Lake Simcoe. IGeratophyllum demersur@=Potamogetorspp., 3¥allisneriaamericana

2.3.2 Lake-wide biomass estimate

| estimated that there was a total of 12,000 tofielseissenid SFDM in Lake Simcoe based
on the results of our surveys in the summers 0620007 and 2008. Cook's Bay accounted for 3.5%
of the total dreissenid biomass, a little less fitgareal contribution to the lake (5.6%). In thain
basin and in Kempenfelt Bay 25.6% of total dreigbdiomass was estimated to be in the 0-3.5-m
interval (11.6% of lake area), and 32.1% of dreigbbiomass in the 3.5-8-m depth interval (15.1%
of lake area). Only 0.1% of dreissenid mass wamattd to be at depths greater than 20 m (~34% of
lake area) (Table 2.1). Assigning a precise eratuesto the biomass estimate is complicated by erro
propagation and my use of percent cover to biomadsxposure to biomass regressions in the final
estimate. Considering the variability in dreissdpimmass at different depths and on different

substrates (Fig. 2.4), the error of the biomadmest may be large.
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Table 2.1: Results of lake-wide biomass estimate, showing thieissenid biomass as well as the
percent of total dreissenid biomass encounteréifferent depth strata in the main basin and
Kempenfelt Bay and in Cook’s Bay.

Depth interval (m) Area (km®) Percent of total lake Dreissenid Percent of total
area biomass in depth dreissenid biomass
interval (tonnes)

Main basin and
Kempenfelt Bay

0-3.5 83 11.6 3013 25.4
3.5-8 109 15.1 3815 321
8-12 91 12.7 2837 23.9
12-20 147 20.5 1787 15.1
20-42 250 34.6 11 0.1
Cook’s Bay

0-8 23 3.1 278 2.3
8-12 18 25 139 1.2

2.4 Discussion

This study represents the first published demotistraf the role of catastrophic physical
disturbance in structuring dreissenid mussel thistibns on a system-wide scale. Maclsaac (1996)
demonstrated that wave disturbance can be impatahe site-scale on hard substrates and Bially
and Maclssac (2000) showed that wave action canogedreissenid colonies on soft substrates along
an exposed stretch of shoreline. My results shawvdheissenid biomass in Lake Simcoe is
significantly affected by water movement, substratype and depth. All three factors are related:
wave disturbance decreases exponentially with depiththe composition of the substratum is
largely controlled by the disturbance regime ad a&by the local geology and topography. Shallow,
exposed areas in Lake Simcoe are dominated by mdbstrata, but as depth increases and exposure
decreases, finer sediments accumulate and evegntigatiinate the lake bottom. Because of the
relationship between substrate and disturbanceawspgeak of non-catastrophic and catastrophic
effects of water movement on dreissenids. | defatastrophic effects as the actual destruction of
mussels by disturbance, and non-catastrophic eféecindirect consequences of disturbance on
mussels through control of substrate distributiod food supply rates.

Catastrophic effects are most apparent in shallatemwhere disturbance by waves and ice
scour is greatest and mussels can be crusheddiinfidce or rolling rocks (Maclsaac 1996).

Shallow sites that are sheltered from the prev@iiimds support greater dreissenid biomass than
sites that are more exposed. The pattern of stibstodonization also differs between sheltered and
exposed sites. Whereas at low exposure sites rsugset covering most of the substrate, at high
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exposure sites mussels were mostly confined toréndgces between rocks where they would
presumably be more protected from disturbance @R). The likelihood of catastrophic disturbance
decreases rapidly with increasing depth, as ingithy the weakly negative (statistically
insignificant) relationship between dreissenid béssand disturbance at 5-m sites. My observations
regarding catastrophic disturbance in shallow waterconsistent with reports of catastrophic
impacts of wave action on dreissenid mussels irelEke (Maclsaac 1996, Bially and Maclsaac
2000) and marine mussels in Nova Scotia (Hunt aiBling 2001).

The non-catastrophic effects of water movementbeaabserved in all parts of the lake, and
are probably more important than catastrophic &ffecstructuring the lake-wide distribution of
dreissenids in Lake Simcoe. For example, the effetctvater movement on substrate distribution can
be seen as non-catastrophic effects and play aoriami role in determining the distribution of
dreissenids in the system. Enhancement of foodlgtipreissenids can also be seen as a non-
catastrophic effect of water movement; the weaklsitive relationship between dreissenid biomass
and DAE on mixed rock and silt substrates at 10epilts is consistent with increased rates of food
supply to mussels through more water movement a¢ exposed sites (Edwards et al. 2005).
Westerbom and Jattu (2006) found that mussel bisiinathe North Baltic peaked at intermediate
disturbance levels which they attributed to enhdmeges of food and gas delivery to the mussels.
The effects of disturbance by water movement ostsate distribution and hence dreissenids can
also be seen at 10-m depths. Sites that contairoidmr addition to silt supported higher dreissenid
biomass than sites containing only silt, and tertdeatcur at higher DAE levels. | classified all
substrate finer than sand as silt but it is likblgt at greater depths and lower disturbance lexaia
finer substrates such as clay and marl commonlyro@ecreasing particle size in combination with
low food supply rates at greater depths are likeponsible for the decreasing dreissenid biomass
seen at depths below 10 m.

Dreissenid biomass in Lake Simcoe varied widely mgnand within sites. The average
mussel biomass in the main basin of Lake Simcodrak@émpenfelt Bay (27.2 g SFDMArwas
similar to that reported from Lake Erie in 2002.2¢ SFDM/n) by Patterson et al. (2005) based on
ponar grabs and air-lift samples collected by divBreissenid biomass on hard substrates in the
main basin and in Kempenfelt Bay (35.7 g SFDK)/was lower than that the 52.2 g SFDM/fiound
during a video survey of a portion of Lake Ontafmreline in 2006 (Ozersky et al. 2009) and that
reported from a diving survey of the Canadian shwef Lake Ontario by Wilson et al. (2006) (86.9
g SFDM/nf). While it appears that dreissenid biomass in L®iecoe is similar to that in Lake Erie,
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but lower than in Lake Ontario, comparison betwkakes Simcoe, Erie and Ontario is complicated
by the dominance of quagga mussels in the lattedakes, by differences in substrate distribution
and by methodological differences between the vargurveys.

The use of video sampling to survey dreissenididigion in the main basin and Kempenfelt
Bay of Lake Simcoe enabled me to collect and padarge amount of information about the
distribution of dreissenid mussels relatively raypihd inexpensively. Similar techniques have been
used to survey dreissenid mussel distribution pattand biomass in the Laurentian Great Lakes
(Custer and Custer 1997, Coakley et al. 1997, Baild Maclsaac 2000). Despite these advantages,
there are several potential sources of error aat®ativith converting dreissenid percent cover feom
video image to dreissenid biomass. For exampleaiticularly dense populations dreissenids can
grow on top of one another; Coakley et al. (1990l it necessary to apply a correction factor of
about 10X to estimate areal abundance during th glaase of colonization of Lake Erie when the
active layer of mussels was 4 cm thick. My calilmrasuggests that this was not necessary in Lake
Simcoe during 2006—-2008, more than 10 yr aftersdeziids became established. Dreissenid mussels
often attach to the underside of rocks as welbdbé sides and overhangs of large boulders where
they would not be seen in video images. This shoatde a major source of error in Lake Simcoe
where stones larger than cobbles are relativety Finally, | was only able to calibrate the video
method on structurally complex substrata in thesteae, so my estimates of dreissenid mass on
finer particles in deeper water may be somewhéted. The problems of the video-based approach
notwithstanding, | feel that it provides a converniend reasonably accurate tool for estimating
biomass over large areas and if anything, provédesnservative estimate of biomass.

In Cook's BayC. demersunappears to support more mussel biomass per geamphass
than the other two most common macrophyte taxayisamplesPotamogetospp. and/.
americana Other studies have noted similar patterns. Famgte, Lewandowski and Ozimek (1997)
found greater numbers of dreissenids on macropltiyeesvere perennial and had rigid and complex
leaf structure (such &3. demersuithan on macrophytes that were annual and hadesiliegf
structure (such @otamogeton mucronatudiggins et al. (2004) reported large numbers of
dreissenids of. demersunand very low numbers ov. americanaZhu et al. (2007) also found few
mussels ofY. americanaA recent survey has shown tl@tdemersunV. americanand
Potamogetorspp. have different distributions in Cook's Bayth/@. demersunmainly found at

intermediate depths and americanaandPotamogetorspp. occurring more commonly in shallow
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areas (Stantec 2007). It seems probable that mdissgébution in Cook's Bay would be related to the
distribution of preferred macrophyte species suwB.alemersum

The Ponar sampler used in Cook’s Bay may not adelyusample tall, canopy-forming
macrophyte taxa, potentially leading to underediineof plant and mussel biomass in this study. A
recent, detailed survey of macrophyte distribuiod biomass in Cook’s Bay showed good
correlation between Ponar samples and diver celfiegtiadrats, and yielded an average plant
biomass of 233 g dry mass/(Stantec 2007), similar to my estimate of 362 grdass/m The
results of the Stantec (2007) survey suggest tyastimates of macrophyte and mussel biomass
obtained from Ponar samples are not unrealistit naay be slightly inflated.

A number of recent changes occurring in Lake Simmage it likely that the biomass and
distribution of dreissenids in the lake will chanigehe future. For example, the round goby
(Neogobius melanostomusas recently invaded Lake Simcoe but at the tfrmur survey was
confined to a small area at the south of the |dk&d LaRose, Lake Simcoe Fisheries Assessment
Unit, personal communication). This fish is a vioas predator on dreissenids and significantly
reduced the abundance of dreissenids in Lake Begdn et al. 2005) and Lake Michigan (Lederer et
al. 2006). If the population dynamics of round gatbyake Simcoe follow the same trajectory
observed in Lake Erie, a substantial reductiomméabundance of mussels in the nearshore zone
could be expected. Given the abundance of potgmialators of round goby (e.g., yellow perch,
smallmouth bass) in the littoral zone of Lake Simatensities and impacts of round gobies may be
more limited than in parts of the lower Great Lakése recent invasion of Lake Simcoe by rusty
crayfish Qrconectes rusticysnay also affect future dreissenid distributiomshie lake. Rusty
crayfish are more aggressive than native crayfidties, and could force native species to rely more
heavily on dreissenids, which are generally a pesterred food source (Love and Savino 1993,
Stewart at al. 1998).

The profundal zone (depths>20 m) of Lake Simco®mpasses nearly 35% of the lake area,
but supported only 0.1% of the total dreissenidrzies. Quagga mussels were first found in Lake
Simcoe in 2004 (Jake LaRose, Lake Simcoe FishAgsessment Unit, personal communication).
They have replaced the initially dominant zebra seissin Lakes Erie (Patterson et al. 2005) and
Ontario (Wilson et al. 2006), and are increasingelative abundance in Lake Huron (Nalepa et al.
2007). Quagga mussels are more tolerant of softtatbs, low temperatures and food limitation
(Mills et al. 1996, Baldwin et al. 2002, Stoeckn#2893), and in the future might be expected to

colonize the deeper parts of Lake Simcoe to a greatent than zebra mussels.
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In summary, | show that depth, exposure to waviidiance, substrate availability, and the
interactions among these factors are importarthapisg dreissenid mussel distribution in the main
basin of Lake Simcoe. At shallow depths, high Iswflwater movement ensure that the lake bottom
is dominated by rocky substrate, and substratdadoitity is rarely limiting to dreissenids. At thes
shallow depths catastrophic disturbances are mysiritant in structuring dreissenid distribution.
Areas of intermediate depth where exposure is digilugh to maintain an abundance of hard
substrate but not high enough to disturb mussgpm@tithe highest dreissenid biomass in Lake
Simcoe. At greater depths where substrate anddwaithbility becomes limiting, water movement
may increase the availability of both, facilitatidgeissenid establishment and growth. | did notesee
direct link between disturbance and dreissenidiligion in Cook’s Bay where the distribution of
different macrophyte taxa appears to be more immparMore research is needed to explore the
relationships between physical disturbance andgskeeid mussels across a wider range of

disturbance regimes and substrate types.
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Chapter 3
Dreissenid Phosphorus Excretion Can sustain C. glom erata Growth
Along a Portion of Lake Ontario Shoreline

3.1 Introduction

Water quality and ecosystem functioning of the keatian Great Lakes are facing a number
of major challenges, among the most important aElvare the effects of the invasion by the exotic
zebra mussdbreissena polymorphand its congener the quagga mugsdbugensisSeveral major
ecological consequences of the dreissenid invasienvell recognized in the literature, including th
collapse of native unionid mussel populations tgtofouling, a decrease in phytoplankton biomass
and changes in nearshore optical properties thraighsive filtration, and physical restructuring o
the benthic environment (reviewed in Vanderploegl€2002). Dreissenid mussel abundance has
also been shown to be positively correlated withgresence of the nuisance filamentous green
macroalgaCladophora(Wilson et al. 2006)and dreissenid mussels have been charged witimglid
resurgence of this macroalga in the lower GreaekdKliggins et al. 2008). Although some questions
regarding the taxonomic identity Gladophorain the Great Lakes remain, recent phylogenetic
evidence indicates th@iadophora glomeratés the only species @ladophorain the Laurentian
Great Lakes (Ross 2006, Muller et al. unpublished).

Dreissenid mussels may be increasing the preval#iceglomeratan the lower Great
Lakes through a number of mechanisms. Due to kgl filter feeding capacity, and possibly their
demand for C& reducing the frequency of whiting events, estabtisnt of large dreissenid mussel
populations has been associated with increaseatirwlarity (Lowe and Pillsbury 1995, Eimers et
al. 2005, Barbiero et al. 2006), enhancing the tliafC. glomerataat previously light-limited
depths (Higgins et al. 2005a, Higgins et al. 20@&lkin et al. 2008). Dreissenids may also be
facilitating the areal expansion 6f glomeratan the Great Lakes through an increase in the
availability of hard substrate for algal attachm@fdnderploeg et al. 2002). Dreissenids, especially
guagga mussels, are able to colonize soft substfaially and Maclsaac 2000, Beekly et al. 2004)
where they form extensive areas covered in shekmadfrom living and dead mussels (Coakley et
al. 1997). C. glomeratais restricted to hard substrates, including mélisisells (Dodds and Gudder
1992, Wilson et al. 2006). Consequently, the exjpansf quagga mussels onto soft substrate in

littoral zones provides additional habitat for glomeratagrowth. Finally, by filtering suspended
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particulate matter and voiding or excreting fegsgudofeces and dissolved nutrients, dreissenid
mussels may be redirecting nutrients from the pelemgthe benthos, potentially leading to
eutrophication of the nearshore benthic environm@ihte nearshore shunt hypothesis proposes that
dreissenid mussel beds increase the intercepgtantion and recycling of nutrients in the nearshor
zone, benefitingC. glomeratahough increased nutrient availability as welimproved water clarity
(Hecky et al. 2004)C. glomeratahas been shown to be P-limited in the Great Lékasr and

Canale 1982, Higgins et al. 2005b), so nutriengpbed via dreissenid mussels should lead to greate
proliferation of the macroalgae.

The excretion rate of dissolved P by dreissenidsgigshas previously been estimated in
laboratory studies (Arnott and Vanni 1996, James.e2001, Conroy et al. 2005, Naddafi et al.
2008). Arnott and Vanni (1996) extrapolated théiogphorus excretion results using mussel biomass
data from Lake Erie, showing phosphorus releasedumssels to be more important than that from
zooplankton, macrophytes, sediment or externalcesuiConroy et al. (2005) estimated that
phosphorus turn-over rates in Lake Erie increage2bb30% following the invasion of dreissenids.

Laboratory studies of dreissenid P excretion majeunor over-estimate the actual
contribution of P by dreissenids in natural systelrevious lab studies of dreissenid excretion
excluded the detritivore and microbial communitgasated with dreissenid beds, which have been
shown to promote P release by remineralizing mudssek and pseudo-feces (Prins and Smaal 1994).
The laboratory studies by Arnott and Vanni (1996) &onroy et al. (2005) used starved mussels,
potentially resulting in lower excretion rates tHanmussels feeding on their natural food sources.
Finally, most studies have used mussels which doal@ been stressed by handling, sustained
periods out of water and transport to the laboyatiatried to avoid these potential confounding
factors by measuring excretiomsitu where unstressed mussels would be feeding onahaliets.

My objective was to compare the contribution oEBycled through the dreissenid
community and the affiliated microflora and micnafia with local point and non-point sources of P
in my study area. Additionally, | wanted to compdreissenid and watershed P contributions with
modeled P demand Y. glomeratalmodeling done by Dr. Sairah Malkin) in the stutga. |
estimated the abundance of mussels in the nearsboneg(depths <12 m) through a video survey and
measured the P excretion rate of dreissenid mpsgeilationsn situ during the mairC. glomerata

growing season when macroalgal P demand is highest.
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3.2 Material and Methods

3.2.1 Study site

The study was carried out along a portion of thehweestern shoreline of Lake Ontario, near
the Town of Oakville in the Regional Municipality idalton (Fig. 3.1). This site was chosen in part
because Malkiet al. (2008) studied and model€d glomeratagrowth and abundance in the area.
The Halton region shoreline is almost completebamized, with a number of watercourses, storm
sewers and one wastewater treatment plant (WTBhaliging within the study area. The bottom
substrate consists entirely of bedrock, boulddsptmand pebble, with finer sediments at depths
greater than about 25 meters. The dominance ofdudstrates at depths <25 meters make the entire
littoral zone a suitable habitat for both dreisdemussels an@. glomerataThe substrate at the
study area was covered by large numbers of dretgssaussels (almost exclusivel). bugensik
with luxuriant mats ofC. glomerataat depths shallower than 12m (personal obsenjatiRitosphorus
excretion experiments were performed near Oaksilingle Park (426'39" N, 7939'49" W) at a
mean depth of 1.5+0.25 meters (Fig. 3.1). Totalsaliomass, dreissenid phosphorus excretion and
uptake of P byC. glomeratavere modeled for an 8 km long stretch of Haltoarstine between 0

and 12 m depth; an area of approximately 10.4 (simaded area in Fig. 3.1).
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Figure 3.1: Map of study area, with mussel survey sites, phogps excretion experiment site and
major outfalls shown. Shaded polygon shows the alese dreissenid P excretion abdglomerata
P uptake were modeled. Map created using ArcVie® @érsion 3.2)

3.2.2 Biomass survey

The biomass survey was conducted along the Haltorekne on two dates in the spring of
2006, wherC. glomeratabiomass was still low and consequently bottombilisy was unimpaired.
On both dates a Splashcam underwater video caf@eeafl Systems, Everett, WA) connected to a
VHS recorder was used to film the substrate. Tineera was mounted on an aluminum frame so that
an area of 0.0408 Twas filmed when the frame was resting on the battdpon arrival to a
sampling location, the GPS coordinates and deptheo$tation were recorded and the camera was
used to film the lake bottom. At least three sefgagaiadrats of 0.04087®@ach were filmed at every
sampling site by lifting and lowering the camerdtéframe to capture the separate quadrats. |
sampled a total of 21 sites, ranging from 2 to &ears in depth.

The video footage from each sampling station wawexed to Portable Network Graphics

(PNG) image files, and analyzed in Adobe Photogb8f (Version 9.0, 2005). The number of live
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mussels per quadrat and the percentage of theajuamrered by live mussels were determined for
three quadrats from each sampling station. Museete deemed alive if they responded to the
lowering of the camera and the associated curngrgédiucing the gape width of their valves, as
determined from the video recordings for each catadfercent cover data were converted to shell
free dry mass using a relationship between % candrshell free dry mass developed on hard
substrates in Lake Simcoe (Ontario), where | filrmad harvested mussels from 10 separate quadrats
(Chapter 2):

SFDM (g/nf)=0.97x(percent coverRf=0.89, p<<0.05)

A continuous estimate of total biomass along thikddashoreline was made by fitting a
polynomial function to the depth versus biomasati@hship using data from 17 sites at 2, 5, 10 and
15 meters (Equation 1) (SPSS 15.0). Sites at grdafghs sampled only once (e.g. 20, 25, 30, 35
meter depth) were excluded from analysis, but gdlyesupported mussel densities similar to those
found at 10 and 15 meters.

(1) Dreissenid biomass at depth (x)=0.0662x6134%+31.76x-50.879

(R’= 0.75, p<<0.05)

Equation (1) was used to determine the total deaigshiomass at 1-meter depth intervals within the
study area, based on bathymetric maps of the ®iedef et al 2000). Because equation (1) predicts
negative biomass in the 0—1 meter depth interkial average values from the 1-2 meter interval were
used to calculate the biomass in the 0—1 metenvisitevhere mussel densities were quite low. | repor
dreissenid biomass down to a depth of 12 metersusedittleC. glomeratagrowth was observed
below this depth (Malkin et al. 2008). | also chtsdéimit our biomass projection to 12 m because |
was interested in measuring mussel P contributitmthe mixed layer (since P excreted below the
mixed layer would not be available@ glomerata and the depth of the mixed layer was never

shallower than 12 m during the course of our s{ily Depew, personal communication).
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Figure 3.2: Photograph of incubation chamber used in phospghexaretion experiments. In addition

to the stirring paddle the lid contains two samplports.

3.2.3 Phosphorus Excretion Measurements:

Phosphorus excretion measurements were made LiSihgclear acrylic chambers, which
consisted of a cylindrical body (25 cm tall, 10 diameter) with a neoprene skirt at the bottom (Fig.
3.2). The neoprene skirt ensured a tight seal ag#ie substrate when a ring-shaped flexible sock
filled with lead shot was fitted around the bottofrthe chamber. A clear acrylic movable piston with
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two sampling ports and a rubber gasket fit intottpeof the chamber. A hand operated stirring
paddle was also fitted through the top piston kmnabentle stirring before water sampling through
the sampling ports. Clear chambers were used trephosphorus uptake by phytoplankton and
periphyton was maintained during incubations (Reigrat al. 2000, Litchman et al. 2004), as well as
to minimize disturbance of dreissenids (Morton 196&%aking our results close to net daytime
nutrient uptake and excretion rates. A snorkeltdlected triplicate water samples approximately 20
cm above the lake bottom, then deployed four intabahambers over mussel encrusted rock, three
chambers over naturally mussel-free rock, and tbheenbers separated from the substrate by a
sealed plastic barrier and so containing only lak&er. AnyC. glomeratgresent on the mussels or
rocks was carefully removed prior to enclosurerbyrning with scissors. This experimental design
allowed the estimation of phosphorus excretionsrbiemussels and the associated biota, as well as
phosphorus release and uptake by benthic biofilhassociated with mussels (detritus, periphyton,
microbiota and invertebrates) and phytoplanktore Tp pistons were inserted into each chamber at
the start of the incubation period, separatingctirgents of each chamber from outside water. After
two hours of incubation, water in the chambers sampled though one of the sampling ports. All
mussels enclosed by the chambers were harvested aullection bag using a scraper for biomass
determination. Shell free dry mass was determinad fa relationship between mussel shell length
and tissue weight. To derive the shell length tordass relationship, mussels from the incubation
site were dried at 60°C for at least 48 h, measusat) electronic calipers to the nearest 0.1 nmd, a
then weighed to determine their mass with and withioe shell. Shell free dry mass (SFDM) of
mussels in the chambers ranged from 0.04 to 0.4high translates to 5.1-52.3 g SFDM/m
biomass values typical of our study area. Wateméesrwere analyzed for soluble reactive
phosphorus (SRP) concentration using the stanrfdasgde colourimetric method (APHA, 1998) on

a CARY 100 spectrophotometer (Varian systems, Ratp CA). Phosphorus excretion incubations
were conducted on June 12, June 21, July 5 andl9uty 2006, a period marked by hiGh
glomeratabiomass.

Phosphorus values obtained in excretion experinvesits converted to biomass- specific
mussel excretion rates for each date as follows.aMerage final SRP concentrations in all chambers
deployed over mussel-free substrate (containinfiifi@nd phytoplankton) was subtracted from the
final concentration in each chamber deployed ovassrls (containing mussels, biofilm and
phytoplankton). The subtraction was done to cotiftexieffect that phytoplankton and periphyton in

chambers containing mussels might have on P dyrsaia allow us to estimate net rates of mussel
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excretion alone. The net change in SRP due to nsusseach chamber was divided by the shell free
dry mass of mussels in the chamber and incubatimatp yield biomass-specific phosphorus
excretion rates. The average excretion rate aatbdates was combined with our video
measurements of biomass between 0 and 12 m toatstitre dreissenid-mediated flux of phosphorus
along the Oakville shoreline.

The effect of biofilm on P dynamics was calculabgdsubtracting the average final SRP
concentration in chambers containing only watepdsated from the substrate) from the final SRP
concentration in each chamber deployed over mfrgmekubstrate, with the difference representing
change due to biofilm. The effect of phytoplanktomP dynamics was calculated by subtracting
average initial SRP concentration in the water ftbmfinal SRP concentration in chambers

containing only water (separated from the substrate

3.2.4 P supply from catchment sources

Nutrient loading to Lake Ontario from Sixteen Mleeek (formerly known as Oakville Creek)
was calculated from daily measurements of dischangemonthly water samples. Water discharge
was recorded hourly by Water Services of CanadaGy\a the two main arms of the creek, at
Milton (43°30'50" N, 79°52'47" W) and at Omagh (28%6" N, 79°46'36" W), using gauge-type
recorders. The sum of the discharge at theseite® Gaptures most of the water that flows intod_ak
Ontario from Sixteen Mile Creek. Discharge data awalable for the years 1964 to 2005. Total
phosphorus concentrations in Sixteen-Mile Creek mvasitored by the Ontario Ministry of the
Environment (MoE) at a station adjacent to therrimeuth (Station 06006300102; 43°26'34" N,
79°40'16" W) at approximately monthly intervalsahghout the year from 1964 to the present. These
data were maintained by the Provincial Water Qualionitoring Network (PWQMN), a branch of
the MoE. Samples were analyzed colourimetricadipg a Technicon AutoAnalyzer (Ministry of
Environment 2004, b).

Because nutrient management programs came intct @ifeéhe early 1970s, and because of
potential land use changes over the past 4 decddedataset was narrowed to the period
encompassing 1991 through to the last year forhwtiata was available: 2005. Total P and SRP
loading was calculated as a product of TP and SRBemntration on a given day and mean daily
discharge (as the sum of the discharge from theatwts) on the same day (Sigmaplot version 8). It
was found that the relationships between dischangdoading were best described by the following

functions:
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(2) TP Loading=36.368xdischargé> (R? = 0.8625)

(3) SRP Loading=5.2651xdischat§&*(R? = 0.7875)

where loading is mg P/s and discharge #sm

Daily loading was then computed using the loadiisgharge function and the measured daily
discharge for the most recent years availablegrddtabase, 2004 and 2005. Loading from 2004 and
2005 was calculated because of large differenceainfiall and consequently P loading between the
two years (Malkin et al. 2008), which allowed mectonpare dreissenid P excretion with a wide
range of watershed P loading.

Loading of P from Oakville Southeast Wastewatealiment Plant, the second major source of
P to the study area was obtained from a reporigpegiby The Regional Municipality of Halton,
Environmental Services (Regional Municipality ofltda 2008). Data from 2007 were used since
they were readily available, and because there ireason to believe loadings from this plant vary
significantly between years. Loadings of phosphdémis three minor watercourses entering our
study area (Joshua’s Creek, Wedgewood Creek, Mor@seek) and storm sewers were estimated
from figures in a report prepared for the Lake @ot&horeline Algae Action Committee (LOSAAC)
by Aquafor Beech Limited (2005). | had to rely asually estimating loading from figures in the
report because no raw data were available. Thatreglies on a combination of field measurements
of discharge and nutrient concentrations and oa flam the Water Survey of Canada (WSC), the

Provincial Water Quality Monitoring Network (PWQMIMNNd other external sources.

3.2.5 P demand by C. glomerata

The uptake rate of P by C. glomerata was estimadad) model-predicted daily estimates of
C. glomeratebiomass and biweekly measurement€ ofjflomerataP contentC. glomeratabiomass
and growth were simulated at daily time steps usliegCladophoragrowth model (CGM; Canale
and Auer 1982; Higgins et al. 2005b) The strugtoatibration and validation for the CGM for our
study site are described elsewhere (Malkin et@G82. Essentially, the CGM simulates attached
biomass accrual based on predictions of daytimeéés-specific net primary production, nighttime
respiration, and mechanical or other loss proce3$esbiomass-specific metabolic rates were
predicted based on growth constrained by P condeity; light dose, temperature, and density-
dependent self-shading. Model simulations werdrcatied and validated against 2 years of

independently measurétl glomeratebiomass in harvested quadrats.
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C. glomerataP content was measured approximately every 2 wesikhg samples collected
by a snorkeller throughout the growing season. Riwae discrete measurements, daily P content
was calculated by linear interpolation. Sampleseveglected in triplicate from 2 m depth, cleaned t
remove debris and dried at®&for a minimum of 24 hours. Drig@. glomeratasamples were then
combusted at 45Q for 1 hour and subsequently autoclaved for 3Qutemin distilled water with 4%
potassium persulphate solution added to a finateatnation of 0.16%. Following this digestion
procedure, orthophosphate was measured spectropéiically using the molybdate blue method
(APHA 1998). Depth-specific estimates of P contdr€. glomeratawere calculated as an
exponential function of depth, using the equatiaresented in Malkin et al. (2008).

The rate of P uptake 1. glomerata(g P/nf/d) was calculated as the product of daily
simulatedC. glomeratabiomass per area (g DMfjndepth-specific simulated. glomeratagrowth
(per day), and depth-specific P conten€ofjlomerata(g P/g DM). The concentration of P
sequestered b@. glomeratavas calculated per depth contour down to 12 nedbas the nearshore

slope of the Oakville area, estimated from bathyimetaps (Virden et al. 2000)

3.3 Results and Discussion

3.3.1 Dreissenid distribution and biomass

The study site supported an average abundancé®f Bussels/i(+2,233 SD), an average
percent cover of 53.5%, and an average biomagspobgimately 52.2 g SFDM/f{+29.0 SD).
Depth appeared to be the most important varialidetiig mussel density, with very low density and
biomass in shallower water and higher density aochass in deeper water (Fig. 3.3). Mussel density
averaged only 95 musselg/hiomass = 2.7 g SFDMAnat 2 m stations, and increased with depth to
4,586 mussels/fr(biomass = 71.0 g SFDMAnat depths of 10 to 12 m. The low mussel abundance
observed at 2 m stations is most likely causedbycombined effects of ice scour in the winter,
when mussels not hidden in cracks and crevicedigpéaced by moving ice, and strong wave action
during storms in the ice-free season. The greageg&bility in dreissenid biomass was found at 5 m
stations where the lowest densities were geneialiyd on flat, smooth bedrock. At this depth there
is likely a lesser impact of ice scouring, but uibince by surface waves may still limit mussel

colonization and survival on substrates that affiitlé protection from wave action.
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Figure 3.3: Average dreissenid SFDM (gfjmeasured at different depths along the Halton
shoreline. Dashed line represents equation (1).

The biomass of quagga mussels in the study aariparable to that measured in recent
surveys in Lake Erie and Lake Ontario. In a 2002esyPatterson et al. (2005) found an average
dreissenid biomass of 67.9 g SFDM/between the depth of 0 and 15 meters in Lake €hatd
substrate-dominated eastern basin. While the agdnimgnass found by Patterson et al. (2005) is very
similar to the average biomass found at my stuidy(52.2 g SFDM/rf), the biomass at shallow
water sites was much higher in Lake Erie in 20Gtim Lake Ontario in 2006: 58.1 vs. 2.7 ¢
SFDM/nt. Barton (unpublished data) surveyed mussel abuedand biomass in Lake Erie’s eastern
basin in 2004, using an airlift to sample hard snalhs sites. He found low biomass at 2 m sites¢0.9
SFDM/nf), and higher biomass at greater depth: 24.7 g SRt 6 m, and 41.0 g SFDM #rat 10
m. These biomass values are somewhat lower thauy study area along the northwestern shoreline
of Lake Ontario, but seem to follow a similar pattef increasing dreissenid biomass with increasing
depth. Barton et al. (2005) attributed the dediméreissenid abundance observed in Lake Erie’s
eastern basin between 2002 and 2004 to predatioouogl gobies. Wilson et al. (2006) conducted an
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extensive survey of the Canadian shore of Lake r@ntaporting lower mussel biomass at 5 meters
than at 20 meters, as well as lower biomass orceafpared to hard substrates. They reported a
lakewide average percent cover of 60.5% (+38.3810)86.9 g SFDM/A compared to the 53.5%
(+28.9 SD) and 52.2 g SFDMfrfound in my study area. One of the reasons theepécover and
biomass numbers found in this study are lower thase described by Wilson et al. (2006) could be
the inclusion of 2 m sites in my survey, which teddo support very low mussel densities.

It is important to recognize that, unlike the aboeationed studies where mussels were
actually harvested to determine biomass, | uséden\based technique to estimate dreissenid mussel
biomass. The use of a video-based method may iiesuitderestimation of mussel biomass because
mussels may not grow in a single layer, and becaussels may grow on the underside of rocks,
where they can not be seen on video. Despite thasebacks, it appears that percent cover correlates
well with dreissenid biomass where examined. CustdrCuster (1993) found a strong linear
relationship R?= 0.96) between dreissenid percent cover deternfioad video and biomass
determined by harvesting the filmed quadrats. Wilsbal. (2006) also found a significant, albeit
weaker correlationf?=0.77) between diver estimated percent cover aeidsinid biomass (K.

Wilson, personal communication). Finally, the riglaship between percent cover and biomass that
was used to estimate biomass in this study, defieed ground-truthing in Lake Simcoe on
substrates similar to those encountered at ouy Sitel in Lake Ontario, shows a strong relationship
between percent cover determined from video anghhbiomassR’= 0.89). | believe that the video-
based method provides a reasonable, conservativeaes of actual biomass, while significantly

speeding up data collection and processing.

3.3.2 Phosphorus excretion

Water column SRP concentration at the depth ofrttwbation chambers ranged from 0.9
Mg/l to 2.8 ug/L and averaged 1.9 pg/L (£0.4 pgM) across all dates (Fig. 3.4). Following a two
hour incubation, SRP levels in chambers containingsels increased on all experimental dates, with
values ranging from 1.9 pg/L to 4.2 ug/L, and aerage of 3.0 pg/L (0.8 pg/L). The increase in
SRP concentrations in mussel-containing chamberpaced to incubations on mussel-free rock was
statistically significant on June 12, 2006 (indegmt two-sample t-testf=4, 2-tailedt=5.58,
p<0.05). SRP concentrations in chambers deployedroussel-free substrate increased on three of
four sampling dates relative to treatments comagiminly water by an average of 0.5 ug/L (0.6

pg/L). The increase was statistically significantduly 19, 2006 (independent two-sample t-test,
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df=4, 2-tailedt=4.619,p<0.05). The increase in SRP concentrations oveseaifiee rock relative to
treatments containing only water and sealed frastibstrate indicates that substrate-associated
biofilm served as a net source of SRP in our erpenmis. Final SRP concentrations in chambers that
excluded the bottom substrate decreased on ali datept July 5, 2006 relative to initial condison
by an average of 0.5 pg/L (0.6 pg/L). The net éase in chambers excluding the bottom substrate
is likely the result of SRP uptake by phytoplankiemthese chambers during the incubation period.
Table 3.1 summarizes the net change in SRP cotients in the different incubation treatments on
all four dates sampled. The low SRP release ratbéeth mussels and substrate on Junar@flJuly 5
may have been a result of low water temperaturesechby upwelling events which are common
along this shoreline (Table 3.1). In addition te tbw water temperatures on June 21, the lack of a
significant change in SRP levels in the musselaiointg chambers could be explained by the low

mussel biomass included in all chambers on that dat
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Figure3.4: SRP (ug/L) at the start of 2 hour incubations {bars) and following a 2 hour
incubation over mussel-encrusted rock (black bangjsel free rock (dark gray bars), and in
chambers containing only water (light gray barsjoEbars represent one standard deviation about

the mean.

40



Table 3.1: Water temperature on incubation dates, averagsehbgmass in mussel containing
chambers, and the net mean effect of mussels,ratdstssociated biofilm and plankton on SRP
concentrations in incubation chambers during thesmof a two hour incubation. Positive numbers
indicate SRP addition, negative numbers indicatakgof SRP. Numbers marked with an asterisk
indicate a significant change in SRP concentradiaihep<0.05 level.

Date Water Average mussel Net effect of Net effect of Net effect of
temperature (°C) biomass in mussel mussels biofilm (ug plankton (ug SRP/h)

containing chambers (ng SRP/g SRP/h)
(g SFDM) SFDM/h)

June 12, 06 14 0.24 8.2* 0.9 -1.3

June 21, 06 9 0.09 11.2 0.2 0.00

July 05, 06 8 0.23 2.6 0.00 -0.5

July 19, 06 16 0.22 6.1 0.3* -0.4

A direct comparison of P excretion rates obtaimethis study with the few other studies
which measured dreissenid excretion rates is caatpelil by a number of factors. Of the five other
studies which report dissolved P excretion ratas; Yvere laboratory studies (Arnott and Vanni 1996,
James et al. 2001, Conroy et al. 2005, Naddafi @088), while the fifth is based on measured
increases in SRP concentrations observed in thec&driver following dreissenid establishment
(Effler et al. 1997). In the experiments by Arnaxtid Vanni (1996) and Conroy et al. (2005) mussels
may have been stressed by transport to the lalvgrana sustained periods out of the water
immediately prior to measurement of excretion rafasthe other hand, in the excretion experiment
run by James et al. (2001) the mussels were alldavadclimate to laboratory conditions for two
weeks before excretion rates were measured; Naeldalfi (2008) used a one day acclimation period.
The length of the experiments also varied: Arnott ®¥anni (1996) used two and six hour incubation
periods, finding lower excretion rates for the Isour incubation, while Conroy et al. (2005) allowed
their mussels to excrete for six hours, as did dédt al. (2008). James et al. (2001) carriedaout
longer term experiment, where mussel excretionmeasured over the course of two weeks.
Additionally, in the two short term experimentse tlnussels were placed into filtered water, starving
the mussels for the duration of the trial, whilenga et al. (2001) ‘fed’ their mussels with unfitdr
reservoir water. On the other hand, Naddafi g28l08) filtered the water used in incubation
experiments through 100 pm mesh, removing mostefboplankton, but not all potential mussel
food. Finally, | studied quagga mussel excretiagagawhile all other reported rates are for zebra
mussels (with the exception of those by Conroy.2805).

In addition to the aforementioned differences inttradology, the rates measured in the
different studies may include P release and uptaieesses other than mussel excretion. Arnott and
Vanni (1996) carried out their excretion experinsantfiltered water, and scrubbed their mussels to

remove periphyton, ensuring that measured ratessept net excretion by the mussels and not gross
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rates which include uptake by phytoplankton andpbgton. Conroy et al. (2005) also used filtered
water, but did not report removing periphyton adigto mussels; thus their rates include whatever
effect periphyton had on P dynamics in the expentalechambers. Similarly, James et al. (2001) did
not report removing periphyton from their musséémnes et al. (2001) kept their mussels in
unfiltered water to allow them to feed, but coreetfor possible phytoplankton P uptake by having
control chambers with unfiltered water and no miss$¢addafi et al. (2008) removed periphyton
from their mussels, but included phytoplanktonrioubation chambers, correcting for the effect of
phytoplankton by including controls with phytoplamk but no mussels. The only other reported
excretion rate comes from SRP measurements mdte Beneca River before and after the
establishment of dreissenids (Effler et al. 199 rate estimated by Effler et al. (1997) was not
obtained experimentally, and is therefore diffidnlcompare with the four laboratory studies.

Unlike the laboratory studies discussed aboveedlumussels which had not been stressed by
transport to the laboratory and handling. The maasged in my trials were exposed to natural
photoperiods, temperatures and food sources. Bechisswork was donia situand since | was
interested in the effects of mussel-associatedamiota, | could not filter the water inside the
incubation chambers or fully remove the biofilm edhg to the mussels, so another way was needed
to correct for the effect of phytoplankton and Binfnot associated with the mussels. | attempted to
approximate net P release rates by dreissenidtharaksociated microbiota by measuring the P
release and uptake rates of phytoplankton andiidfi the absence of mussels, and then subtracting
this rate from the gross rates of P release in bleasrcontaining mussels and mussel associated
biofilm, phytoplankton and biofilm associated witle substrate. Since phytoplankton biomass is
probably lower (due to phytoplankton removal by sals during the incubation) in mussel
containing chambers than in chambers without meseg} net rates should be considered
conservative estimates. Another factor that coaltse an underestimate of excretion rates by the
mussels is the positive relationship between Peatnation and P uptake rates by algae and bacteria
(e.g. Bentzen and Taylor 1991). Because of thedni§fRP concentrations in mussel-containing
chambers, P uptake rates by periphyton, phytopten&hd bacteria could be higher than in control
chambers deployed over mussel free substrate hasdiduld result in underestimation of mussel P

excretion
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Table 3.2, Mean dreissenid SRP excretion rates in pg SRgrpen SFDM per hour from this study
and a number of other studies.

Study Setting Species SRP excretion rate (ug/g
SFDM/h)
This study Field measurement D. bugensis 7.0
Arnott and Vanni 1996 Lab measurement D. polymorpha 13.75 - 31.58
Conroy et al. 2005 (based on Table 1) Lab measurement D. bugensis 6.83
D. polymorpha 12.83
James et al. 2001 Lab measurement D. polymorpha 3.08
Naddafi et al. 2008 Lab measurement D. polymorpha 25-225
Effler et al. 1997 Field observation D. polymorpha 5.62

Despite differences in methodology, the biomassifipeSRP excretion rates obtained in all
studies are surprisingly similar (Table 3.2): radbtained in this study are close to those repded
D. bugensidy Conroy et al. (2005). However, our rates aré.2-times lower than rates reported by
Arnott and Vanni (1996) (Table 3.2), and more tAaimes higher than those found by James et al.
(2001) forD. polymorphaThe wide range reported by Naddafi et al. (2@3&ompasses many of
the rates reported in other studies of dreissexidetion. Although the order of magnitude simibarit
in the range of all five direct measurements of seliP excretion suggests that laboratory studies
could yield realistic excretion estimates, a sigiestole comparison using mussels from the same
system would be needed to determine whether egoratisults from laboratory and field studies are

significantly different from each other.

3.3.3 Phosphorus supply to the nearshore by dreisse  nids

The results of this study suggest that dreissenissels and the biota closely associated with
them can have large impacts on dissolved phosplegulisig in the nearshore of Lake Ontario. The
biomass survey indicated that there was a totaB6ftonnes of dreissenid SFDM along an 8 km
stretch of Halton shoreline between the depthsaid12 meters (shaded area in Fig 3.1). The
average SRP excretion rate in the study area wWi&sny SRP/fhour. Assuming this rate is
constant throughout the diel cycle (24 hours), thesn estimate that a total of 11 tons of SRP are
excreted by dreissenids from May to August, thenr@aiglomeratagrowing season (Malkin et al.
2008). Since dreissenid feeding activity and digedillows a diel rhythm (Morton 1969), it appears
likely that excretion rates are not uniform throaghthe day. Further study is needed to determine
how the diel rhythm of feeding and seasonal vamsiin food availability affect dreissenid excretion
Most digestion in dreissenids takes place duriegatiescent period of the diel cycle when the shell
valves are closed and filtering is minimal (Mortt®69), and dreissenids have been shown to excrete

considerable amounts of SRP even when starvingedatral. 2001).

43



A comparison of modeled phosphorus uptake rateS. lyjfomeratawith dreissenid excretion
rates reveals that dreissenids in the 0—12 m degrtd are capable of excreting phosphorus in excess
of the demand b¢. glomerataduring the early spring at all depths, and atlafiths >3.5 m during
peak demand (Fig. 3.5). Total SRP excretion bysdegiids in the mixed layer significantly exceeds
the total P demand hy. glomerataso excess phosphorus excreted by dreissenidsategdepths
could still be available t€. glomerataat shallower depths. It is estimated tGaglomeratan the
modeled area (Fig. 3.1) takes up 25 kg of P/daindyeak P demand, while dreissenid mussels in
the same area excreted 89 kg of recycled bicavaiBiRP/day.
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Figure 3.5: Phosphorus uptake rate 8y glomerataduring peak uptake period as calculated by the
CGM (clear squares) and phosphorus excretion satEdissenid mussels (solid circles).

Finally, | can compare bioavailable phosphorus megated from dreissenids with other
known fluxes of phosphorus in the vicinity of thady area. In 2004-2005, Sixteen-Mile Creek
supplied 5,300 to 7,200 kg of TP and 1,200 to 1 kHSRP/year, most of which entered Lake
Ontario in early spring. Only 300-1,200 kg of TiRl&b0-250 kg of SRP were discharged from
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Sixteen Mile Creek during the math glomeratagrowing season (May to August). The Oakville SE
Wastewater Treatment Plant discharged 2,672 kg?dhT2007, of which the vast majority (2,587 kg)
was in readily bioavailable dissolved form, makihg WTP the largest watershed source of SRP to
the study area. This source contributed 690 kgroaid 687 kg of SRP during the m&in
glomeratagrowing season (Regional Municipality of Halto008). The combined input of SRP

from Sixteen-Mile Creek and the Oakville SE WTP agbetween 6 and 7.6 kg SRP/day during the
mainC. glomeratagrowing season. Three smaller creeks (JoshuaskCvgedgewood Creek and
Morrison Creek) contributed approximately 2000 kg B/year, while storm sewers were a relatively
minor source, discharging just under 200 kg of €Rfy(Aquafor Beech Limited 2005). Assuming
that the proportion of TP to SRP in the water digsgkd by the three smaller tributaries and storm
sewers is similar to that from Sixteen-Mile Crek&an estimate their annual contributions to be 460
and 46 kg SRP, respectively. Unfortunately, phosphioading from the smaller creeks and storm
sewers was reported as a single value for theeeysir, making it difficult to say how much they
contribute during th€. glomeratagrowing season. Phosphorus inputs from watersheatass and
dreissenid inputs are summarized in Table 3.3.

Table 3.3: Annual total phosphorus (TP) and soluble reagiivesphorus (SRP) loading from
watershed sources to study area and dreissenidrBtiex (assuming mussel excretion only occurs
for six months of the year).

Source Annual TP load (kg) Annual SRP load
Sixteen-Mile Creeek (based on 2004- 5,300-7,200 1,200-1,700
2005 loading)

Oakville SE WWTP (based on 2007 2,672 2,587
loading)

Joshua’s Creek, Wedgewood Creek, ~2000 ~460
Morrison Creek (based on 2004-2005

loading)

Storm sewers (based on 2004-2005 ~200 ~46
loading)

Dreissenid mussels (based on 2006 16,000

measurments)

The results of this study suggest that musselddoeirecycling, and thus supplying, as much
as 32,000 kg of bioavailable phosphorus to theystnda annually. This is well in excess of all othe
sources, which supply between 10,170 and 12,07lP¥gear, but is likely an overestimate because
dreissenid phosphorus excretion rates are prolbabbr in the winter. However, even if mussel
excretion rates were reduced to zero for six moothginter, the amount of bioavailable phosphorus
released through dreissenid excretion would stiljleater than the amount of TP supplied from

watershed sources. More significantly, dreissesigply considerably larger amounts of SRP than
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watershed sources in this heavily urbanized stuelg: anore than three times as much SRP is
released by dreissenids (assuming no excretiosixanonths of the year) than is supplied from the
watershed throughout the year. It is likely thaissenids would provide an even greater proportion
of bioavailable phosphorus along rural and natsinarelines compared to watershed sources, than
along urbanized shorelines such as the one | studieere numerous point sources of P loading
occur.

Due to their large biomass and enormous filteriagacity, feeding and excretion by
dreissenid mussels can have large impacts on #rshrere environment. Their filtration removes
particles from the water and improves light trarssiuin in the coastal zone, expanding the
illuminated bottom area that can supp@riglomerategrowth. In this study, | have shown that
dreissenids have a substantial effect on phosplogalisg in the nearshore, in a sense represeating
new source of SRP by efficiently recycling and @asing the rate of remineralization of phosphorus
in the littoral zone of the Great Lakes. A numbgingportant questions still remain. Results fronsth
study and the CGM show that dreissenids supply madren is needed to support lo€alglomerata
growth (except perhaps at the shallowest depths)i s unknown how heavil€. glomerata
actually relies on this P source. The variabilitypbosphorus excretion by dreissenids over the @innu
cycle is also unclear, as is the effect of deptlexuretion rates. | used average excretion rates
obtained in June and July at a depth of 1.5 metedsxtrapolated across the summer season and
down to a depth of 12 meters, making these regalteral approximations. This may not be
unrealistic: results from Lake Simcoe show simB&P excretion rates at 2, 5 and 10 m depth
(Ozersky et al. unpublished). Finally, our underdiag of post-dreissenid nearshore phosphorus
dynamics would benefit from elucidating the sowtéhe phosphorus recycled by mussels,
specifically determining the proportion of P madaitable from offshore Lake Ontario compared to
that contributed directly from the land catchmenthie form of particulate organic matter. If mudh o
the phosphorus recycled by dreissenids is brougthtet nearshore by currents from the open lake in
the form of phytoplankton and not from local wakerd sources, then local reductions in nutrient
inputs may not be sufficient to control growth ofisance benthic algae. Even if watershed inputs in
our study area were completely eliminated, dreislsamould still supply more than enough P to fuel
the local nuisance growth @f. glomeratalassuming mussels recycle mostly offshore- derRjedf
much of the P recycled by dreissenids comes vihofe phytoplankton, local action may not
appreciably reduce loc@l. glomeratagrowth; lake-wide reductions in TP concentratiamsild be

required. Such reductions would only be possibieubh coordinated action by different jurisdictions
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around the lower Great Lakes, but lake-wide dee®asTP levels and primary productivity may not
be feasible or even desirable due to the negatigetehey might have on pelagic food webs and
fisheries. Increased nearshore benthic primaryymtddty and nuisanc€. glomeratagrowth

brought about by dreissenid mussels may be a kengrfeature of the post- dreissenid ecological

landscape of the Great Lakes.
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Chapter 4
Long-term Impacts of Invasive Dreissenid Mussels on the Littoral

Benthos of a Large Lake

4.1 Introduction

Almost 25 years have passed since the dreissergdatidreissena polymorphandD.
rostriformis bugensinvaded North American freshwaters. The colonaratf North American
aquatic ecosystems by these species has beenatsdatith significant and often drastic changes to
many aspects of the aquatic environment. One afnibst consistently observed and significant
effects attributed to dreissenids has been thsltaation of primary and secondary production from
the pelagic to the nearshore zone, a processdldiden called “benthification” (Mills et al. 2003)
or the “nearshore shunt” (Hecky et al. 2004). Bienithvertebrate communities have been particularly
strongly affected by dreissenids, with most studleswving enhancement of the nearshore benthos
(Stewart and Haynes 1994, Botts et al. 1996, Ridcét al. 1997, Bially and Maclsaac 2000, Ward
and Ricciardi 2007), and more mixed impacts offsi{tuiozano et al. 2001, Nalepa et al. 2003,
Jimenez et al. in press).

Two dominant mechanisms are seen as responsillef@ffects of dreissenids on nearshore
benthic communities. Dreissenid mussels increassulface area and complexity of both hard and
soft substrates, creating additional habitat ont@tdieen mussel shells (Stewart et al. 1998).
Dreissenids also increase the amount of food aveila detritivores and grazers by depositing edibl
organic material (Izvekova and Lvova-Katchanova2l93ergs and Rothhaupt 2008) and potentially
by stimulating benthic primary production througktnrent remineralization and increasing light
availability by filtering and clearing the waterlamn (Hecky et al. 2004, Malkin et al. 2008, Ozgrsk
et al. 2009). Experimental studies show that batchmanisms (increased habitat complexity and food
availability) are important, with the former likepfaying a dominant role (Ricciardi et al. 1997,
Stewart et al. 1998). Previous studies have idedtd number of taxonomic groups as particularly
likely to benefit from dreissenid establishment,sinaotably gammarid amphipods, oligochaetes,
some gastropods, isopods and flatworms (Dermaett E292, Griffiths 1992, Stewart and Haynes
1994, Ricciardi et al. 1997, Stewart et al. 1998).
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Despite two decades of study and the descripti@oofinant mechanisms of impact as well
as outcomes of dreissenid establishment on bechicnunities, some gaps in knowledge remain.
Chief among these is the paucity of long-term ¢tetite studies of dreissenid impacts on hard
substrate nearshore communities. Most of the krabydeconcerning dreissenid impact on hard
substrate benthos comes from short-term studieg astificial substrates. While valuable, such
studies only include habitat on and in between elasshile ignoring the potentially important
habitat present in between individual rocks anthafrequently large deposits of mussel shell. | am
aware of only one long-term, quantitative studgladissenid impacts on natural hard substrates,
repeated a number of times at two adjacent siteake Ontario (Stewart and Haynes 1994, Haynes
et al. 1999, Haynes et al. 2005). Another isstledsmost studies have been carried out in only one
location and at only one depth (but see Ricciardl.€1997), so extrapolation to different sited an
depths is questionable.

The objective of this study is to evaluate the loergn effects of dreissenid establishment on
the benthic fauna of rocky littoral substrata ilarge inland lake. Quantitative, depth-stratified
sampling of the benthos was carried out at foassit Lake Simcoe, Ontario, just prior to
establishment of dreissenids and again fifteensyafier. | describe changes in the density and
community composition of the benthos and preseidiee¢e that long-termreissenagpresence has

led to “homogenization” and enhanced productiothefbenthic community across space and depth.

4.2 Materials and methods

4.2.1 Study site

Lake Simcoe is a large (722 Rmoligo-mesotrophic lake, located in a predomihant
agricultural (43% of catchment area) watershedontigern Ontario (Fig. 4.1). Lake Simcoe has an
extensive littoral zone with approximately 45-55¢4h® lake bottom area of the Main Basin located
in the euphotic zone, i.e., depths <2.5 times Satmth or 16 m (D.O. Evans OMNR, unpublished
data). The littoral zone is dominated by hard galss such as boulder, cobble, and pebble wittsarea
of sand and softer sediments in sheltered and deepis of the nearshore zone. Lake Simcoe
supports a large recreational fishery of nativeleghter species including primarily lake trout and
lake whitefish, and cool- and warm-water specieshsas yellow perch and smallmouth bass.

Dreissenid mussel larvae were first observed ireL@ikncoe in 1993, but mussels did not appear in
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the benthos until fall 1994 and were becoming wslhblished in the lake by the winter of 1995-96
(Evans et al. in press). As of 2008 dreissenidewabundant throughout the littoral zone of the lake
attaining an average biomass of 27.2 g of shedl-fity mass in the main basin of the lake, with more
than 80% of the biomass concentrated at depthsr<(@hapter 2). Dreissenid establishment in Lake
Simcoe has been linked to increased Secchi depitdeareased algal biovolume (Eimers et al.
2005), increased macrophyte biomass (Depew ebh0)2altered nutrient dynamics (Guildford et al.
unpublished) and decreases in the abundance afratalf benthos (Jimenez et al. 2010).

Four locations were sampled in this study: Siblaald Blackbird Points in the south-central
part of the lake, and Grape and Strawberry Islamttse north. Sibbald Point was the only mainland
site sampled in this study. Substrate at all sitesisted predominantly of cobble, boulder and fgebb
with some patches of sand at 6 m depths in 1992088, these substrata were covered with living
dreissenid mussels and spaces between rocks Wededfith a large amount of deposited mussel
shells and soft, fine-grained material. While stdistcomposition was generally similar among sites,
the sites differed in the degree of exposure toetiis and waves. Sibbald and Blackbird Points are
relatively exposed to the prevailing north westevigds, while Grape Island is the most protected
site.
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Blackbird Point @

Sibbald Point @

Figure4.1: Map of Lake Simcoe in relation to Laurentian Grealtes. Airlift sampling sites are
marked with dark circles. McRae Point (ChaptersGharked with a star shape.

4.2.2 Sampling design

Benthic invertebrates were sampled in 1993, jusr po mussel establishment, and in 2008,
fourteen years after mussel establishment. Foes siere sampled at three depths (2, 4 and 6 m) in
both sampling years (Fig. 4.1). Benthic invertebisampling was carried out between August 25 and
September 16 in 1993, and on September 20 andrflepte1 in 2008, using airlifts (Barton and
Hynes 1978) operated by divers, with 500-um nitalection bags in 1993 and 375-um nitex
collection bags in 2008. The airlift was fed congsexr air from the surface in 1993, and from a
standard SCUBA tank in 2008. In both sampling yefwsrs systemically “vacuumed” the substrate
within randomly placed sampling quadrats, while ogmg and cleaning rocks by hand and using a
scraper to a depth of 20 cm or until the underlyiagd substrate was reached. Three or 4 replicate
quadrats (0.25 frin 1993, 0.0625 fin 2008) were collected from each depth at eaehisiboth
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years; the smaller quadrat was used in 2008 beaditke large amount of mussel shell material
collected (2 to 4 L/sample).

Benthic samples were preserved in the field witth Huffered formalin. Samples collected
in 1993 were stored in formalin until 2008 whenytleere transferred to ethanol prior to sorting.
Samples collected in 2008 were transferred to elrsrortly after return to the lab. Samples were
elutriated to separate lighter organic materiainftbe heavier sand and mussel shells, and
invertebrates were sorted from both fractions withaid of a dissecting microscope. Some of the
2008 samples were subsampled by spreading théa&dgtmaterial evenly on a round surface, and
then subdivided into 8 even slices. Two oppositeslwere combined to make up a ¥ subsample.
Benthic invertebrates in one replicate from eagttldsite combination were identified to genus
(Oligochaeta to family) and enumerated. Invertedsrat the remaining replicates were identified to a
level between order and species (see appendixtodgh crayfish were frequently collected in
1993 and 2008 they are not included in the restiitsis study. | believe that the use of a smaller
guadrat and sub-sampling in 2008 would have mandgadsons between 1993 and 2008 difficult for
such large and mobile animals.

4.2.3 Statistical analyses

Two-way ANOVA, followed by Holm-Sidak post-hoc testvas used on Lgg(1993
numbers) or square root (2008 numbers) transfoeadities to examine differences in total
macroinvertebrate abundance between sites andsdept®93 and 2008. | was unable to transform
the 2008 data to meet the assumption of equalitysapéince, but decided to go ahead with the
analysis because ANOVA is relatively robust agaiaation of this assumption, especially when
the number of replicates in different treatmenisgaal or nearly equal as is the case here (Glads e
1972). Mann-Whitney U tests were used to comparedtal and relative abundances of different
taxonomic groups in 1993 and 2008. The Mann-Whitesywas also used to compare total average
abundance in 1993 and 2008. Only taxa comprisitgpat 3% of any sample were included in the
comparisons. Oribatid mites were also excludedimsEthe mesh used in 1993 was too coarse to
retain them if they were present.

Changes in community composition were analysedgusinltivariate statistics.
Multidimensional scaling (MDS) of square root triEmmmed abundances was used to visualize

differences in community composition between sited depths. Two-way analysis of similarity
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(ANOSIM) tests were used to test for the signifioaiof the differences in community composition
between different sites and depths. Similarity efcentages (SIMPER) tests were used to determine
the degree of dissimilarity among sites and deaitusto identify the taxa contributing most to the
dissimilarity (Clarke and Warwick, 2001). Clustera#ysis on abundant and common taxa (present in
at least 10% of samples and comprising at leaspfl&bundance) was used on 2008 abundance data
to identify taxa groupings. Non-multivariate anaysvere carried out using SIGMAPLOT 11 (Systat
Software Inc., Chicago), multivariate analyses wengied out using Primer v.6 (Primer-E Ltd.
Plymouth, UK).

4.3 Results
4.3.1 Pre-dreissenid benthic community

The average density of benthic macroinvertebratd993 was 367.9 (£71.1 SE)
individuals/nf. A total of 60 taxa was identified in the samptest were sorted to genus, with an
average of 17.0 (£7.5 SD) taxa/sample. The beinthiertebrate community consisted primarily of
Chironomidae (21.1%), Sphaeriidae (13.9%), Oligeth411.2%), Hydrobiidae (9.6%),
Heptageniidae (8.5%) and the amphipbdhlella aztecg8.2%) (Table 4.1). Densities differed
significantly among sites and depths (two-way ANQ\Ad Holm-Sidak post-hoc tests). Total
abundance declined with increasing depth at @ssbtrawberry Island yielded significantly more
and Grape Island significantly fewer invertebratem did the other two other sites (Fig. 4.2a,
Appendix A).

An MDS plot of the pre-dreissenid community (Fig3a) grouped samples by site and depth,
and these groupings were confirmed by a two-way ANWtest, which showed significant
differences in community composition among allssiiglobalR=0.722,p=0.001) and all depths
(globalR=0.517,p=0.001). The percent dissimilarity between deptits sampling sites (based on
average depth and site abundances) as well asghriems contributing most to group dissimilarity
were identified using the SIMPER test. Percentidligarity values between depths and sites are
shown in table 4.2. Variations in the abundancehatbnomids and Oligochaeta contributed most to

dissimilarity among sites$d. aztecaand chironomids contributed most to dissimilagiyong depths,
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Table4.1: Average total abundance and percent compositiaiu@ing Dreissenaspp.) of benthic
invertebrates in 1993 and 2008, with standard ésrehown in brackets. Asterisks represent
significant difference between 1993 and 2008 sasnie=0.05, and appear beside the significantly
larger value.

Abundance/m? Percent composition

1993 2008 1993 2008
Amphipoda
H. azteca 40.3 (12.6) 2740.6 (451.1)* 8.2 (1.3) 16.7 (2)*
Gammarus sp. 5.3 (1.5) 1902.2 (320.6)* 1.1(0.3) 10.9 (1.1)*
E. ischnus 0(0) 1092.6 (296.9)* 0(0) 5.1 (1.4)*
Crangonyx sp. 13.8 (4.5) 630.4 (147.8)* 3.9(0.9) 3.2(0.5)
Isopoda
C. racovitzai 0.2 (0.1) 1614.2 (236.4)* 0.2 (0.2) 10.9 (1.3)*
Gastropoda
Hydrobiidae 14.4 (3) 254.9 (48.3)* 9.6 (2.4) 1.5(0.3)
Physidae 7.6 (1.6) 50.5 (10.1)* 2.4 (0.5)* 0.3(0.1)
Planorbidae 0.1(0.1) 134.8 (63.7)* 0.1(0.1) 0.7 (0.3)*
Pleuroceridae 7.6 (2.5)* 0(0) 2.5(0.8)* 0(0)
Ancylidae 0.4 (0.2) 485.7 (101.4)* 0.5(0.3) 3.4 (0.7)*
Bivalva
Sphaeriidae 32.6 (4.6) 91 (18) 13.9 (1.6)* 0.5(0.1)
D. polymorpha 0(0) 3322.5 (347.6) - () - ()
D. bugensis 0(0) 100.1 (16.5) - () - ()
Unionidae 0.3(0.2) 0(0) 0.5(0.4) 0(0)
Insecta
Chironomidae 106 (28.9) 3338.3 (485.2)* 21.1(2.6) 20.4 (2.5)
Polycentropodidae 6.7 (1.6) 261 (52.4)* 1.4 (0.3) 2.3(0.5)
Helicopsychidae 0(0) 85 (53.3)* 0(0) 0.3 (0.1)*
Leptoceridae 2 (0.5) 58 (23.2) 1(0.4) 0.3(0.1)
Hydroptilidae 0.3(0.2) 21 (8.2)* 0.2 (0.2) 0.1 (0)
Hydropsychidae 0.6 (0.4) 0.7 (0.5) 0.1(0.1) 0(0)
Caenidae 1.6 (0.6) 18.8 (6.6) 0.2 (0.1) 0.1 (0)
Heptageniidae 35.5(8.8) 55.8 (17.2) 8.5 (1.4)* 0.3(0.1)
Ephemeridae 0.7 (0.3) 21.7 (8.1)* 0.2 (0.1) 0.2 (0.1)
Sialidae 0.1(0.1) 12.4 (3.8)* 0.2 (0.2) 0.1 (0)*
Elmidae 145 (4.9) 92.8 (45.1) 3.7 (1.3) 0.6 (0.3)
Psephenidae 0.9 (0.4)* 0(0) 0.4 (0.2)* 0(0)
Acari
Hydracarina 26.4 (14.1) 324.1 (73.1)* 6.6 (1.3)* 1.8 (0.3)
Worms
Planariidae 0.8 (0.3) 404.3 (85.4)* 0.3(0.2) 2.3 (0.4)*
Oligochaeta 43.7 (10.7) 2540.8 (309.3)* 11.2 (1.9) 15.4 (1.3)*
Hirudinea 1.5(0.5) 49.4 (14.6)* 1.4(1) 0.3 (0.1)*
Nematoda 3(1.8) 312.2 (75.4)* 0.2 (0.1) 1.8 (0.4)*
Other 1(0.3) 99.2 (45.5)* 0.2 (0.1) 0.5 (0.2)*
TOTAL 367.7 (71.1) 22192.4 (2529.5)* 100 (0) 100 (0)
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with shallower depths yielding higher densitieboth organisms. The greatest dissimilarity between
depths was between 2- and 6-m sites, and Grapellaled Strawberry Island were the most
dissimilar sites.

4.3.2 Changes associated with Dreissena and the Post-dreissenid benthic community

Considerable change in the abundance and comnuoritposition of the benthos occurred
following the dreissenid invasion (Table 4.1). Buttal invertebrate density (22,192.4 + 2,529.5 SE
individuals/nf) (Mann-Whitney U tesfJ,, 4s=903.0,p<<0.05) and richness (31.2 + 6.4 SD
taxa/sample) (two-sample independent t-tgst;5.05,p<<0.05) were significantly greater in 2008
than in 1993. Average density of non-dreisseni@itabrates in 2008 was 16,706.4 (+1,571.2 SE)
individuals/nf. A total of 85 taxa were identified in the 2008ngdes, including 3 recent
introductions D. polymorphaD. rostriformis bugensiand the amphipoBchinogammarus ischnpus
that contributed an average of 4515 individuafs/m

Densities of most groups of invertebrates wereifsaggmtly greater in 2008 (Mann-Whitney
U test, atkz=0.05). Notable exceptions were Pleuroceridae, tldae and Psephenidae, none of
which were collected in 2008; densities of Hydrajtsgtae were the same in both years; Sphaeriidae,
Caenidae and Heptageniidae were more abundan©By B0t not significantly so. Abundant taxa
that were found only in 2008 includ&d polymorphaD. rostriformis bugensj€chinogammarus

ischnus the caddisflyHelicopsyche borealiand the chironomidBrocladiusandCricotopus
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Figure4.2: Average abundance of benthic invertebrates attad46 m in 1993 (top panel) and 2008
(bottom panel) at four sampling sites. Note differgcale of the y-axes.

A number of significant changes occurred in thatre¢ composition of the benthos as well
(Mann-Whitney U test, at=0.05). The amphipodd. aztecaandGammarussp., the isopod
Caecidotea racovitzaplanorbid snails, Ancylida&ialisand all worms (Planariidae, Oligochaeta,

Hirudinea and Nematoda) increased in relative adnoel In contrast, Physidae, Sphaeriidae,
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Heptageniidae and Hydracarina were relatively ddmsdant. ANOSIM tests on total invertebrate
abundance as well as relative community composgimw significant differencefR€0.941,
p=0.001;R=0.77p=0.001) between 1993 and 2008.

With the exception obreissenain 2008 the benthic community was numerically dwated
by Chironomidae (19.7%M. azteca(16.1%), Oligochaeta (14.6%}ammarusp. (10.5%) an@.
racovitzai(10.2%) (Table 4.1). Overal. polymorphacomprised 19.1% of benthic abundance,
while D. rostriformis bugensiaias considerably less abundant at 0.6% of the #ldough not
included in analysis, small oribatid mites werepalbundant in shallow water at Strawberry Island

and occurred in low numbers at the other locations.

Table 4.2; Percent dissimilarity of benthic communities bedweairs of depth and site groups as
determined by SIMPER analysis. Comparisons are slionthe 1993 benthic community, the 2008
benthic community including dreissenids, and the&®€fommunity excluding dreissenids.

Dissimilarity (%)

Comparison 1993 2008 with Dreissena 2008 without Dreissena
2vs.4m 44.7 34.52 38.38
2vs.6m 56.05 44.31 48.73
4vs.6m 48.29 37.92 42.62
Blackbird vs. Grape 57.26 38.77 43.68
Blackbird vs. Sibbald 47.64 43.11 49.41
Blackbird vs. Strawberry 53.97 38.50 43.93
Grape vs. Sibbald 57.64 40.57 43.87
Grape vs. Strawberry 64.1 39.90 44.46
Sibblad vs. Strawberry 46.6 43.33 48.10

Two-way ANOVA showed that invertebrate abundandfedid significantly among depths
(F2, 47/10.59,p<0.05), and sampling siteBs(4~7.10,p<0.05). There was significant interaction
between the effects of sampling depth and sampitegfs, 4+~4.71,p=0.001). Despite significant
effects of depth and site, Holm-Sidak post-hocstebbwed that these differences were present across
only a few comparisons, with relatively low abundamt 4 m at Blackbird Point and Grape Island
and no differences between depths at Sibbald Péintindance at Strawberry Island at 2 m was
highest among all sites and depths in both 1993808 and continued to show a decline in
abundance with depth in both years. The most diartiaange from 1993 to 2008 was the increased
abundance at 6 m across all sites, with averageases of 145 fold, and no differences among all

sites at this depth.
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Figure4.3: MDS of square root transformed invertebrate abooésin 1993 (top panel) and in 2008
(bottom panel). Empty symbols represent 2-m sampjuradrats, grey symbols represent 4-m
guadrats and black symbols represent 6-m quadrats.
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As in 1993, variations in the abundance of chiroisnand oligochaetes were primarily
responsible for differences among sites, althouffardnces in the abundanceltéf aztecaC.
racovitzaiandE. ischnusvere also important. Differences in densitieEofschnusH. azteca
Gammarus spand chironomids contributed most to dissimilaatyong depths. Amphipods were
more common at shallow depths, whereas high chinishdensities were more typical of 6-m
depths. Sibbald Point and Strawberry Island weterchined to be the most dissimilar of the sites.
Dissimilarity values between depths and sites desa@ from 1993 to 2008 for almost all pair wise
comparisons, regardless of the inclusion of dreisisen SIMPER analysis (Table 4.2). Cluster
analysis (Fig. 4.4) of common taxa (present ireast 10 percent of samples, and comprising at least
1% of total abundance in a sample) shows fourrdistiroups, with elmid beetles forming an
apparent outlieDreissenaspp.,H. aztecaE. ischnusGammarusp., chironomids and oligochaetes
form a distinct group (cluster C). All of these daxvith the exception of Chironomidae, have
increased in proportional abundance following drigd introduction. Cluster A is ‘farthest’ from
the dreissenid-associated community (cluster Cimelddes organisms which do not constitute a
large part of the benthos although some, like Rlzéidae and Helicopsychidae increased in
proportional abundance following dreissenid intrctehn. Cluster B includes a number of groups
which increased in absolute abundance but not, tivitlexception of Ancylidae and Planariidae in
proportional abundance. Finally, cluster D, with #hxception of Hirudinea which increased slightly,

includes organisms which decreased in relative ddnuee following dreissenid invasion.

4.4 Discussion

Considerable change has taken place in the litbmaihos of Lake Simcoe in the thirteen
years following dreissenid establishment in thelakn enormous increase in the total abundance of
organisms, concordant with large compositional gearand increased taxonomic diversity, has
resulted in a significantly altered benthic comntyniThe distribution of benthic organisms across
sites and depths has become more homogeneous. difeasges to the benthic community occurred
during a period when phosphorus inputs to the tl@eased slightly (Evans et al. 1995, Young et al.
2010) and suggest that dreissenid establishméheitake caused substantial shifts in the flow of
energy and material between the pelagic and berghlms of Lake Simcoe.

Differences in the sampling methodology betweer31®& 2008 could potentially affect the

results of this study. The finer mesh size use2DiPB could have led to retention of smaller
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organisms and to higher perceived abundances aadsiy in 2008. This is likely not the case since
most of the organisms in 2008 were fairly large @odld not have passed through a 500-um mesh,
with the possible exception of oribatid mites whiedre excluded from analysis. Different airlift
designs were used in 1993 and 2008 but the presétege pebbles in samples from both years
suggests that both designs were similarly powenfidl efficient in sampling macrobenthos. Overall, |
believe that any effect on the results attributablmethodological differences would be minor
relative to the effect of dreissenid mussels.

The littoral macroinvertebrate community of LakenSoe in 1993 was generally similar to
that observed by Rawson (1930) in the mid 1920i4) shironomids, sphaeriid clams, amphipods
and oligochaetes numerically dominating the comiyuiit all four sampling sites
macroinvertebrate density decreased with increads#pgh, a finding | attribute to decreasing benthic
primary productivity and lower food availability gteater depths. Average invertebrate abundance
and community composition differed among sitesgesting that the pre-dreissenid benthos was not
spatially homogenous, with significant differene@song locations in the lake. The substrate at alll
sites was generally similar, consisting of cobpkhble and boulder so it would appear that factors
other than substrate composition were respongiblthé spatial differences in the pre-dreissenid
macroinvertebrate community.

Significant change in both the total abundancethadelative composition of the benthos
followed the dreissenid invasion of Lake Simcoe si&iriking was the magnitude of the increase in
total macroinvertebrate abundance observed beth@@® and 2008. Large changes in the relative
abundance of many organisms have also occurredprbipertions of detritivores and omnivores
such as amphipods and isopods increased, whileerfiter-feeding sphaeriid clams declined in
relative abundance and unionid mussels were abeemt2008 samples. The community compaosition
observed by us in 2008 was similar to that desdrifyeKilgour et al. (2008) from shallow and
intermediate depths of the littoral zone of theelak 2005, although invertebrate abundances were
considerably higher in our study. The differencaliindance was likely due to differences is
sampling methodology and substrate at the samplteg; Kilgour et al. (2008) used kick and sweep
sampling on hard substrates in shallow water amdupsampling on deeper soft substrates. Despite
differences in methodology and abundances, thédtsesfuboth studies show that amphipods, isopods
and chironomids are important components of thé-ghesssenid littoral benthos in Lake Simcoe on
both hard and soft substrates. An interesting wiffee in the results of our studies pertains to the

amphipod community. Whereas Kilgour et al. (20@&)fd thatGammarus lacustrizias the
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dominant amphipod species in their samptesaztecavas the most abundant amphipod in my
samples, an. fasciatusvas the most abundant member of @@nmmarugenus, withs. lacustris
andG. pseudolimneusccasionally present. These differences may bealtre different substrate
types sampled by me and Kilgour et al. (2008),evhaps to interannual variation in the benthos.

Dreissenids modified not only the community composiof the benthos but also its depth
distribution. Whereas in 1993 the density of benthvertebrates decreased with increasing depth at
all sampling sites, this was not the case in 200&rtebrate communities at different depths were
also more similar in 2008 than in 1993, as indiddtye percent similarity values. | suggest that
dreissenids increased the evenness of resourcibuligtn with depth in the littoral zone. By
increasing water clarity and nutrient remineral@adreissenids likely enabled greater benthic
primary production in deeper water, thereby indrepfood availability to benthic grazers in deeper
portions of the littoral zone. Dreissenids alsoas#darge amounts of organic-rich feces and
pseudofeces, which with the bacteria that inh&listihaterial can provide a food resource to benthic
omnivores and detritivores throughout the littarahe (Izvekova and Lvova-Katchanova 1972; Gergs
and Rothhaupt 2008).

In addition to increased community similarity acaepth, community similarity among sites
appeared to be greater in 2008 compared to 1998n\teissenid mussels were included in
SIMPER analyses the percent dissimilarity betwdksita groups was lower in 2008 than in 1993.
Excluding dreissenids from the comparisons revaatgrginal increase in dissimilarity between two
site pairs and substantial declines in dissimildrsigtween all other site pairs. Total invertebrate
abundance has also become more even, with fewsfisiggnt among-site differences in abundance in
2008 compared to 1993. | suggest that dreissengsehestablishment has led to a homogenization
of benthic communities in the littoral zone of Lakiencoe, perhaps by modifying the availability of
habitat and food resources in similar ways acrdfsrent parts of the littoral zone. With the abawe
mind, Strawberry Island and Sibbald Point suppattiedhighest invertebrate abundances in both
1993 and 2008, although the differences between giere not significant in 2008.

Despite increased similarity of benthic communitiesveen sites, MDS and ANOSIM
analyses show that significant differences in comitgrcomposition between sites remain. For
example Ancylidae were relatively scarce at Siblpadaht, but were relatively common at
intermediate and deeper locations at the othes. dilenid beetles were rarely found at most sitas, b
were not uncommon at Blackbird point. Oribatid miteesre uncommon in most locations, but

approached average densities of more than 20,8@0time 2-m Strawberry Island site. | interpret the
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among-site differences to mean that the effecthr@bsenid introduction can vary within a system
and are modified by site specific factors. Thealale effects of dreissenids on littoral benthos evou
be expected to be more apparent in large lakesi@veater habitat diversity.

The benthic community at 6-m locations at SibbalthPand Grape Island is distinct from
that found at 6-m locations at the other two sangpsites and from that of the rest of the benthos
(Fig. 4.3b). The 6-m sites at Sibbald Point andp@nsland are characterised by high abundance of
chironomids, higher abundance of burrowing mayf{lEegshemeridae), and relatively lower
abundance of isopods. | attribute those differetaélse prevalence of soft (silt-like) substrate at
those two stations. All 6-m stations were dominditgdhard substrata in 1993 which suggests that
either a different part of the site was sample®&0d@8 or that the nature of the substrate changed fr
1993 to 2008. | can not rule out the former potistbalthough site coordinates were matched closel
between years. Dreissenids increase sedimentaties by active filtration and deposition (Howell et
al. 1996, Klerks et al. 1996) and bivalve shella{s could increase sediment accumulation by
enhancing substrate roughness which would, inihamease fine particle accumulation rates (Sousa
et al. 2009). It is possible that over the 13 y@didreissenid presence in Lake Simcoe an
encroachment of soft substrates has occurredhptdéeper and less energetic portions of thedittor
zone.

Results of cluster analysis suggest that amphigddignomids and oligochaetes form a
species complex with dreissenid mussels. Thesanisma have been reported to increase in
abundance following dreissenid establishment od babstrata in other studies (Dermott et al. 1993,
Stewart and Haynes 1994, Ricciardi et al. 1997,d/dad Ricciardi 2007), and probably benefit from
direct spatial association with dreissenids by eitiplg interstitial spaces between mussels shalis a
feeding on biodeposits. Other organisms that irsm@an absolute abundance, and sometimes in
relative abundance formed separate clusters, agdnolade species that benefit from dreissenid
presence indirectly, perhaps through increasechlieptimary production or increases in their prey
items. Species that decreased in abundance (veitexiteption of leeches) form a separate cluster,
and may be negatively affected by dreissenid presen

Comparison with literature
Increases in abundance and diversity of hard-satiedittoral benthos following dreissenid
establishment have been noted in other studiesn@teet al. (1992) noted that dreissenid presence

significantly increased the abundance of many ieeates in shallow rocky areas of Lake Erie.
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Stewart and Haynes (1994) observed a large incirdbe abundance of non-dreissenid invertebrates
and an increase in taxonomic diversity followingidsenid establishment on hard substrates in the
nearshore of Lake Ontario. They found that derwityon-dreissenid invertebrates increased by
almost an order of magnitude one to two yearsotig dreissenid establishment, although the
increase they observed was lower than seen istildly. In a survey of a number of shallow sites
along the St. Lawrence River Ricciardi et al. (19@10nd that invertebrate densities on rocks
increased by 1.6 to 8.4 times from the early stafeseissenid invasion to two years following the
invasion.

Short-term studies conducted using artificial staies also show consistent increases in the
abundance of non-dreissenid macroinvertebratdwipitesence of both living mussels and mussel
shells glued to the substrata. Stewart et al. (L88Bonstrated that the presence of live mussels
increased invertebrate densities on ceramic tjemdire than 6 times, while mussel shells increased
densities by more than 4 times in Lake Erie. Complarincreases in invertebrate abundance were
reported from a similar experiment conducted inghd_awrence River (Ricciardi et al. 1997). More
modest increases were found in experiments in CGakestance, where the presence of either mussel
shells or living mussels caused a doubling in #wasities of non-dreissenid macroinvertebrates on
tiles (Mortl and Rothhaupt 2003).

The responses of various taxonomic groups to dmidsstablishment in Lake Simcoe also
show some parallels to that seen in other stu@emmarid amphipods are often observed to benefit
from dreissenid establishment and were among thapgrthat increased most in abundance in this
study. Isopods, worms, chironomids and hydrobiiglsrhave been reported to benefit from
dreissenid presence elsewhere (Dermott et al. 12@8art and Haynes 1994, Ricciardi et al. 1997,
Stewart et al. 1998, Mortl and Rothhaupt 2003), sirmved among the largest abundance increases
in Lake Simcoe. Proportional decline in sphaerbdradance in Lake Simcoe is similar to results
from other dreissenid invaded systems. Pleuroagwéds, which were completely eliminated in this
study, responded differently in different studiRg;ciardi et al. (1997) saw declines in their nunsbe
whereas Stewart and Hynes (1994) observed signifinareases.

Overall, the increases in non-dreissenid invertebelhundance in Lake Simcoe are the
largest reported in studies of dreissenid impacthard substrata, while the community response was
similar to that seen in other studies. The resfltse only other published long-term study of
dreissenid impacts on natural hard substrata ($tewd Haynes 1994, Haynes et al. 1999, Haynes et

al. 2005) differ significantly from mine. In the @ studies non-dreissenid invertebrates initially
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increased in abundance within one to two yearswotlg dreissenid establishment but then declined
to pre-dreissenid densities within five years @iskenid presence at the sites, and remained twv ni
years following. While | cannot comment on thedcapry of invertebrate densities between initial
dreissenid establishment and 2008, densities ofdneissenid invertebrates were exceptionally high
thirteen years following dreissenid mussel esthblisnt in the littoral zone of Lake Simcoe. The
reasons behind the striking difference in the raspmf the littoral benthos between Lake Ontario
and Lake Simcoe can not be resolved with our dhatial propose a few possible explanations.
Haynes et al. (2005) attributed the declines indi@issenid invertebrate abundance to the decrease
in the local abundances Dfeissenasuggesting that initial increases were linkethtopresence of
large numbers of dreissenid mussels. Dreissenidsragtudy sites were an order of magnitude more
abundant in 2008 than in Lake Ontario in 1995 dt989. Zaiko et al. (2009) noted a dreissenid
biomass threshold below which they observed liffect of dreissenid presence on other benthic
fauna. Perhaps this biomass threshold was excéedeel early stages of dreissenid colonization of
parts of Lake Ontario, but as dreissenid abunddackned below this threshold other benthic
organisms declined to pre-dreissenid levels. Musisehdances in Lake Simcoe may have been
sustained at a high level because of higher primpesgiuctivity (average open-lake TP in 2004—-2008
~14 ug/L; Young et al. 2010) than in Lake Ontaegwdrage open-lake TP below 10 pg/L; Malkin et
al. 2010) so Lake Simcoe could have a higher aagrgapacity for filter-feeding dreissenids. Lake
Simcoe might also provide a more stable thermahregn the littoral zone throughout the growing
season, being less subject to seiche and upwegltisgomena than Lake Ontario; Wilson et al. (2006)
found a negative relationship between upwellingdiency and dreissenid abundance in Lake
Ontario, so the structuring effects of dreissemigldenthic communities may be weaker in areas of
frequent upwelling. Another factor that could cdmite to the continued high invertebrate abundance
in the littoral zone of Lake Simcoe is the facttthake Simcoe is smaller and less turbulent thacelLa
Ontario. It is conceivable that dreissenid shatlsuanulate to a greater extent in the nearshore @abne
Lake Simcoe than they do in Lake Ontario, incregbiabitat availability for nearshore benthos.

Ecological implications

A number of important changes have occurred in LSikecoe since the invasion of the lake
by dreissenids. The abundance of profundal berthsslecreased (Jimenez et al. 2010), as has
phytoplankton biovolume (Eimers et al. 2005). Dedwl. (2010) have shown that the biomass and

areal coverage of macrophytes increased in Cookys 8 large mesotrophic embayment of the lake,
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with little change in nutrient load, and this stuts shown large increases in the abundance of
littoral benthos. These observations are consistiéhtwhat has been termed “benthification”- the
increased importance of benthic processes (Miléd.e2003), or the “nearshore shunt hypothesis” -
increased retention and recycling of nutrients emekgy in the nearshore (at the expense of the
pelagic and profundal zones) as a consequencelafgical engineering by dreissenids (Hecky et al.
2004).

Dreissenids can cause the translocation of biokbgictivity and production to the nearshore
through a number of mechanisms. Habitat modificalip accumulation of living mussels and non-
living shells likely plays an important role, prding increased habitat structure that captures and
retains sediment and biodeposits and provides dovether invertebrates. The presence of
dreissenids has been shown to reduce fish predati@mphipods (Gonzalez and Downing 1999,
Mayer et al. 2001) so dreissenids not only providecased surface area for invertebrate coloniaatio
but interstitial spaces between mussel shells fsaymovide protection against predators. Dreigbeni
biodeposits could contribute to increased abundaatkttoral benthos by providing an additional
food source to benthic invertebrates. Dreissermdédcalso enhance resource availability to littoral
invertebrates by stimulating benthic primary praéhr Increased light availability due to dreisskeni
filtration will increase the depth at which benthigae can grow (Mayer et al. 2002, Malkin et al.
2008) and nutrient excretion by dreissenids cartritare to increases in benthic algal production.
Stewart et al. (1998) found higher levels of bemttil. ain the presence of living dreissenids, and
Ozersky et al. (2009) showed that dreissenid exerean meet phosphorus demand by benthic
algae. Results of isotope analysis (Chapter 5)estggat pelagic carbon (in the form of dreissenid
mussel biodeposits) and benthic algal productieregually important in the post-dreissenid
nearshore food web of Lake Simcoe, supporting them that dreissenids redirect pelagic carbon to
the nearshore.

Increased abundance of littoral invertebrates chalde implications for higher trophic levels
in Lake Simcoe. If littoral benthivorous fish amofl limited, the increased abundance of littoral
benthos could lead to increased fish biomass apdluption as has been found in a number of lakes
in the former USSR (Karatayev et al. 1997) andxjpeeimental ponds in North America (Thayer et
al. 1997). Conversely, increased protection froedption afforded by mussel shells could partially
negate the potential positive effects of increasedrtebrate abundance on fish (Mayer et al. 2001).
Pelagic benthivores such as lake whitefish andvgises such as lake trout could conceivably be

affected either negatively or positively. The reiitutin pelagic and profundal resources caused by
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redirection of energy to the nearshore could redeseurce availability for these offshore, cold-evat
species. On the other hand, if lake trout andefilsth can modify their foraging behaviour to
increase reliance on littoral resources they cbelukefit from enhanced littoral secondary
productivity. In small inland lakes, lake trout leayeen shown to shift between predominately littora
and predominately pelagic feeding in responseuasion by bass (Vander Zanden et al. 1999), and
lake whitefish in Lake Huron appear to rely moravily on nearshore benthic production following

dreissenid establishment (Rennie et al. 2009).

Conclusion

This study is unique in being one of the very fewg-term studies of dreissenid effects on
nearshore benthos to have examined multiple sitgéslapths. | observed a large increase in the
abundance and diversity of littoral benthos at feigtely geographically separate sites which |
attribute to the dreissenid establishment in ttetesy. My results agree with other studies in shgwin
thatDreissenancreases the abundance and diversity of manytetyate groups, including
amphipods, worms and some snalils, reaffirmingdheissenids have similar impacts in different
systems (Ward and Ricciardi 2007). However, | alsow that the effects @ireissenacan be site
and system specifi@reissenahas increased the evenness of invertebrate distiband community
similarity with depth and across sites in the fdlazone of Lake Simcoe. The increase in the
availability of benthic prey could potentially bdidigher trophic levels if energy transfer frotret
benthos to fish is increased along with the abuoelaf the benthos. Dreissenid impacts on the
littoral benthos of Lake Simcoe agree with the hiipsis that dreissenid translocate material and

energy from the water column to the nearshore.
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Chapter 5
Dreissenid Effects on the Littoral Food Web of Lake Simcoe:

Evidence from Stable Isotopes

5.1 Intro

The establishment of invasive organisms in aguatisGronments can have direct and indirect
impacts on the structure and functioning of thesgstem. Among the most important, but perhaps
most difficult to quantify, are changes to food vettucture and energy flow. A promising technique
for untangling the complex effects of invasive anigans on food webs is the use of stable isotopes of
carbon 3C) and nitrogen’{N). Generally, carbon isotope ratios are consebesdieen food sources
and consumers, so the isotopic ratios of carborbeaised to elucidate energy sources of consumers
when different food sources have distinct ratiosarbon isotopes (Peterson and Fry 1987; Hecky
and Hesslein 1995). Unlike carbon, nitrogen isat@gimposition changes with movement up the
food web, becoming enriched itN by an average of about 3.4 per mil (%o) with evieophic step.
Consequently the nitrogen isotopic composition efmbers of the food web can be used to determine
the trophic level of organisms if the nitrogen ¢gut signature of the base of the food web is known
(Minagawa and Wada, 1984; Post, 2002). The comlapgtication of carbon and nitrogen stable
isotopes can be used to detect the effects ofinasganisms on energy sources and trophic
relationships in invaded systems. For example gusiable isotopes Vander Zanden et al. (1999)
showed that invasion by smallmouth bass affectedltiw of energy between the littoral and pelagic
zones in Canadian lakes. Gorokhova et al. (20Q8)ddhat the invasive cladocer@ercopagis
pengoiincreased the length of the pelagic food web éBhltic Sea and Limén et al. (2005) used
stable isotopes to examine food partitioning betweggtive amphipods and the invasive
Echinogammarus ischnus Lake Erie.

The dreissenid mussdlseissena polymorphandD. rostriformis bugensiare notorious
invasive organisms, whose effects on food websaréully understood. It is thought that
dreissenids affect food webs by translocating gnargl nutrients from the pelagic zones of lakes to
the nearshore, and by competing with consumensdiagic primary production (Mills et al. 2003,
Hecky et al. 2004, Higgins and Vander Zanden 20d6¢ky et al. (2004) proposed the nearshore
shunt hypothesis to explain some of the ways ircividreissenid mussels translocate energy and
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nutrients to the nearshore. By filtering the watezissenids increase water clarity and nearshore
nutrient remineralization rates, leading to incezbbenthic primary production in the nearshore.
Additionally, pelagic material filtered and sedirtesh (biodeposited) by dreissenids can become
available to benthic consumers such as amphipatist@aronomids (Izvekova and Lvova-
Katchanova 1972; Gergs 2009). The result is inetassource availability to nearshore consumers
at the expense of the pelagic food web.

Current understanding of dreissenid effects on feeds comes from hypothetical and
numerical models (eg. Mills et al. 2003, Pothoved Kadenjian 2008), experimental ponds (Thayer
et al. 1997), and studies of direct predation @isdenids or of feeding on their biodeposits (Fnenc
and Bur 1992, Custer and Custer 1996, Gergs 28@tively few studies used stable isotopes to
explore the effects of dreissenids on aquatic fwets. Results of these studies show that dreissenid
are trophically flexible, can potentially competghazooplankton for pelagic production, and that
dreissenid deposits can form an important pameditebrate diet (Mitchell et al. 1996, Szabo 2004,
Garton et al. 2005, Limén et al. 2005, Gergs 2@z8npbell et al. 2009, Rennie et al. 2009).
Campbell et al. (2009) have shown that by feedmgdreissenids, invasive round gobies can re-direct
energy from dreissenids to littoral fish such asstend perch. The study by Rennie et al. (2009) is
unique among the above in adding a temporal dimartsithe study of dreissenid impacts on food
webs. They employed stable isotope analysis ofgrd-post-dreissenid lake whitefish samples from
Lake Huron to investigate the impacts of dreissenidvhitefish foraging behaviour, finding
increased reliance on benthic resources by whitefiter dreissenid establishment.

In this study | used stable isotope ratios of caréiod nitrogen to investigate the effects of
dreissenid invasion on the littoral benthic foodoved Lake Simcoe, Ontario. Various components of
the pre- and post-dreissenid food web were analysddtermine whether the establishment of
dreissenids in Lake Simcoe had effects on the sswtenergy and feeding relationships of the
littoral benthos. | hypothesized that the pre-dreiisd food web was supported primarily by littoral
benthic primary production, whereas the post-desissfood web was at least in part supported by
redirected pelagic carbon, in the form of dreisgdnddeposits. The shift to greater reliance on
pelagic primary production was expected to resuttdpleted®C values of members of the post-
dreissenid food web compared with those of thedpeéssenid food web (Hecky and Hesslein 1995,
France 1995).
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5.2 Materials and Methods

5.2.1 Study site

This study was carried out in Lake Simcoe, a 147@2 knf) oligo-mesotrophic lake located
in southern Ontario, Canada. Lake Simcoe was inragiedreissenid mussels in 1993, but they did
not become abundant in the benthos until 1995 (§€e#al. in press). In 2006—2008 dreissenid
biomass in Lake Simcoe reached an average of 25h2lifree dry mass/mwith the majority of
biomass concentrated in the nearshore areas kb¢Chapter 2). Periphyton, biodeposit and most
pre- and post- dreissenid invertebrate samples g@lected from shallow depths (1-1.5 m) at
McRae Point (44°33'49” N, 79°20’1” W). Seston sa@splvere collected at nearshore stations
throughout the lake.

5.2.2 Sample collection, processing and analysis

Sestonic material was collected in Late July aatyeAugust of 2008 at 8 stations
throughout the littoral shallows of the lake. $astamples were collected in a plastic bottle
submerged to about 0.5 m, then filtered onto predsjuartz filters, dried at 80 for ~ 24 hours and
stored in a desiccator until analysis. Periphytot mussel deposits were collected from shallow
(~1.5 m) depths at McRae Point on September 218.200ssel-free, periphyton covered rocks were
carefully brought to the surface, placed in plaktigs, and frozen until processing. In the lab,
periphyton was scraped from the surface of rockeddat 66C for ~24 hours and stored in a
desiccator until analysis. Two methods were usembliect mussel deposits situ. A 60-mL syringe
with an 18 gauge needle was used to collect mdsgeisits and detritus beneath mussel colonies
adhering to rocks. In addition | collected freshssel deposits from the surface of mussel colonies
using a 60-mL syringe with a piece of 2 mm tygadoirig fitted to the syringe. | observed mussels
expelling feces, which remained loosely depositethe surface of colonies, and was able to
carefully collect this material with the tube-fiteyringe without visibly disturbing the periphytic
material covering the mussels. Mussel biodeposiipées were filtered onto pre-ashed quartz filters
and treated the same way as seston samples.

Benthic invertebrates for isotope analysis werepadhin August of 1993 (pre-dreissenid
period) and in September of 2008 (post-dreissesib@). Invertebrate sampling was conducted
using the kick-and-sweep method in shallow (~1 tlge rocky areas near McRae Point. Crayfish
were collected from two adjacent sit€@sconectes propinquus 1993 and 2007 were collected from
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2—6 m-depths at Strawberry Island (44°33'3" N, D222" W). The rusty crayfishQ. rusticus,
having invaded Lake Simcoe only recently, were @maljected in 2007 from 2—6 m-depths at Grape
Island (44°34'44" N, 79°23'7" W) where they were tlominant crayfish species at the time of
sampling. | saw no evidence of variation of crayfitable isotope values with depth, so isotopic
ratios of crayfish from all depths were pooleddoalysis. Macroinvertebrates collected in 1993 and
2008 were allowed to empty their guts for ~24 haanefrigerated containers with lake water,
separated into general taxonomic groups and sfoveen in de-ionized water. They were thawed in
November 2008, where possible identified to gempecies, dried at 80 for 24-48 hours, and
ground into a fine powder. Crayfish were storedéruntil processing, at which time pieces of tail
muscle were removed, dried a6tand ground to a fine powder. Nine littoral inedntate taxa were
collected in 1993, and fifteen in 2007—-2008, ofathiive were collected in both years.
Macroinvertebrate samples were weighed to ~0.2%magpacked in tin capsules for isotope
analysis. | submitted acidified and unacidified-salnples of periphyton, seston and biodeposits to
eliminate the effect of carbonate material on swédpic values of organic matter. Periphyton
acidification was done using 10% HCI, which wasmjoadded to ground samples until bubbling
stopped. The acidified samples were then driechagaground and packed into tin capsules.
Acidification of seston and biodeposit samples aeseved with acid fumigation, using concentrated
HCI, for the duration of 8 hours (Lorrain et al.0&). | used ~2 mg of material for unacidifed
periphyton samples and ~4 mg for acidified periphytSamples were analysed on a Delta Plus
continuous flow stable isotope ratio mass spectten{@hermo Finnigan / Bremen-Germany)
coupled to a Carlo Erba elemental analyzer (CHNEA®Q108 - Italy). Replicate sample analysis
showed a standard deviation of 0.21 %.'f@ and 0.28 %o foF°N.

5.2.3 Mixing models and trophic position estimates

Stable isotope analysis results B and'N are expressed ih(delta) notation which is a
ratio of the ratios of the heavy and light isotg¢he elements in the sample and a standard,
expressed in per mil (%), or parts per thousand:

(1) 8 = (ReampldRstandare1)*1000, and R= (Heavy isotope/Light isotope)

Peedee belemnite and atmospheric air were usée atandards for carbon and nitrogen,

respectively.
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A simple two-source mixing model was applied ttneate the relative contribution§ o©f

different carbon sources to each invertebrate taxon

(2) fsource 1:(5sample'850urce )/( Ssource ISSOUFCE )

Three different combinations of food sources wewm@ned using the above mixing model for 2008
invertebrate samples. The first estimated theivel&iontributions of pelagic carbon and periphyton
to different consumers based on isotope valuessiba and periphyton. The second estimate
compared the contributions of periphyton and degigsbiodeposits to consumers. Finally, | used
primary consumers to estimate the relative contidiog of pelagic and periphytic carbon to the food
web (Post 2002). In the third mixing model filteetling dreissenids were used as a pelagic end
member, and psephenid beetles, being the mostedrall post-dreissenid organisms, were used as
the benthic end member. Because no samples of yrimnaducers were available from 1993, | used
the last, primary consumer-based approach for prisskenid samples. Filter feeding hydropsychid
caddisflies were the most depletedt’C and were used as the pelagic end member. THeRnaia
sp. was the most enriched taxon and was used &etitieic end member. | assumed no trophic
fractionation of carbon (Post 2002).

Trophic position was estimated using the generdlemguation given in Post (2002):
(3) TrOphiC pOSitionag"'(615Nsample_[615Nsourcef(fsource I"615Nsource2x(l'fsource )]/AN

Wherel is the trophic position of the sources on whiah ¢stimate is based (1 if using primary
producers, 2 if using primary consumer) ands the trophic fractionation of nitrogen. In order
examine the sensitivity of trophic position estiegato assumptions regarding nitrogen fractionation
rates | used two different nitrogen fractionatichemes. The first fractionation scheme used 3.4 %o
(x 0.98 SD) for all members of the benthos, as ssgggl by Post (2002). In the second | used 3.24 %o
(x 0.41 SD) for carnivores, and 2.51 (+ 2.50 SD)Herbivores and detritivores (Vander Zanden and
Rasmussen 2001). The two fractionation schemes wgae to make an estimate of trophic position
based on all three combinations of carbon soume®(08. Seston and periphyton, biodeposits and
periphyton and finally the primary consumers dreisds and psephenids were used ‘as

baselines. No primary producers were collected®®Blso | use@ammarus fasciatushe primary

consumer with the lowest™N values as the nitrogen baseline for both pelagitbenthic nitrogen.
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5.2.4 Statistical analyses

Comparisons 05*3C ands *°N stable isotope values for taxonomic groups thereveampled
in both 1993 and 2008 were done using two-samf@sts. One way ANOVA tests were applied to
compare the proportion of periphytic carbon indiets of different taxonomic groups as determined
by the three approaches described earlier. Trdphé estimates based on different baselines and
fractionation factors were also compared usingwag ANOVA for each taxonomic group.
Statistical significance was determinecia0.05. All statistical tests were done in SigmaPlot
11(Systat Software Inc., Chicago).

5.3 Results

The results of isotope analyses for the comporwhitee littoral food web of Lake Simcoe
are summarized in table 5.1. There was signifieanthment irs**C for all 93-08 pairs (Fig. 5.1,
Table 5.2), withPhysasp. showing the smallest change (2.1 %.) @ngropinquushowing the
largest change (4.89 %o). The average chang&@hfor all groups was 3.94 (20.51 SE) %o. | also
observed significant enrichmentdfN for most groups, although these were smaller thamges in
8 *%C valuesGammarus fasciatudisplayed the largest changesittN, while O. propinquusshowed
no significant change. The average change'iN for all groups was 1.87 (+0.63 SE) %o.

| noted good separation between potential foodcssuof the post-dreissenid food web:
periphyton (-11.5% **C, 3.78 **N), biodeposits (-22.6°C, 4.15 *N) and seston (-269"°C, 4.5
*N) (Fig. 5.2). Biodeposit material lies closer &s®nic material than to periphyton, soitsC
signature suggests that it is composed mostly lafggecarbon. Organisms such as psephenids,
dreissenid mussels, snails, amphipods and isogmmsaato form the second trophic level, with
predacious caddisflies and crayfish at the toeflittoral invertebrate food web. Most organisms
haves °C values intermediate between sestonic and pefipmgterial, suggesting that pelagic
material (in the form of dreissenid biodepositsasimportant energy source for the littoral food

web.

73



Table 5.1: summary of the results of stable isotope analysigarious components of the littoral
food web of Lake Simcoe prior to dreissenid essdinlient and following dreissenid establishment.

collection "N
taxon details year n 5"c 5"°N 3°CSE SE
Ceraclea sp. caddisfly 1993 2 -23.61 7.62 1.71 0.56
Gammarus fasciatus amphipod 1993 5 -23.85 3.59 0.49 0.24
Hydropsychidae caddisfly 1993 4 -28.16 8.64 0.27 0.33
O. propinquus large crayfish 1993 18 -23.54 10.54 0.16 0.15
Oligochaetea 1993 2 -26.63 14.00 0.15 0.60
Physa sp. snail 1993 5 -21.21 5.26 0.14 0.05
Stagnicola sp. snail 1993 3 -21.64 5.49 0.41 0.38
Stenacron sp. mayfly 1993 4 -25.19 5.26 0.10 0.57
Stenonema sp. mayfly 1993 8 -24.91 4.58 0.23 0.31
Seston 2008 7 -27.26 5.90 0.15 0.10
Periphyton 2008 5 -11.49 3.73 0.70 0.12
Dreissenid biodeposits 2008 6 -22.56 4.15 0.32 0.10
Dreissena spp. 2008 7 -25.84 7.29 0.15 0.10
Echinogammarus ischnus amphipod 2008 6 -18.60 6.05 0.18 0.20
Elmidae beetle larvae 2008 4 -19.09 6.40 0.30 0.11
Gammarus fasciatus amphipod 2008 6 -19.93 7.59 0.11 0.11
Goniobasis sp. snail 2008 7 -17.89 8.18 0.30 0.21
Hydropsychidae caddisfly 2008 2 -24.27 10.29 0.18 0.07
Isopoda isopod 2008 6 -19.27 6.53 0.11 0.23
O. propinquus large crayfish 2007 10 -18.75 10.52 0.09 0.08
O. propinquus small crayfish 2007 7 -18.12 9.96 0.26 0.14
O. rusticus large crayfish 2007 4 -20.25 10.78 0.15 0.02
O. rusticus medium crayfish 2007 7 -17.78 9.30 0.57 0.12
O. rusticus small crayfish 2007 7 -19.37 9.43 0.57 0.12
Physa sp. snail 2008 6 -19.12 7.35 0.43 0.12
Polycentropus sp. caddisfly 2008 4 -21.08 9.77 0.36 0.11
Psephenidae beetle larvae 2008 5 -15.82 5.65 0.70 0.12
Stenacron sp. mayfly 2008 2 -22.17 7.13 0.12 0.10
Stenonema sp. mayfly 2008 6 -19.68 6.44 0.30 0.08
Tanypodinae chironomid 2008 4 -19.61 8.29 0.15 0.10

Mixing models show that post-dreissenid organisispldy a range of reliance on benthic
carbon, with most organisms showing intermediateesaand few feeding more exclusively on one
or other source (Fig. 5.3, Table 5.3). The calémtabased on primary consumers shows the highest
degree of reliance on periphytic carbon for albtaxhile the calculation comparing periphyton and
biodeposits shows the lowest. The three calculatiethods offer a generally similar picture of
relative reliance on benthic resources: all shoapRenidae to be the most reliant on benthic carbon,

isopods, amphipods and snails to consume about aouoaints benthic and pelagic carbon; and
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Dreissenaspp., hydropsychid§tenacrorsp. andPolycentropusp. were dependent mainly on
pelagic carbon. Comparisons of benthic vs. pelegibon contributions based on primary producers
and primary consumers show similar (not statidgiadifferent) results for all taxonomic groups. The
comparison using biodeposits and periphyton astbesources shows significantly lower use of
benthic resources than the calculation based omapyi consumers, and similar values in most cases
to the calculation based on seston and periphiitoa.results from the pre-dreissenid mixing model
(Table 5.4) are not statistically different tharsppdreissenid primary consumers-based results for
most groups, with the exceptionlfiysasp. which shows higher reliance on periphytic oarim the
pre-dreissenid calculation, a consequence of usamythe benthic end-member in the mixing model.

Table5.2: Average difference i6*3C andd™N values of taxa collected in 1993 and 2008. Askesri
indicated significant difference. Positive numbiedicate enrichment, negative numbers indicate
depletion.

Taxon 613C difference (1993-2008) 015N difference (1993-2008)
G. fasciatus 3.92° 4.0

Heptageniidae 49 1.59"

Hydropsychidae 3.88" 1.65

O. propinquus 4.89 -0.05

Physa sp. 2.10° 2.09

Average difference 3.94 1.87

Trophic levels were calculated based on 8/l fractionation schemes (Table 5.5). The first
was based on the results of Post (2002), who faaedage fractionation value of 3.4 (£0.98 SD) %o
for carnivores and herbivores. The second was basdoe results of Vander Zanden and
Rassmussen (2001) whose data suggest fractior@dtibf2 (£ 2.5 SD) %o for herbivorous
consumers and 3.24 (x0.41 SD) %o for carnivoresphimlevels were calculated within these two
frameworks using seston and periphyton, biodepasilsperiphyton and primary consumers as
trophic baselines for 2008 data and using primansamers for 1993 data. Calculations using
fractionation factors suggested by Vander ZandehRasmussen (2001) resulted in higher trophic
level values for all baseline comparisons thandghmsed on Post (2002). Error values were also
higher when using the fractionation factors sugegkbly Vander Zanden and Rasmussen (2001),

because of the greater uncertainty associatedtétfractionation factors they present.

75



Table 5.3 Fraction of periphyton carbon in post-dreissemidsumers, calculated using three

different baselines.

Calculation method:

1° producer based

1° producer based

1° consumer based

Comparison: seston-periphyton biodeposits-periphyton seston-periphyton
Taxon f periphyton f periphyton f periphyton
Ceraclea sp. -- -- --
Dreissena spp. 0.07 +0.03" -0.3 +0.03° 0+0.1%

E. ischnus 0.54 +0.04"® 0.36 +0.04" 0.72 +0. 09°
Elmidae 0.51 +0.04"® 0.31 +0.04* 0.67 +0.09°
G. fasciatus 0.45 +0.04"® 0.24 +0.03* 0.59 +0.08°
Goniobasis sp. 0.58 +0.04"® 0.42 +0.04" 0.79+0.1°%
Hydropsychidae 0.17 +0.04* -0.15 +-0.03" 0.16 +0.07*
Isopoda 0.50 +0.04* 0.3+0.03° 0.66 +0.09"
Oligochaete -- -- --

O. propinquus, large 0.53 +0.04"° 0.34 +0.03* 0.71 0.09°
0. propinquus, small 0.57 +0.04"® 0.4 +0.04° 0.77 0.09"
O. rusticus, large 0.43 +0.04* 0.21 +0.03° 0.56 +0.08"
O. rusticus, medium 0.59 +0.06A° 0.43 +0.06® 0.8 +0.11*
O. rusticus, small 0.49 +0.05A° 0.29 +0.06° 0.65 +0.1*
Physa sp. 0.51 +0.05"® 0.31 +0.05" 0.67 +0.1°
Polycentropus sp. 0.38 +0.04" 0.13+0.04° 0.47 0.09"
Psephenidae 0.72 +0.06"® 0.61 +0.07® 1+0.12%
Stagnicola sp. -- -- -
Stenacron sp. 0.310.04* 0.04 +0.03° 0.37 0.08"
Stenonema sp. 0.47 +0.04* 0.26 +0.04° 0.61 #0.09"
Tanypodinae 0.47 +0.03"° 0.27 +0.03® 0.62 +0.08"

Comparisons based on different baselines resuitsuilar estimates of trophic position. The
calculation based on primary producers consisteatiylted in the lowest standard error, while the
one based on primary consumers the highest. Thaladbn based on periphyton and biodeposits
showed intermediate standard error values. Préssdn@d organisms for which a pair existed in the
post-dreissenid dataset tended to be at a sligigher trophic level than their post-dreissenid
counterparts. Trophic level estimates were noissiedlly different for any of the calculations
methods, regardless of fractionation values useéhapily owing to the large error values associated
with the estimates. In 2008, psephenids Bndchnugplaced at the lowest trophic level for
consumers, while larg®. rusticuswere placed at the highest trophic level, regasdtd the approach
used. In 1993, oligochaetes placed higher tharodmr group tested, pre- or post-dreissenid, at an

average trophic level of 5.06 or 6.13, dependingvhith fractionation factor was used.
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Table 5.4: Fraction of periphyton carbon in pre- and posissenid consumers, calculated based on
primary consumer baselines.

Period: Post- dreissenid Pre- dreissenid
Calculation method: 1° consumer based 1° consumer based
Comparison: seston-periphyton seston-periphyton
Taxon f periphyton f periphyton
Ceraclea sp. -- 0.66 +0.25

G. fasciatus 0.59 +0.08" 0.62 +0.07"
Hydropsychidae 0.16 +0.07* 0 +0.06"
Oligochaete - 0.22 +0.05

O. propinquus, large 0.71 +0.09* 0.67 +0.03"
Physa sp. 0.67 +0.1* 1 +0.05°
Stagnicola sp. -- 0.94 +0.06
Stenacron sp. 0.37 +0.08" 0.43 +0.04"
Stenonema sp. 0.61 +0.09* 0.47 #0.05"

5.4 Discussion:

The primary objective of this study was to detemriime importance of dreissenid mussels in
the littoral food web of Lake Simcoe, and to ddseichanges in energy flow associated with
dreissenid establishment in the lake. | was intedceis whether dreissenid establishment led to
changes in the importance of different food sounedke littoral zone, and whether the use of
different mixing models and trophic level estimatesuild result in consistent interpretations of
trophic relationships. To this end, | used stabt¢dpe analysis of potential food sources and of
members of the benthic food web, and employed mirindels and trophic level estimates under
different assumptions. | expected that carbonatiges of post-dreissenid benthos would become
more depleted, signalling greater reliance on reetiéd pelagic carbon (in the form of dreissenid
biodeposits) than in pre-dreissenid years, whetopscally enriched benthic primary production
would have been a relatively more important soofanergy to consumers. The results surprised me
on both counts. While a significant difference amlmon signatures between pre- and post-dreissenid
members of the littoral benthos was found, thective of the change was opposite to my

expectations: post-
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dreissenid benthic organisms were significantlyeremriched i**C ands **N than their pre-
dreissenid counterparts. The results of mixing nsdere also surprising, showing relatively high
levels of reliance on pelagic carbon by the présdemid food web. Despite not conforming to my
pre-conceptions regarding the responses of tleditfood web of Lake Simcoe to the establishment
of dreissenids, the results of this study shedidenable light on the role of dreissenid mussels in
littoral food webs, and raise a number of interestjuestions about the trophic resources avaitable

littoral food webs.
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Figure5.1: Changes to carbon and nitrogen isotopic valugsef post- dreissenid taxa pairs. Filled
circles: pre-dreissenid values, empty circles: qoiosissenid values.

| used mixing models to estimate the importancaiféérent carbon sources to the post-
dreissenid benthic food web, showing that differmaiting models yielded generally similar
estimates of the importance of potential food sesirdembers of the littoral food web displayed an
S-shaped distribution (Fig. 5.3) in their reliameeperiphyton, with few exclusively pelagic or
benthic-reliant organisms, and most groups relgingntermediate levels of benthic and pelagic
production. As could be expected, known filter fedsuch as dreissenids and hydropsychid
caddisflies (Merritt and Cummins 1996) relied mmstpelagic sources, while snailh{ysasp. and
Goniobasissp.), psephenid beetles and crayfish relied modgemthic carbon. Mixing models
indicate that biodeposits could comprise a largégfahe diet of many benthic invertebrates in the
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post-dreissenid food web. Detritivores such asdadapand gammarid amphipods appear to rely
heavily on biodeposited material, and even gragech as snails and heptageniid mayflies show a
strong biodeposit signal. The isotope signal frootbposits can be traced to higher trophic levels;
predators such as crayfish also appear to relgingn carbon from biodeposited material. This
suggests that dreissenid biodeposits are an impatament in the energy budget of the littoraldoo
web, and energy from biodeposits is transferrethaegood web to littoral predators, and potentially
fish.

12
O. rusticus, large
L ‘/O. propinquus, large
10 4 Hydropsychidae 8 [@)_ O propinquus, small
Polycentropus sp. HiH 0. rusticus, small
O. rusticus, medium
8 Tanypodinachl |'§| Goniobasis sp.
T T G. fasciatus [}
prd PP- Stenacron sp. Physa sp.
To)
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Figure5.2: **C and™N biplot of post-dreissenid components of the fidtdood web of Lake Simcoe.
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Figure5.3: fraction of periphytic carbon in components df thitoral food web of Lake Simcoe

based on different mixing models. 1: post-dreissé&periphyton calculated based on seston and
periphyton isotope values. 2: post-dreissenid ifpbgton calculated based on biodeposit and
periphyton isotope values. 3: post-dreissenid ijpbgton calculated based on primary consumer
isotope values, with psephenid beetles as the loemtld member, and dreissenids as the pelagic end
member. 4: pre-dreissenid f periphyton calculatesed on primary consumer isotope values, with
the snail?hysasp. as the benthic end member, and hydropsyclidisfies as the pelagic end
member

Here | should address the enricléiC signature of biodeposits compared to their pugagburce
material, seston. If biodeposits were composedeaintdf settled seston they would be expected to
have the same carbon signature as the sestonimesmaterial. However, biodeposits are enriched by
almost 5 %o compared to seston. This result is aintd that found by Szabo (2004) who also
observed dreissenid deposits to be enriched relatigeston in Lake Erie. A number of possible
explanations can be invoked. One possibility i$ ifniahe shallow, relatively turbulent site wherg m
samples were collected resuspended periphytic mbperiodically makes up a portion of the seston,
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leading to a more enriched signal in the biodepositcontamination of my biodeposit samples by
periphytic material is conceivable, but unlikelince material from beneath mussel colonies as well
as fresh material composed entirely of feces/pdegads collected from the surface of colonies
exhibited the same carbon values. It is also plestiats'*C enriched material such as detritus
originating from aquatic macrophytes (Ozersky etiapublished data) is preferentially rejected in
pseudofeces, or is assimilated to a lesser delgametotopically lighter planktonic material,
contributing to the enriche&t®C values in biodeposits. Yet another possibilitihist bacterial
metabolism in the gut of dreissenids leads to aiclement of the biodeposit material (McGoldrick et
al. 2008). The similarity id*3C values between fresh feces/pseudofeces anchaafedal from
underneath mussel colonies implies that bacteaiddan fractionation of biodeposits occurs mostly in
dreissenid guts, and not after the material is keqbe

Comparison 06 **C signatures of primary consumers between thegme-post-dreissenid
benthic littoral food web revealed the surprisimgling that the pre-dreissenid benthic food web was
about as reliant on sestonic primary productiothagost-dreissenid food web. This raises the
guestion what pelagic carbon source was availabhen-filter feeding benthic organisms in the pre-
dreissenid period. One possibility is that benthiilized settled phytoplankton, although the
likelihood of this is uncertain at the shallow d@ntbulent site where this study was carried out.
Another possibility is that native filter feedersch as Unionidae and Sphaeridae acted to redirect
pelagic material to the benthos in a manner similareissenids. Unionidae and Sphaeridae
constituted a large proportion of the littoral beo# in the pre-dreissenid period, and could have
supplied a substantial amount of material to thelmmaore numerically depauperate benthos of the
time (Chapter 4). My use &thysasp. and Hydropsychidae as end members for thdneissenid
food web may have skewed the results somewhag bioih were shown to rely on a mixture of
benthic and pelagic material in the post-dreisspeiibd, which could possibly lead to an
overestimate of the importance of pelagic maténishe pre-dreissenid food web.

One of the most surprising findings of this studgsvihe greate™*C ands™>N enrichment of
the post-dreissenid food web compared to the peissinid food web. This is in opposition to my
expectation; | anticipated that the post-dreissésid web would be depleted 31°C compared to
the pre-dreissenid food web, as a consequenceafgyrreliance on pelagic carbon sources, which
tend to have depletedC values compared to periphyton (eg. Hecky and IEi@s$995). Since the
mixing models indicate little change in the relatioles of benthic and pelagic carbon in driving th

littoral food web another explanation for todaytsiehed food web is proposed. | suggest that the
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carbon and nitrogen signatures of both pelagictemdhic primary production have become more
enriched following dreissenid establishment. Deigd mussels increase water clarity and nutrient
remineralization rates which could have contributethcreased rates of pelagic and benthic primary
production. A number of studies have shown tharawith rates of periphyton increase their carbon
and nitrogen fractionation rates decrease leadimgdare enriched **C and3™N values (MacLeod

and Barton 1998, Trudeau and Rasmussen 2003]s istmdeed the case here, an enrichment of
about 8-10 %o should have occurred indH€ values of periphyton to account for differenaes i

13C values of pre- and post-dreissenid consumersk\karatural and artificial streams by Hill and
Middleton (2006) and Hill et al. (2008) showed thhanges in biomass and growth rates of
periphyton had dramatic effects 81C signatures of the periphyton, with enrichmenelsv
comparable to the ones observed in this study datibling of periphyton biomass. Like benthic
grazers, filter-feeding hydropsychids also showoheds °C ands™N values in the post-dreissenid
food web. This implies that pelagic production sateay have increased, leading to more enriched
carbon and nitrogen signatures of phytoplanktonufber of studies in marine systems have
demonstrated that carbon fractionation by phytdftamdeclines with growth rates (Laws et al.
1995; Burkhardt et al. 1999), and Higgins and Vatdanden (2010) found that phytoplankton
growth rates tend to increase in dreissenid invagetems. Thus, dreissenid-mediated changes to the
growth rates of periphyton and phytoplankton mayehad to changes in the carbon and nitrogen
baseline of the Lake Simcoe food web. The lackhainge in5™°N values in crayfish from pre- to
post-dreissenid periods may be explained by twsiptessmechanisms. It is conceivable that post-
dreissenid crayfish are less predacious than pisstmid crayfish, utilizing more periphyton and
detritus than their pre-dreissenid counterpartgerAhtively, or in addition, it is possible thatspo
dreissenid crayfish make greater use of primargaomers, which increased greatly in abundance
following dreissenid establishment, whereas présdemid crayfish consumed more secondary
consumers.

Estimates of trophic position were generally caesiswith expectations. Organisms
considered to be grazers or detritivores placéolvedr trophic levels than ones known to be
predacious regardless of the method used to estitmgihic level. Trophic level estimates based on
seston and periphyton were lower than expecteddiare consumers, often being lower than 2,
especially when using 3.4 %o as the fractionatiandia This suggests deviationdftN fractionation
from assumed rates. Trophic level estimates basdulooleposits and periphyton and on primary

consumers generally yielded higher and more reatistphic level estimates than those based on
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seston and periphyton. Crayfish occupied the higiheghic level in the post-dreissenid food web,
with their trophic position suggesting that theg antirely or nearly entirely predacious. This fingd

is consistent with work by Roth et al. (2006) antiffédge and Rabeni (1997), who found that
crayfish are primarily predators, assimilating niy\aemimal carbon, and are not indiscriminate
omnivores as thought earlier (summarized in Morh®85). It appears that post-dreissenid crayfish
do not rely on dreissenids as a direct food soumstgead integrating a pelagic signature indirelogty
feeding on primary consumers and detritivores wisimiisume biodeposited material. Oligochaetes
were the mos*®N enriched organisms in the pre-dreissenid food, wkiring them at the top of the
pre-dreissenid food web. This finding is puzzlingnsidering that lumbriculid worms, like the ones
analysed in this study are thought to feed primpanil algae, detritus and the associated bacteria
(Moore 1978). It seems likely that oligochaetes rimagtionate nitrogen to a much greater extent than
many other aquatic organisms, which accounts feir tmusually higs*N values.

The recent appearance of the rusty crayfish in |Sikecoe has raised concerns regarding the
role this invasive crayfish will play in the ecologf the Lake. My results suggest that the prewious
dominantO. propinquusand the newcomeD. rusticusoccupy similar trophic niches, which may lead
to competition. Both are predacious, with largexcsmens significantly more enricheddhN (and
hence more predacious) than smaller conspeciftes |arger and more aggresserusticushas
almost completely displaced. propinquusn some areas of the lake, and competition foreshood
resources may be part of the reason, although ditropdor shelter and differences in susceptibilit
to predation likely also play an important role (Ggy et al. 1994)

The invasive amphipol. ischnuswvas recently introduced to Lake Simcoe. My resshisw
thatE. ischnusand the native amphipdsl. fasciatushare a similar carbon source, altho@®h
fasciatusis more enriched if**N , suggesting it may be more predatory than thasiveE. ischnus
These results contrast with those of Limén et28l06) who studied food partitioning between these
amphipod species in Lake Erie. They found fhaschnusvere more enriched 81°N, indicating a
greater level of carnivory but were depleted’iC relative toG. fasciatusvhich displayed greater
reliance on dreissenid biodeposits. Interpretaidimeir results and comparison with the results of
this study is complicated because Limén et al. §20id not acidify dreissenid biodeposit materéal,
procedure that | found to be necessary to remmtepgally heavy carbonate from the samples.

The differences in the results of different miximgdels and trophic level estimates highlight
the sensitivity of these models to the assumptioade by investigators. | assumed no trophic

fractionation of carbon, and applied two differ8iN fractionation schemes, one using the oft-cited
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3.4 %o tropic level and another using 2.51 %o tropic leVébr herbivores and 3.24 %o tropic level

for carnivores. My trophic level estimates sugdkat the 2.51 %o tropic levélfractionation
suggested by Vander Zanden and Rassmussen (200Brkvores may be more correct in the case
of herbivores and detritivores in this study, wiild %. tropic levet seems to be close to that
observed here for predators such as crayfish asdhpious caddisflies. Despite the general
applicability of literature fractionation valuestfractionation exhibited by many groups was quite
variable. Psephenid beetles fractionated to alessgee (~2 %o) than many other groups, and the
shail Goniobasissp. to a greater degree (~ 4 %o) than expectedeiths well established that
fractionation rates can vary widely among differeaxonomic groups and locations, this is often not
acknowledged by investigators attempting to usarigard’s™N fractionation rates to reconstruct
trophic structure of food webs. In addition, sorfi¢he perceived variability iG'°N fractionation in
field studies may be due to greater levels of ommyiveven by “obligate” grazers or filter feeders
than commonly assumed. The reality is that thesdiémany aquatic invertebrates are poorly
characterized, and are often based on fragmentarjnaomplete information.

The assumptions | made in mixing models and trolhviel estimates sometimes had
noticeable effects on results. Use of primary poedsi and primary consumers as baselines for carbon
and nitrogen values resulted in slightly differeatimates of the importance of benthic and pelagic
carbon to the littoral food web and to estimatesaghic level, although the differences were not
very large. Differences in assumed fractionatiof'd¥ also led to variation in trophic position
estimates, although these tended to be no highar+8.4 trophic level for the groups most sensitive
to changing assumptions regarding fractionatiore [ahge error margins resulting from variability in
isotope values of organisms, error associated frdtttionation coefficients and error propagation in
calculations made the results of different mixingdels and trophic level estimates statistically
similar. The large error associated with isotopseosfood web reconstruction and the effects of
assumptions on model results should remind ecdkotiiat results of stable isotope studies should be
interpreted with care and caution.

| have shown that dreissenid-redirected pelagidyetion in the form of biodeposits
contributes significantly to the carbon budgeths post-dreissenid littoral benthos in Lake Simcoe,
as does littoral benthic primary production. At gzene time, the proportion of pelagic carbon in the
diet of littoral benthos has changed little sine introduction of dreissenids, making up about hal
the carbon budget of the littoral food web. Thiswd be viewed in light of the enormous increase

(almost 50 times) in the standing stock of littdsahthos following dreissenid introduction (Chapter
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4). Some of the largest increases in abundana@finlly dreissenid introduction were among
detritivores and omnivores such as amphipods ambds which were shown to rely heavily on
dreissenid biodeposits. Thus, while the relativpanmnce of benthic and pelagic carbon to different
taxonomic groups has changed little, the absolfitance of both carbon sources to the benthic
food web increased by orders of magnitude. Whibe deantitative data exist, evidence from video
recordings and the isotopic enrichment of bentlga@suggests that benthic algal production also
increased considerably in the post-dreissenid gelikely driven by dreissenid-induced increases in
water clarity and nutrient remineralization rafeseissenids appear to have increased food resource
availability to benthic organisms in the littorare through two mechanisms. By increasing the rate
of deposition of pelagic material to the benthaejsbenids made large quantities of pelagic carbon
available to benthic organisms able to utilize tkesource. At the same time, dreissenids increased
the productivity of benthic algae, further increasfood resource availability. These findings are
consistent with the predictions of the nearshotmtshypothesis, showing that redirection of pelagic
carbon to the nearshore and stimulation of littbeadthic production by dreissenids contribute
significantly to secondary production in the nearshwhich experienced considerable increases
following dreissenid establishment.

The results of this study raise a number of questiegarding the effects of dreissenids on
food webs and have an interesting implication $otape-based studies of food web disruptions. |
carried out this study in relatively shallow deptiwbere benthic primary production is expectedeo b
high, finding it to be an important energy soumdéittoral benthos. | predict that at greater depth
where less benthic production occurs dreisseniddpiosits should be a more important energy
source to the benthos. This prediction remainsttebted, and the importance of dreissenid
biodeposits to the overall energy budget of invasleiems needs to be quantified. Another important
guestion is how changes to energy flow in thertitbenthos affect higher vertebrate consumers.
Preliminary evidence suggests that littoral fiskehalso undergone enrichmen®iiC values
following dreissenid establishment (D.O Evans, uttighed data), and integrate benthic primary
production and redirected pelagic production. FutMork needs to clarify energy flow pathways
from the benthos to higher trophic levels in litlczones in the wake of dreissenid establishment.

While | do not unequivocally show that dreisseridse changed the isotopic composition of
benthic and pelagic primary producers, the restiftsgly suggest that this has occurred. This has a
interesting implication for other food web studeesnparing pre- and post-impact trophic

relationships in lake food webs. If shifts in tketbpic composition of primary producers occur, but
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are not quantified by the researchers, false ceimis may be reached. For example, if | analysed th
isotopic composition of littoral fish before andeafdreissenid invasion, finding more enriched
carbon values in post-invasion fish | could haveimérpreted this result as increased reliancheof t
fish on benthic resources, while in reality thelliance on benthic and pelagic resources has not
changed, but rather the isotopic composition offtloel sources changed. Thus, researchers seeking
to use isotopes to study the effects of food wshugitions would be wise to use other indicators of
feeding relationships, such as gut content anafggisRennie et al. 2009), and exercise caution in
interpreting the results of isotope based food stalies.

To summarize, dreissenid mussel invasion into L%ikecoe has led to a number of changes
to energy flow patterns in the littoral food wehcieased benthic primary production likely resulted
in enriched carbon and nitrogen values of peripiyteading to a shift in the overall isotopic
composition of the food web. Many organisms seemelioon redirected pelagic carbon, in the form
of dreissenid biodeposits, although periphytic @tiynproduction also plays an important role in the
energy balance of the post-dreissenid food webla¥hé relative importance of pelagic and benthic
carbon for individual taxa appears to have chatigiélfollowing dreissenid establishment, the
overall importance of both carbon sources greattyeiased due to the very large increases in the
abundance of benthic invertebrates which followesdsgenid establishment. The results of this study
show that dreissenids are shunting nutrients tdittoeal zone directly, by making pelagic material
available to the benthos, and indirectly, by stiing benthic primary production. Future studies
should expand on these results by investigatingnipertance of dreissenids to food webs of

different lakes and different regions of lakeswadl as higher trophic levels.
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Chapter 6

Discussion

6.1 General remarks

Dreissenid mussels have the potential to causeesalterations to the ecological functioning
of invaded ecosystems. The litany of their impactgers almost all aspects of ecosystem function.
From biogeochemical cycling, to physical charast&s of the water column and lake bottom, to
biological production, community structure and $egdlistributions, the tiny incriminating
fingerprints of dreissenids are evident. | belithat our current understanding of the impacts of
dreissenid on lake ecosystems can be summarizeteisentencetreissenids translocate biological
productivity from the open water to the nearshoeathosVanderploeg et al. 2002, Mills et al. 2003,
Hecky et al. 2004, Gergs 2009, Higgins and Vanderdgn 2010). My thesis is set within this
theoretical framework, and explores the interactiohdreissenids and their environment in the
nearshore zone of large lakes, an area of dreigggnehere considerable gaps in knowledge

remain.

6.2 Chapter 2

The effects of any organism on its environment dépend, in large part, on its abundance
and distribution in the ecosystem. Previous studie® identified a number of important parameters
affecting dreissenid distribution in lakes, incluglisubstrate composition, salinity, calcium
concentrations, productivity, and predator pressline effects of disturbance by surface waves on
dreissenids have also been recognized, but feviestgdantified the relationship between
disturbance and dreissenids, and none has doneawhole-lake scale. In chapter 2 | surveyed the
distributions of dreissenid mussels in Lake Sim&tario and described the effects of a number of
important parameters on dreissenid distributiothenlake.

| used video and ponar sampling to survey theildigion of dreissenids at close to 100 sites
throughout Lake Simcoe. Using wind records | estéddhe relative exposure of sampling sites to
wave disturbance, and from video recording and pgrabs determined the dominant type of
substrate at each site. My results show that ilahavater dreissenid biomass is significantly and
negatively associated with exposure to waves. iBtlse first demonstration of the importance of
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disturbance in structuring dreissenid populatiomsevhole-ecosystem scale. | also found that
dreissenids were more abundant on some macropbgtées than on others, suggesting that in
macrophyte dominated areas the distribution ofsdeziids may be related to the distribution of
different macrophyte species.

The results of this chapter predict that dreisseidthass peaks at intermediate depths of the
littoral zone of large lakes. At shallow depth sied waves and ice scour can reduce dreissenid
biomass through catastrophic disturbance. At inéeliate depths, disturbance is not intense enough
to cause destruction of mussels but is high entougmaintain an abundance of hard substrate which
can support a high biomass of dreissenids. At grebtpths soft substrates become more common,
which can limit dreissenid biomass. Low levels @fter movement at greater depths can also lead to
lower food delivery rates to the mussels, posdilnher limiting their growth and abundance. Using
the results of my surveys and the relationshipaden dreissenid biomass and environmental
parameters | made an estimate of the total biorwadslistribution pattern of dreissenids in the ldke
found that the majority of dreissenid biomass (~8@fs concentrated in the littoral zone of the
Lake Simcoe, where dreissenids presumably woulé haximal impacts on benthic primary

producers and littoral animals.

6.3 Chapter 3

The high abundance of dreissenids in the illumithditeoral zone of large lakes allows them
to have considerable impacts on nearshore nutrigting and consequently on benthic primary
producers. Past studies, based on laboratory exeets, demonstrated that large dreissenid
populations can excrete considerable amounts afpdtwus, the nutrient most commonly limiting
primary production in freshwater ecosystems. Imtfa3 | describe the results of iarsitu study
measuring dreissenid phosphorus excretion, andndiete the importance of dreissenids to nearshore
primary production. This study was conducted inrtharshore of Lake Ontario.

Dreissenid phosphorus excretion was measuredénesofin situ microcosm incubations,
and dreissenid biomass along a portion of shor@lae measured using a video-based method. This
allowed me to extrapolate dreissenid phosphorusetiga rates in the entire study area: a stretch of
the littoral zone approximately 10 kiim area. To determine the relative importancerefssenids to
nearshore phosphorus cycling in the study aredp#uing of phosphorus from the watershed was
estimated, and phosphorus demand by primary proslic¢he study area was modeled with the help
of Dr. S. Malkin.
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The results of this chapter show that dreisseradisbe a large and important source of
dissolved phosphorus to nearshore areas. Dreissexitleted more phosphorus in the study area than
was contributed by watershed sources such as ¢reakte-water treatment plans and storm sewers.
Dreissenids also contributed more phosphorus teaded to meet the demand by the large biomass
of the benthic alga€ladophorawhich dominates benthic primary production in shedy area.
Dreissenid mussel excretion represents a noveteaimutrients in the nearshore of large invaded
lakes, redirecting nutrients from the phytoplankiotventhic primary producers, and may be
responsible for the nuisance growth of benthicelghich has occurred in the lower great lakes
following dreissenid establishment. The resultthef chapter suggest that controlling nuisance
benthic algal growth in dreissenid-invaded lardetamay be difficult; local reductions in nutrient
inputs may not appreciably reduce nuisance algaliyr because dreissenids can draw on the large

pool of nutrients contained in pelagic phytoplamktimanslocating these nutrients to benthic algae.

6.4 Chapter 4

It has long been recognized that dreissenids cem laage impacts on other benthic
organisms. Generally, dreissenids are thoughthamge the production and standing stock of littoral
benthos, while negatively impacting profundal béntirganisms. The positive impacts of dreissenids
on nearshore benthos are likely due to increasedi dwailability to the benthos (in the form of
dreissenid biodeposits and enhanced benthic pripraguction), and due to increased habitat
availability on and in between dreissenid shellscd&ise the benthos inhabiting rocky littoral
substrates is difficult to sample, there have Heenstudies of impacts of dreissenids on such
substrates. Most of these are short term studiag astificial substrates, conducted in a limited
number of locations and depths. In chapter 4 Igrethe results of a long-term study of dreissenid
impacts on the benthos inhabiting rocky littordbstnates, conducted at different depths and lagsitio
throughout the littoral zone of Lake Simcoe, Ortari

In 2008 | used an airlift sampler to survey thetbenfauna of four sites in Lake Simcoe,
sampling three different depths at each site. Thi#as were sampled using similar techniques in
1993, prior to dreissenid establishment in the lak®r. David Evans of the Ontario Ministry of
Natural Resources. | identified and enumeratedyé&mthic organisms present in the 1993 and 2008
samples, allowing me to compare the pre- and pesssenid benthic invertebrate communities in
Lake Simcoe. | determined how the abundance, diyecommunity compaosition, and spatial

distribution of the benthos in Lake Simcoe chanfgedteen years following dreissenid
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establishment, making this one of the longest-tetudies of dreissenid impacts on benthic
communities.

The increase in the abundance of non-dreissenithb&observed in this study is one of the
largest reported in the literature. Detritivoresl @mnivores such as amphipods and isopods
displayed some of the largest increases in abuedaoe almost all taxa increased in abundance
following dreissenid establishment. In additiorthie increased abundance of benthos and changes in
community composition, dreissenid establishmentdiguificant effects on the spatial and depth
distribution of the benthos. In 2008 the benthos mare evenly distributed among depths and sites
than in 1993, both in terms of abundance and msesf community composition. These changes are
the result of a re-engineering of nearshore eneyghing and physical habitat by dreissenids.
Dreissenids likely increased the availability obdoresources to benthic organisms by stimulating
benthic primary production and by biodepositingyaguantities of edible material. Dreissenids also
increased the amount of habitat available to iml@etes among living mussels and among discarded
shells. Because dreissenid occur in large numbessghout the littoral zone, and impact the benthic
habitat in similar ways in different areas of thtotal zone, they have made the distribution afdfo

and habitat more even, leading to a homogenizatidittoral benthic communities.

6.5 Chapter 5

The impact of dreissenids on food webs remainsnaenstudied aspect of dreissenid effects
on ecosystems. It has been suggested that drelssanild increase the reliance of the littoral food
web on pelagic material by redirecting pelagic piaitbn to the littoral benthos. Stable isotopes of
carbon and nitrogen offer a promising avenue fadydhg the impacts of invasive organism and other
perturbations on food webs. In chapter 5 | usedlstiaotope analysis to describe the effects of
dreissenid mussel establishment on energy souncefeading relationships in the littoral food web
of Lake Simcoe.

| analyzed pre- and post- dreissenid samples dhlieimvertebrates and other components of
the littoral food web, and used mixing models anghic level analysis to compare the pre- and post-
dreissenid littoral food web in Lake Simcoe. Theutes suggest that benthic primary production rates
in Lake Simcoe increased following dreissenid distaiment, consistent with expected effects of
dreissenids on benthic primary producers. It apptreat the post-dreissenid littoral food web isutbo
equally dependant on two energy sources: dreisssodtbposited pelagic material and littoral

primary production. Surprisingly, the pre-dreissipénthic food web relied on pelagic and benthic
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primary production to a similar extent to the pdstissenid food web. This should be viewed in light
of the enormous increase in the abundance of eatganisms that occurred following dreissenid
establishment (Chapter 4). While the relative dbations of benthic and pelagic primary production
to the littoral food web did not change, the absoamounts of both needed to sustain the post
dreissenid benthos must have increased by ordensgiitude. Thus, dreissenids increased the
efficiency with which pelagic material is directexthe littoral zone, while simultaneously increasi
littoral primary production. This is the most exdare study of the effects of dreissenids on littora
food webs, and the first study to show that thegiation of littoral primary production by
dreissenids may be an important mechanism in fggthe littoral food web in dreissenid invaded

systems.

6.6 Conclusion

This thesis illustrated some of the mechanismsautjinavhich dreissenids translocate pelagic
production to the nearshore benthos, and discussed of processes controlling the movement of
energy to the nearshore. Based on the resultssoditlal other studies | believe it can be said that
hydrodynamic forces are the most important contalshe strength of littoral-pelagic coupling by
dreissenids. Because lake hydrodynamic regimeeéstty related to lake size, a relationship between
lake size and dreissenid effects can be postulbsedigest that dreissenid-mediated translocation o
material and energy from the pelagic to the littpeaks at intermediate lake size, and is closely
related to hydrodynamic factors (Fig. 6.1).

Dreissenids will have only minor impacts on endrgysport in very small bodies of water
because water turbulence in these systems is Idvile\ivi theory dreissenids should have access to
the entire water column in small and shallow lakesjoving a large amount of pelagic material, few
dreissenids can establish in such systems. Théstftm of such systems can support few
dreissenids, and in lakes that freeze to the boftomearly so) dreissenid populations would be
extirpated every winter, reducing the impacts @iskenids on energy translocation to the benthos.

In larger lakes that do not freeze to the bottomd, lrave a macrophyte community that can
support high dreissenid abundance, the impactseidsknids may become more noticeable. Small to
medium lakes should be well mixed, and the threeedsional structure of the macrophyte-bound
dreissenid community will maximize the ability afeissenid mussels to access the water column.
Many dreissenids however would be killed in thetainwhen macrophytes senesce and dreissenid

remains would become buried in the soft sedimémtiaw layers of decomposing macrophytes.
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Buried mussel shells and biodeposits would havendirect impacts on benthic organisms, and
their translocation of energy to the littoral zameuld be expressed mainly in fertilizing macrophyte
growth with their decomposing bodies and buriedibosits, and in increasing the water clarity,

enabling greater growth of macrophytes.

large

Dreissenid effect

small

small large
Lake size

Figure6.1: Conceptual representation of the ability of draigde to translocate pelagic production to
the littoral zone, as a function on lake size.

In intermediate-sized lakes such as Lake Simco@pacts of dreissenids should be
particularly high. Water movement in such systelrmufd be high enough to maintain abundant hard
substrate for dreissenid colonization of the ldtaone, while providing dreissenids with fresh
supplies of phytoplankton through mixing of the @atolumn. Additionally, water movement is not
so intense as to remove discarded mussel shellsiadeposits trapped in the littoral zone to deeper
portions of the lake. In such systems dreisseradseffectively translocate energy to the littoral,
facilitating benthic primary producers through watkarity increases and nutrient excretion, while
providing edible biodeposited pelagic material ahdlter to the invertebrate community residing in

the littoral zone. Because dreissenid mussels thlerss their shells and their biodeposits are methi
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in the nearshore, they provide an abundant antessapply of resources to the littoral benthos tand
the fish community that depends on them.

In very large lakes hydrodynamic forces in theidt zone are intense, and the efficiency
with which biological production is shunted to thenthos by dreissenids decreases. While the water
column in the littoral is well mixed, and ecosystsize ensures a large supply of suspended energy to
dreissenids, the ratio between the size of thegpead littoral zones becomes very large, making
the relative impact of littoral dreissenids on émire system smaller than in intermediate sizkdda
The small size of the littoral zone relative to getagic zone also means that littoral production
boosted by dreissenids is still a small portiomvbble-lake productivity. In addition, intense water
movement in the littoral zone would transport dided dreissenid shells and biodeposits to greater
depth, below the littoral zone. This means thaisdemid biodeposits and shells will have a lesser
impact on the benthic invertebrate and littorgh ft@mmunities than in intermediate-sized lakes
where dreissenid strongly benefit the benthos. bigginamics may also be the reason that in large
lakes such as Lake Ontario nutrients redirecteédmearshore by dreissenids fuel the production of
inedible benthic algae lik€ladophora while in medium-sized lakes edible, diatom-dorteda
periphyton is favoured. Intense water movemenhé@rtearshore of large lakes allows for effective
diffusion of dreissenid excreted-nutrients into sitreng-like thalli of filamentous algae, which aret
very edible, and hence do not appreciably incréaseesource base of the benthic invertebrate
community. In smaller lakes where wave action $s liatense lower growing forms, which are less
dependant on water movement for nutrient suppldqrenate, and being more edible than
filamentous algae increase the resource base bkththic invertebrate community.

To summarize, dreissenid mussels can be viewedmdagical entity that links the pelagic
and littoral zones of lakes, translocating biolagjigroduction from the open water to the illumimhte
nearshore zone of the lake. This shift in productocurs through a number of pathways including
increases in water clarity, redirection of limitingtrients, and direct transfer of energy in thenfof
biodeposits. | argue that hydrodynamics and coresgtiulake size are an important determinant of
the strength of the connection between the pelagidittoral zones, which peaks at intermediate lak

size.
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Appendix A

Appendix A: Average abundance of benthic invertebrates in &sppm 1993 and 2008 from three

depths and four sites. Number in brackets is caredsird deviation of the mean.

Blackbird Point

Year 1993 2008
Depth (m) 2 4 6 2 4 6
n 4 4 3 3 4 4
Amphipoda
H. azteca 44 (22.9) 28 (10.6) 10 (14.1) 2200 (1882.5) 1988 (1820.5) 212 (150.9)
Gammarus sp. 7 (6) 4(6.9) 4 (5.7) 2372 (1716.8) 316 (200.9) 188 (83)
E. ischnus 0(0) 0(0) 0 (0) 740 (644.7) 32 (37) 0(0)
Crangonyx sp. 0(0) 4(4) 0(0) 696 (725.8) 128 (204.5) 876 (623.7)
Isopoda
C. racovitzai 0(0) 0 (0) 0(0) 1380 (812) 712 (461.8) 3388 (1073.5)
Gastropoda
Hydrobiidae 1(2) 20 (17.4) 18 (25.5) 144 (124.6) 196 (212.8) 224 (242.7)
Physidae 1(2) 1.3(2.3) 2(2.8) 12 (15.3) 4(8) 0(0)
Planorbidae 0(0) 0(0) 0(0) 12 (8) 0(0) 0(0)
Pleuroceridae 0 (0) 0(0) 0 (0) 0(0) 0(0) 0 (0)
Viviparidae 0(0) 0(0) 0(0) 0(0) 0(0) 0(0)
Lymnaeidae 0 (0) 0(0) 0 (0) 0(0) 0(0) 0 (0)
Valvatidae 0(0) 0(0) 0(0) 0(0) 0(0) 0(0)
Ancylidae 0(0) 0(0) 0(0) 0(0) 24 (27.7) 1308 (680.4)
Bivalva
Sphaeriidae 45 (22.9) 28 (35.6) 16 (0) 88 (102.4) 4(8) 56 (91)
D. polymorpha 0(0) 0(0) 0(0) 2512 (817) 1996 (334.4) 3848 (158.1)
D. bugensis 0(0) 0(0) 0(0) 52 (44.1) 100 (99) 220 (76.6)
Unionidae 0(0) 0(0) 0(0) 0(0) 0(0) 0(0)
Insecta
Chironomidae 40 (11.8) 24 (6.9) 38(2.8) 3612 (2341.9) 596 (292.2) 2224 (540.4)
Polycentropodidae 5() 5.3(6.1) 2(2.8) 332 (224.5) 604 (433.7) 1048 (356)
Helicopsychidae 0 (0) 0(0) 0 (0) 100 (129.6) 20 (24) 0(0)
Leptoceridae 5(5) 2.7 (4.6) 0 (0) 16 (18.5) 0(0) 0 (0)
Hydroptilidae 0(0) 0(0) 0(0) 0(0) 0(0) 0(0)
Hydropsychidae 4(8) 0(0) 0 (0) 4(8) 0(0) 0 (0)
Caenidae 1(2) 0(0) 0(0) 44 (54.5) 0(0) 0(0)
Heptageniidae 31 (36.3) 21.3(12.2) 2(2.8) 108 (86) 12 (24) 8 (16)
Ephemeridae 0 (0) 0(0) 0 (0) 0(0) 0(0) 0 (0)
Sialidae 0(0) 0(0) 0(0) 0(0) 0(0) 20 (30.3)
Elmidae 91 (52.6) 6.7 (4.6) 4 (0) 856 (679.9) 36 (33) 0(0)
Psephenidae 8(3.3) 0(0) 2(2.8) 0(0) 0(0) 0 (0)
Acari
Oribatidae 0(0) 0(0) 0(0) 736 (1397.5) 16 (18.5) 3424 (1108.2)
Other mites 16 (8) 40 (24.3) 10 (14.1) 136 (157) 68 (85) 496 (67.9)
Worms
Planariidae 3(3.8) 4(4) 0(0) 232 (266.6) 156 (159.1) 524 (213.6)
Oligochaeta 6 (6.9) 16 (27.7) 2(2.8) 1804 (1588.2) 464 (236.2) 4880 (2234.5)
Hirudinea 2(23) 0(0) 0(0) 0(0) 28 (15.3) 8(9.2)
Nematoda 0(0) 0(0) 0(0) 108 (84) 44 (68.4) 728 (450.6)
Other 4(3.3) 1.3(2.3) 0 (0) 20 (30.3) 0 (0) 40 (69.7)
18316 23720
TOTAL 314 (108) 182 (68.6) 110 (65.1) (12216.9) 7544 (3895) (6565.1)



Grape Island

Year 1993 2008
Depth (m) 2 4 6 2 4 6
n 4 3 4 4 4 3
Amphipoda
H. azteca 61 (41.4) 1.3(2.3) 0(0) 3524 (645.6) 1260 (423) 69.3 (66.6)
Gammarus sp. 2(4) 0 (0) 0(0) 3112 (2054.4) 1304 (877.8) 1253.3 (470.4)
E. ischnus 0(0) 0 (0) 0(0) 6240 (1013) 260 (355.5) 10.7 (9.2)
Crangonyx sp. 6 (5.2) 6.7 (8.3) 2(2.3) 364 (82) 196 (157.5) 0(0)
Isopoda
C. racovitzai 0(0) 0 (0) 0(0) 512 (165.8) 592 (369.3) 154.7 (130.3)
Gastropoda
Hydrobiidae 42 (12) 13.3 (16.7) 31(20.8) 20 (20.1) 28 (35.5) 16 (0)
Physidae 4(5.7) 0 (0) 2(4) 4 (8) 0(0) 5.3(9.2)
Planorbidae 0(0) 0 (0) 1(2) 0 (0) 0 (0) 0(0)
Pleuroceridae 41 (27.8) 2.7 (4.6) 0(0) 0(0) 0(0) 0(0)
Viviparidae 0(0) 0 (0) 0(0) 0 (0) 0 (0) 5.3(9.2)
Lymnaeidae 0(0) 0(0) 0(0) 0(0) 0(0) 0(0)
Valvatidae 0(0) 0 (0) 0(0) 0 (0) 0 (0) 0(0)
Ancylidae 0(0) 1.3(2.3) 0(0) 188 (134.7) 196 (91.8) 704 (346.5)
Bivalva
Sphaeriidae 23 (12.4) 10.7 (8.3) 16 (5.7) 4 (8) 20 (30.3) 133.3(82.1)
2650.7
D. polymorpha 0(0) 0 (0) 0(0) 2166 (991.5) 3632 (2664.1) (2296.6)
D. bugensis 0(0) 0(0) 0(0) 20 (15.3) 0 (0) 181.3 (190.9)
Unionidae 0(0) 1.3(2.3) 0(0) 0 (0) 0 (0) 0(0)
Insecta
6661.3
Chironomidae 52 (39.1) 1.3(2.3) 1(2) 1456 (433.5) 840 (470.8) (2269.1)
Polycentropodidae 1(2) 0(0) 0(0) 12 (8) 16 (22.6) 0(0)
Helicopsychidae 0(0) 0(0) 0(0) 0(0) 4 (8) 0(0)
Leptoceridae 0(0) 2.7 (2.3) 1(2) 0(0) 0(0) 10.7 (18.5)
Hydroptilidae 0(0) 0 (0) 0(0) 76 (73.2) 0 (0) 0(0)
Hydropsychidae 0(0) 0(0) 0(0) 0(0) 0(0) 5.3(9.2)
Caenidae 0(0) 0(0) 0(0) 12 (15.3) 32(29.2) 16 (16)
Heptageniidae 17 (13.6) 2.7 (2.3) 1(2) 20 (15.3) 20 (30.3) 0(0)
Ephemeridae 0(0) 0 (0) 0(0) 0 (0) 4(8) 96 (48)
Sialidae 0(0) 0 (0) 0(0) 12 (15.3) 16 (32) 0(0)
Elmidae 6 (5.2) 0 (0) 0(0) 48 (22.6) 16 (18.5) 5.3(9.2)
Psephenidae 0(0) 0(0) 0(0) 0(0) 0(0) 0(0)
Acari
Oribatidae 0(0) 0(0) 0(0) 20 (15.3) 28 (33) 26.7 (46.2)
Other mites 13 (15.8) 16 (16) 4 (5.7) 36 (24) 20 (20.1) 37.3(24.4)
Worms
Planariidae 2(4) 0 (0) 0(0) 48 (26.1) 16 (22.6) 37.3(51.4)
Oligochaeta 6 (2.3) 2.7 (2.3) 4(5.7) 5552 (2744) 1972 (673.7) 725.3 (106.5)
Hirudinea 1(2) 5.3(6.1) 0(0) 52 (33) 12 (8) 5.3(9.2)
Nematoda 0(0) 0(0) 0(0) 248 (125.6) 260 (243.1) 314.7 (217.2)
Other 0(0) 0(0) 0(0) 40 (27.7) 4(8) 26.7 (9.2)
10748 13152
TOTAL 277 (102.9) 76.7 (33.4) 63 (34.2) 23786 (3385) (2912.2) (2179.1)
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Sibbald Point

Year 1993 2008
Depth (m) 2 4 6 2 4 6
n 4 4 3 3 4 4
Amphipoda
H. azteca 105 (112.6) 14 (2.3) 2.7(2.3) 6378.7 (6357.5) 1312 (986.7) 20 (24)
Gammarus sp. 5 (10) 0(0) 1.3(2.3) 3306.7 (3122.5) 916 (643.4) 2268 (1561)
E. ischnus 0(0) 0(0) 0(0) 576 (372.2) 24 (27.7) 120 (91.9)
Crangonyx sp. 7 (6) 1(2) 0(0) 1141.3 (870) 612 (492.2) 4 (8)
Isopoda
C. racovitzai 0(0) 0(0) 1.3(2.3) 1056 (346.1) 4316 (1253.1) 456 (300.9)
Gastropoda
Hydrobiidae 0 (0) 3(3.8) 2.7(2.3) 645.3 (431.2) 796 (197.4) 24 (20.7)
Physidae 19 (20.8) 14 (7.7) 4 (4) 133.3 (106.5) 116 (68.4) 76 (88)
Planorbidae 0 (0) 0 (0) 0 (0) 26.7 (33.3) 48 (41.3) 1368 (648.7)
Pleuroceridae 1(2) 1(2) 2.7 (4.6) 0(0) 0(0) 0(0)
Viviparidae 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
Lymnaeidae 0 (0) 0 (0) 0 (0) 5.3(9.2) 12 (15.3) 12 (24)
Valvatidae 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
Ancylidae 1(2) 1(2) 0 (0) 10.7 (18.5) 76 (84) 0 (0)
Bivalva
Sphaeriidae 95 (38.1) 37 (24.3) 20 (14.4) 144 (127) 88 (71) 204 (52.9)
D. polymorpha 0(0) 0(0) 0(0) 1562.7 (507.6) 3660 (1551.3) 5752 (4643.5)
D. bugensis 0 (0) 0 (0) 0 (0) 64 (27.7) 148 (60.4) 204 (229.8)
Unionidae 0 (0) 0 (0) 1.3(2.3) 0 (0) 0 (0) 0 (0)
Insecta
Chironomidae 115 (48.7) 92 (28.7) 0 (0) 3749.3(3355.9)  4328(1906.9) 9700 (3860.9)
Polycentropodidae 24 (13.5) 2(2.3) 1.3(2.3) 149.3 (88.1) 380 (179.8) 16 (32)
Helicopsychidae 0 (0) 0 (0) 0 (0) 901.3 (1281.2) 16 (22.6) 140 (139.7)
Leptoceridae 0(0) 0 (0) 1.3(2.3) 80 (97.3) 36 (33) 508 (210.4)
Hydroptilidae 1(2) 1(2) 1.3(2.3) 0 (0) 4(8) 0 (0)
Hydropsychidae 0(0) 0 (0) 0(0) 0 (0) 0 (0) 0 (0)
Caenidae 0 (0) 0 (0) 0 (0) 128 (110.9) 12 (24) 4(8)
Heptageniidae 41 (27.8) 17 (7.6) 2.7 (4.6) 5.3(9.2) 40 (69.7) 0 (0)
Ephemeridae 0(0) 2(2.3) 1.3(2.3) 0 (0) 8 (16) 144 (106.9)
Sialidae 0 (0) 0 (0) 1.3(2.3) 5.3(9.2) 76 (24) 8(9.2)
Elmidae 22 (16.2) 0 (0) 0 (0) 90.7 (143.4) 4(8) 12 (24)
Psephenidae 0(0) 0 (0) 0(0) 0 (0) 0 (0) 0 (0)
Acari
Oribatidae 0 (0) 0 (0) 0 (0) 858.7 (1473.4) 60 (120) 0 (0)
Other mites 19 (10) 12 (18.8) 6.7 (4.6) 906.7 (1434.1) 208 (353) 16 (13.1)
Worms
Planariidae 0 (0) 0 (0) 0 (0) 544 (566.1) 580 (373) 1632 (1026.6)
Oligochaeta 73 (40.2) 43 (23.6) 36 (35.6) 2928 (2429) 1488 (644.9) 3128 (1170.8)
Hirudinea 1(2) 2 (4) 0 (0) 5.3(9.2) 4(8) 4(8)
Nematoda 0 (0) 0 (0) 0 (0) 853.3 (670.2) 152 (87.1) 0 (0)
Other 2(4) 0(0) 0(0) 90.7 (96.4) 32 (26.1) 764 (820.9)
26346.7 19552 26584
TOTAL 531 (293.1) 242 (73.1) 84.3 (33) (21162.4) (3586.2) (4410.3)
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Strawberry Island

Year 1993 2008
Depth (m) 2 4 6 2 4 6
n 4 4 3 3 4 4
Amphipoda
H. azteca 147 (215.4) 22 (7.7) 1.3(2.3) 6592 (384) 6788 (3164.1) 3748 (2096.1)
Gammarus sp. 14 (14.8) 22 (17.7) 0(0) 7210.7 (2781.9) 1388 (905.3) 708 (303.7)
E. ischnus 0(0) 0(0) 0(0) 2496 (1275.2) 2504 (2375.9) 60 (40)
Crangonyx sp. 1(2) 89 (38.4) 41.3(20.1) 2794.7 (2816.2) 888 (627.7) 376 (434.6)
Isopoda
C. racovitzai 1(2) 0(0) 0(0) 3498.7 (1669.3) 2224 (2023.1) 1048 (435.3)
Gastropoda
Hydrobiidae 11 (17.1) 27 (33.2) 0(0) 437.3 (307.5) 544 (406.5) 68 (27.3)
Physidae 15 (12.4) 12 (13.5) 10.7 (4.6) 85.3 (37) 112 (75) 76 (60.4)
Planorbidae 0(0) 0(0) 0(0) 0(0) 0(0) 68 (136)
Pleuroceridae 29 (15.4) 24 2.7 (4.6) 0(0) 0(0) 0(0)
Viviparidae 0(0) 0(0) 0(0) 0(0) 0(0) 4(8)
Lymnaeidae 0(0) 0(0) 0(0) 0(0) 0(0) 0(0)
Valvatidae 1(2) 1(2) 0(0) 0(0) 0(0) 0(0)
Ancylidae 0(0) 0(0) 1.3(2.3) 682.7 (580.7) 1716 (990.1) 908 (407.2)
Bivalva
Sphaeriidae 37 (20.5) 24 (26.9) 17.3(10.1) 416 (32) 12 (15.3) 28 (15.3)
D. polymorpha 0(0) 0(0) 0(0) 7661.3 (1770.7) 2832 (1614.1) 2074 (465.2)
D. bugensis 0(0) 0 (0) 0(0) 93.3 (81.7) 84 (46) 44 (15.3)
Unionidae 0(0) 0(0) 1.3(2.3) 0(0) 0(0) 0 (0)
Insecta
Chironomidae 521 (411.2) 189 (100.7) 86.7 (26.6) 6805.3 (258.7) 1016 (920.5) 872 (288.7)
Polycentropodidae 10 (9.5) 19 (17.4) 4(4) 192 (110.9) 140 (131.5) 132 (63.2)
Helicopsychidae 0(0) 0(0) 0(0) 0(0) 0(0) 0(0)
Leptoceridae 7 (6.8) 3(2) 0(0) 21.3 (37) 0 (0) 8(9.2)
Hydroptilidae 0(0) 0(0) 0(0) 85.3(97.8) 88 (117.2) 4(8)
Hydropsychidae 1(2) 1(2) 0(0) 0 (0) 0 (0) 0 (0)
Caenidae 8(8.6) 7 (6) 1.3(2.3) 0(0) 0(0) 0(0)
Heptageniidae 57 (45.3) 161 (110.2) 36 (10.6) 362.7 (266.5) 100 (109.6) 44 (33)
Ephemeridae 3(6) 1(2) 0(0) 0 (0) 0 (0) 16 (13.1)
Sialidae 0(0) 0(0) 0(0) 0(0) 0(0) 4 (8)
Elmidae 26 (32.2) 0(0) 0(0) 0(0) 0(0) 0(0)
Psephenidae 0(0) 0 (0) 0(0) 0 (0) 0 (0) 0 (0)
Acari
Oribatidae 0(0) 0(0) 0(0) 23506 (20253.3) 420 (292.2) 372 (310.4)
Other mites 150 (297.3) 7(5) 5.3(2.3) 942 (667.2) 572 (290.5) 680 (48)
Worms
Planariidae 0(0) 0(0) 0(0) 757.3 (610.8) 144 (143.7) 212 (99)
Oligochaeta 114 (164) 118 (90.8) 70.7 (53.7) 4992 (721.2) 1356 (200.4) 1456 (588.7)
Hirudinea 5(3.8) 0(0) 1.3(2.3) 106.7 (133.2) 328 (53.1) 32 (13.1)
Nematoda 30 (27) 1(2) 0(0) 1450.7 (1040.5) 4 (8) 4 (8)
Other 2(2.3) 0(0) 0(0) 21.3(37) 48 (47.1) 28 (33)
1190 71210.7 23308 13074
TOTAL (1108.1) 706 (238) 270.5 (53.6) (26107.4) (8296.2) (1324.1)
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