











Figure 5.1 Map of sites where invasive (a) oysters, (b) Cladoceran waterflea and (c)
tunicates were collected Aug-Nov 2011-2012. See text for sample collection methods and
Table 5.1, 5.2 and 5.3 for species and year of collection for each site. Service layer
credits for ArcGIS basemap: Esri, DeLome, GEBCO, NOAA, NGDC.
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Figure 5.2 Isotopic niche bi-plots (a) and Bayesian density plots (b) of successful
invasive violet tunicate (Botryllus schlosseri, sold lines and dark gray boxes) and less
successful golden star tunicate (Botrylloides violatious, dashed lines and white boxes).
Standard Ellipse Areas (SEAc in bi-plot, SEAp in density plot) were calculated using
8'°C and 5"°N bivariate data. See Table 5.1 for data and sites corresponding to the figure
(first two letters of each site and year of collection are given in the figure). * Indicates
significant differences in isotopic niche (SEAg) between successful and less successful
invasive species at each site/year * p < 0.05, ** p < 0.01, *** p <0.001 (i.e. > 95% 10’

Bayesian iterations of SEA().
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a. Invasive Cladoceran waterflea
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Figure 5.3 Isotopic niche bi-plot (a) and Bayesian density plots (b) of successful invasive
spiny waterflea (Bythotrephes longimanus) and less successful fishhook waterflea
(Cercopagis pengoi). Standard Ellipse Areas (SEAc in bi-plot, SEAg in density plot)
were calculated using baseline corrected 3'"°C and §'°N. See Table 5.2 for data and site
names corresponding to the figure (first two letters of each site provided in the figure).
Ratio above each density plot indicates total comparisons for which isotopic niche
(SEAp) of most successful species was significantly broader ( A ) or smaller ( V) than the
less successful species (p < 0.05 or > 95% of 10° Bayesian iterations of SEA().
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Figure 5.4 Isotopic niche bi-plots (a) and Bayesian density plots (b) of invasive oysters:
successful Pacific oyster (Crassostrea gigas) and less successful Eastern oyster
(Crassostrea virginica). Bayesian Standard Ellipse Areas (SEAg) were calculated using
baseline corrected 3'"°C and 3'°N. See Table 5.3 for data and site names corresponding to
the figure legends (first two letters of each site presented in figure). * Indicates
significant differences in isotopic niche (SEAg) between successful and less successful
invasive species * p < 0.05, ** p <0.01, *** p <0.001 (i.e. > 95% 10° Bayesian
iterations of SEA().
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Figure 5.5 Total significant differences in isotopic niche between successful and less-
successful aquatic invasive species of tunicate, Cladoceran waterflea, oysters and goby
fishes. Data presented are % number of comparisons with higher Bayesian standard
ellipse area (SEAp, p < 0.05 or > 95% of 10° simulations). SEAg represents core
variation (40%) in 8"°C and 8'"°N bivariate population data (baseline corrected for
comparisons that involved temporal and spatial comparisons). Total number of
comparisons in parenthesis. Comparisons for the less successful oyster species were
restricted to one population. Data for comparisons of goby fishes was from Pettitt-Wade
et al. (2015). Fish comparisons included two different size groups for the most successful
invader. Pooling of data across size groups increased % broader isotopic niche in the
most successful invader and reduced % comparisons that were not significantly different.
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SUPPLEMENTAL MATERIAL

Table 5S.1 Shell length (SL) and stable isotope data (8'"°C and 8'°N) of bivalve primary consumers used as baseline for spatial and
temporal comparison of invasive Cladoceran waterflea in the Great Lakes region and oysters in the North Each Pacific

Site/Year Genus/Species #ind SL® (mm) s1¢P §1ONP C95° N95°
Baseline for invasive Cladoceran waterflea in the Great Lakes region

Cayuga Lake '11-12 Dreissena sp. 13 21.7+£0.6°  -281+03° 132+01% 1.0 04
Collingwood '11-12¢ Dreissena sp. 43 208+0.6°  -19.1+£0.1%  64+£00° 04 02
Erieau 'l 1 Dreissena sp. 10 93+1.8%¢  259+02" 7.6+02° 06 0.7
Erieau '12 Dreissena sp. 13 272+04%  -247+0.1°  95+01" 03 04
Hamilton Harbour '11 Dreissena sp. 68 12.0 +0.5" 219+01"  79+01° 06 05
Kashawakamak '11-12  Unionid sp. 11 69.7+1.7° -293+02°% 3.0+01° 09 04
Kingston Basin '12 Dreissena sp. 20 303+0.6°  -266+0.1"  9.0x01" 03 04
Lake Simcoe '11 Dreissena sp. 57 146+0.5  -282+0.0° 77+01° 01 02
Lake Simcoe '12 Dreissena sp. 15 141+04%¢  -296+01° 75+01° 04 05
Nanticoke '11 Dreissena sp. 34 9.6 +0.2% 21.0£0.1"  11.1+00" 03 02
Nanticoke '12 Dreissena sp. 13 153+09°¢ 228+0.1" 11.7+x0.1' 04 04
Peninsula '11-12¢ Unionid sp. 21 599+23" 276+03" 50+01% 12 04
Port Elgin '11 Dreissena sp. 26 16.0+0.6°  -223+01" 2101 05 03
Port Elgin '12 Dreissena sp. 29 208+0.6°  -201+0.1%  36+00° 03 02
Stoney Lake '11-12° Dreissena sp. 68 9.7 +0.3% 303+£0.1%  43+01° 04 02
Thunder Bay '11 Dreissena sp. 8 193+1.8°P  203+0.1° 42+02°" 05 08
Baseline for invasive oysters in the North East Pacific (Vancouver region)

Buckley Bay ‘12 Littorina scutulata 4 57+03 -109+1.19  91+00° 7.0 0.1
Buckley Bay ‘12 Mytilus edulis 30 31.1+1.1  -16.0+0.1°  100+0.0° 08 04
Cigarette Cove ‘12 Mytilus edulis 28 255+£09  -17.6+0.0°¢  93+0.1° 06 1.7
Croften 12 Littorina scutulata 14 56+03 -140+£03"  92+0.1° 13 06
Croften 12 Mytilus edulis 30 204+15  -187+01%®  81+01% 09 0.8
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Site/Year Genus/Species # ind SL® (mm) §1¢h 8NP C95° N95°
Okeover Arm ‘12 Littorina scutulata 4 5.6+0.6 -12.8+£0.7°7  93+03° 44 22
Okeover Arm ‘12 Mytilus edulis 30 36.8+1.6 -16.7+£0.0  9.0+£0.0° 02 05
Quadrat Island ‘12 Mytilus edulis 30 305+1.1 -18.8+0.1%® 95+£00° 10 02
Serpentine River ‘12 Ilyanassa obsoleta 4 149+0.8 202+1.0%  129+02° 67 14
Sooke ‘12 Mytilus edulis 30 309+09  -15.0+0.1°"  93+0.0° 07 04
Stanley Park ‘12 Mytilus edulis 43 23.7+0.5 203+£0.0%  75+£00% 04 04
Thetis Island ‘12 Mpytilus edulis 29 289+1.0 -17.0£0.1¢ 9.4+0.1° 1.4 0.7

Data presented are mean + S.E. (SL, 3'"°C and 8 °N), 95% confidence interval range for 8'°C (C95) and 5 "N (N95).
SL (mm) Shell length

# ind number of individuals processed for stable isotope analysis (similar size individuals pooled to make min 4 stable

isotope samples per site)

® data presented and significant differences are for bootstrapped data (n x 1000)
© data was pooled across years due to lack of significant differences (p < 0.05, ANOVA with Games-Howell post-hoc).

ABC denotes significant differences between populations determined using ANOVA with Games-Howell post-hoc pairwise
comparisons on bootstrapped data
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CHAPTER 6

GENERAL DISCUSSION

178



The association between variation in the traits of organisms and geographical
distribution has fascinated scientists for centuries (Wallace 1865). The continuing spread
of invasive species across the globe provides a model for understanding the mechanisms
involved for widespread distribution, importance of certain traits, such as dietary niche
breadth, and implications for survival in novel environments (Sexton et al. 2009).
Variation in resource use can lead to divergence in associated phenotypes with the
potential for evolutionary consequences (Sax 2007, Snell-Rood 2013). Emerging insights
from species invasions suggest that the ability to respond rapidly to changes in the
availability of resources is crucial for survival in novel environments. But comparisons of
dietary niches are rarely made between closely related species from multiple animal taxa
across broad, long-established distributions (Garcia-Berthou 2007).

Invasive species have long been recognized as unplanned experiments for testing
fundamental theory in ecology, evolution and island biogeography (Sax 2007). This
dissertation reveals some of the mechanisms that help explain why some species survive
over others in space and time. As such, the findings are of interest not only for improving
the management of non-indigenous invasive species, but also for understanding the
mechanisms that influence the spread and distribution of species in general. Information
on the breadth of resources consumed by species introduced to novel environments can
assist analysis of the development of food web inter-connectivity, intra-guild predation
and niche displacement of native species with potential for evolutionary repercussions
(Ingram et al. 2012). For instance, a broad dietary niche suggests consumption of a wide
range of prey and high food web interconnectivity. Greater interconnectivity among

niches is thought to promote ecosystem stability (Levine and HilleRisLambers 2009).
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The findings of this research can be used in trait-based analysis for invasion risk and
impact assessments (Jiménez-Valverde et al. 2011) and Species Distribution Models
(Soberon 2010). Moreover, testing the generality of hypotheses across multiple species

and scales benefits the development of general theories in ecology and evolution.

MAIJOR FINDINGS

This dissertation has demonstrated that study of invasive species can help
determine the role of variation in dietary niche for widespread distribution. The combined
findings of chapters 2, 3 and 4 indicate that widespread distribution of invasive fishes is
associated with dietary plasticity. In chapter 4, the finding of niche expansion from native
to invaded regions for the most widespread invasive fish and the reverse for the less
widespread species indicated the powerful impact of translocation. These findings further
indicate that widespread distribution is facilitated by dietary plasticity, but that source
populations do not necessarily share this trait. Broader niches are also associated with
longer establishment time (~23 years in the longest established water body), habitat
complexity and genetic diversity (Chapter 3). Although more recently established
populations still had broader niches than in the native region (Chapter 3 and 4), a
minimum of 7 years had passed, which suggests this is long enough for niche divergence
to occur. Genetic and phenotypic variation become more important in increasingly
stressful conditions (Forsman and Wennersten 2015), such as establishment or spread to
novel environments. The association between a broad niche (high inter-individual
variation) and success in invasive species could be limited to species in invaded
distributions because of the influence of the invasion process in producing inter-

individual variation in resource use.
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In order to determine the relevance of hypotheses for general ecological theory,
potential limitations must be examined. For example, the association between dietary
niche breadth and post-established spread is reversed for invasive Cladoceran waterflea
and oysters in comparison to invasive colonial tunicates and fishes (Chapter 5). These
findings suggest that invertebrate species with narrow ranges have an advantage over
those with broad ranges in the more limited locations to which they have spread (the
tunicates have similar geographic ranges), but that dietary niche breadth is not crucial for
widespread establishment of invertebrates. Few studies have compared the dietary niches
of invasive invertebrates in relation to invasion success. From a review of the literature,
Hayes and Barry (2008) found inconsistency in whether dietary niche breadth was a
facilitator of invasion success and spread. But none of the studies reviewed on
invertebrates included dietary niche breadth as a parameter. For insects, Crawley (1987)
found life span and tolerance to be positively associated with invasion success, and others
have found climate tolerance (Locke 2009) and diapause in dispersal (Panov et al. 2004)
to be positively associated with invasion success in aquatic invertebrates. Heino and
Gronroos (2014) also suggested that site-specific environmental variation determines the
regional abundance and distribution of stream invertebrates, as opposed to species-
specific niche breadth.

Contributions to niche theory

Neutral theory in ecology is the ecological equivalent of genetic drift and implies
that organisms are mere passengers of environmental stochasticity (Gaston and Chown
2005). It suggests a particularly heavy reliance on environmental parameters for changes
in the niche of sessile organisms that exhibit little trophic variation. Our findings promote

the relevance of neutral niche theory for the ecological niche of aquatic invertebrates, in
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that; a broad trophic niche does not consistently associate with widespread distribution
and many comparisons resulted in no significant differences. But the finding of niche
differences in several populations of tunicates and oysters emphasizes the many
exceptions to neutral theory, even in sessile invertebrates.

Evelyn Hutchinson’s perspective of the ecological niche was that individuals have
specific tolerance levels and traits that determine the limits of their niche, contrary to
those before him that perceived environments to be niches that are occupied by
individuals (i.e. Joseph Grinnel, Charles Elton; Colwell and Rangel 2009). Hutchinson
also suggested that niches should be represented as an n-dimensional hypervolume with
multiple niche axes. This dissertation has demonstrated the potential benefits of using
bivariate stable isotope data (5"°C and 5'°N) as tracers of dietary and habitat niche,
especially when multiple abiotic and biotic parameters are incorporated as covariates
(Chapter 3). Hutchinson’s recognition of the relevance of environmental and habitat
niches for foraging activity implied, from early on, that there was an inseparable link
between dietary niche and habitat niche.

Habitat niches and invasion success

A recurring theme in this dissertation was the role of habitat niche in driving
exceptions to general trends in isotopic niche. Habitat complexity has a significant
influence on short-term variation in fish diets (weeks) and habitats that are particularly
unique are associated with outliers to trends that are otherwise consistent across a species
distribution (Chapter 3). Less successful invaders have instances of broader isotopic
niches (contrary to what was hypothesised and found in overall patterns) in association
with more intraspecific variation in 8'°C (Chapters 2, 4 and 5), and specialisation for

unique habitats compared to more successful invaders (Chapter 4 and 5). Lack of a
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general trend for the importance of dietary niche breadth for invasion success (Hayes and
Barry 2008, Kolar and Lodge 2001, and this dissertation), could be due to the lack of
recognition of the important association between dietary niche and habitat niche. The
findings of this dissertation suggest that dietary niches should not be examined without
reference to habitat niches. From review of the literature, Pulliam (2000) also found that
niche theory was hampered by lack of appropriate quantification of what defines a
suitable habitat.

Ecosystem engineers vs ecosystem stability

It is important to recognize that species not only respond to variation in resources
and the environment, but their presence also alters the environment, resources available
(Cuddington and Hastings 2004, Simberloff et al. 2013) and the isotopic structure of the
community (i.e. ecosystem engineers - changes to fundamental niche, Sagouis et al. 2015,
Vander Zanden et al. 1999). Greater habitat complexity should support a more diverse
community and have greater stability and resistance to impact from invasions (i.e. biotic
resistance/ecosystem stability, Jeschke 2014). For example, establishment of Round
Goby has been associated with considerable changes to the fish (Campbell et al. 2009,
Rush et al. 2012) and macro-invertebrate community (Barton et al. 2005, Krakowiak and
Pennuto 2008, Kuhns and Berg 1999). Broad niche from long establishment (Chapter 3)
could result from a repeated process of high predation pressure on specific prey, followed
by a switch to novel prey as the previous prey becomes depleted. This would ultimately
lead to more predator — prey interactions and more feeding experience with a broader
variety of prey, particularly with high intraspecific competition (Bolnick 2001, Svanback
and Bolnick 2007). But this process would require a highly productive community that

could support such repeated bouts of intensive foraging and sufficient diversity for prey
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switching. If this is the mechanism for niche diversification, lack of a restricted niche in
long-established populations (~23 yrs) indicates that there is sufficient productivity to
support the invasive species in these locations. Although, lack of a significant trend
between isotopic niche breadth and time established in other invasive fishes for the time
scale proceeding that of the current study (~23 — 340 yrs, Comte et al. 2016) suggests that
natural constraints to niche expansion, such as biotic resistance, have a dominant impact
at >23 years of establishment.

Long-term establishment is often associated with higher predation pressure on the
invader, food web inter-connectivity, and ultimately, increase in positive net value that
would lead to the species being considered as naturalised instead of invasive (Schlaepfer
et al. 2011, Strayer et al. 2006, Pintor and Bayes 2015). A species needs to be present and
reproducing for ‘sufficient duration’ before they can be called naturalised (Copp et al.
2005), but it is unclear how long is required and what parameters determine the limits to
the naturalisation process. For example, Round Goby has been established in North
America for at least 25 years and is increasingly recognised as a key component of local
food webs (King et al. 2006, Rush et al. 2012). In some Great Lakes locations, such as
Lake St Clair, positive impacts on the community could be balancing (or surpassing) the
negative (e.g. significant contribution to predator diets). This could mean that these long-
established populations are closer to naturalisation, and removal at this stage would
cause more harm than good. But it is likely that some populations of this invasive fish are
in locations in which their net impact will continue to be negative, despite long
establishment, because the community is unable to support their broad and expanding

dietary niches. Density-dependent effects (i.e. constraints on reproductive output as
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populations increase, Berryman et al. 2002), which regulate spread dynamics in many
species invasions (Arim et al. 2006), could regulate niche diversification in invasive
populations that spread to systems with low productivity. Fridley et al. (2007) also
suggests that diverse ecosystems are likely hotspots of invasion and that reduced species
richness accelerates vulnerability to successful invasions. Evidence for both positive and
negative impacts on biodiversity from species invasion is termed the ‘invasion-paradox’
(Fridley et al. 2007) and presents an interesting avenue for future research, particularly in
relation to the influence of non-indigenous species introductions on evolutionary
diversification (Vellend et al. 2007).

Future distributions

Rapid changes in climate and associated processes at the regional and global scale
will undoubtedly favour the spread of some species more than others (Dukes and Mooney
1999). This makes predicting the spread of invasive species increasingly problematic,
particularly as species distributions in general are increasingly shifting in response to
changing climates (Parmesan 2006, Rahel and Olden 2008). For example, rising sea
levels could soon shift the distribution of invasive oysters, particularly species restricted
to estuarine ecosystems (e.g. Eastern oyster; Lefebvre et al. 2009). Dubois et al. (2007)
found elevation above sea level (i.e. foraging time) and percentage of mud in surface
sediments (affects turbidity and microalgal biomass) to have a strong influence on the
feeding ecology of suspension feeders, including tunicates and oysters. Carver et al.
(2006) suggests increasing temperatures will also increase the spread and northern
distribution of invasive tunicates in Canada, and different tolerances suggest changes in
salinity would favour one species over the other. Increasing temperatures since initial

introduction of spiny waterflea and fishhook waterflea could have already driven changes
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in local abundance, since the less successful fishhook waterflea favours warmer
conditions (Cavaletto et al. 2010), and was found to have a broader dietary niche (present
study). Considering the influence suspension feeders and Cladoceran predators have on
ecosystem function (Green and Crowe 2013), these changes will no doubt have a

considerable influence on the health of ecosystems in the future.

FUTURE DIRECTIONS

In this dissertation, hypotheses were tested across broad spatial and temporal
ranges and for multiple taxa. Future study should continue to expand across a variety of
scales to investigate the broad applicability of hypotheses. For example, analysis of
microorganisms in the gut could indicate the role of a diverse gut micro-flora for
widespread distribution and broad dietary niches. By comparing populations in native and
invaded regions, one could determine how long the same micro-flora lasts and whether it
constrains geographic spread. I investigated populations that were well established (min 7
years), comparison with populations at invasion fronts could help determine whether
broad niches are important for initial colonization. Conversely, stable isotope analysis of
archived samples from initial stages of invasion could provide insight as to whether niche
breadth has changed since initial introduction and if restricted niche breadth is a
consequence of long time since establishment. To determine the long-term implications
of species invasions and broad niches, parallels can be drawn with events in the
geological record. For example, Stigall (2014) suggested that the spread of generalists
between basins during the Richmondian Invasion (Laurentian craton, ~450Ma) led to a
suppression of speciation and loss of biodiversity. To understand the evolutionary

significance of ecological variability (i.e. adaptive flexibility hypothesis, Wright et al.
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2010), studies need to incorporate analysis of functional genotypes in tandem with
analysis of associated phenotypes. It is only with such methods that long-term impacts of
translocation can truly be investigated. Such investigation could indicate the role of
heritability of variation, and the interaction between ecology and evolution for species
spread and distribution.

Expanding on niche metrics

This dissertation incorporated niche divergence within and among individuals,
populations and species at several spatial and temporal scales. This provided for an in-
depth assessment of the association between isotopic niche breadth and widespread
distribution. To my knowledge, this is the first study to compare the Bayesian isotopic
niches of the invasive species pairs in this dissertation. I have demonstrated that study of
isotopic niche in invasive species has considerable potential for increasing our
understanding of the importance of a varied diet for survival in novel environments.
Furthermore, divergence in trophic niche for similar species of invertebrate that share the
same habitat space demonstrated that the application of stable isotopes for dietary niche
breadth is not limited to mobile organisms. The use of stable isotopes as tracers of niche
metrics is becoming increasingly popular and is rapidly developing towards a closer
representation of Hutchinson’s n-dimensional hypervolume with the potential for
inclusion of more than two metrics (Swanson et al. 2015). Future studies should work to
incorporate climate indices and more life-history traits in analysis of niche breadth,
particularly in invasive invertebrates that remain alarmingly understudied and for which
environmental parameters seem to be particularly important for dispersal. It would be
interesting to incorporate community composition information (i.e. diversity and

abundance), and the role of competition and predation in driving variation in realized
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niches. Incorporating reproductive output would indicate relative fitness of the population
and potential for density-dependent effects (Arim et al. 2006). The role of anthropogenic
association was also not investigated in this dissertation, which has been suggested as one
of the primary predictors of successful spread in established vertebrates (Jeschke and
Strayer 2006) and invertebrates (Panov et al. 2004). Incorporating these parameters in
relation to time established would help determine the changes in functional role of

invasive species throughout their invasion history.

CLOSING REMARKS
Invasive species are of major global concern. With 7.4 billion people on the

planet, 11 billion projected by 2100 (UN, www.worldometers.info/world-population/,

accessed 27" Feb 2016), increasingly convenient mechanisms of transportation, and
persistent fragmentation of natural habitats from multiple stressors (Walther et al. 2009);
reliance of species on anthropogenic dispersal for survival is unlikely to subside.
Avoiding further human assisted dispersal in these species that are already established
continues to be a critical factor. Not just for those that are perceived to be the most
invasive, but also species that currently have a more limited distribution and could have a
stronger reliance on human transport mechanisms for post-established spread. Invasive
species are one of many multiple stressors that culminate in the current loss of
biodiversity (Ceballos et al. 2015). Our understanding of the role of species that spread to
novel environments is to be thoroughly tested, for instance, by the added complication of
rapid and persistent climate change (Walther 2009). These challenges increase the
importance of the current research findings, and although daunting, provide a stimulating

prospect for research in the future.
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