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Preface

Thesis Format and Style

This thesis is in a manuscript-based format and consists of a set of four papers
that make a cohesive whole. In the first two chapters, | increase sampling intensity,
refine sampling approaches, and collect data on C. maenas and H. sanguineus on a
regional-scale. In the last two chapters | use the monitoring network and data generated
from the first two chapters to document patterns of abundance, distribution, injury, and
recruitment of the two invasive species. Then to show how these data are useful not
only to managers but also academic studies, | include as appendices a publication in
Ecology, which used my 2006 survey data.

Chapter 1: Delaney DG, Sperling CD, Adams C and Leung B (2008) Marine
invasive species: validation of citizen science and implications for national monitoring
networks. Biological Invasions 10: 117-128.

Chapter 2: Delaney DG and Leung B (In press) An empirical probability model of
detecting species at low densities. Ecological Applications.

Chapter 3: Delaney DG, Edwards PK and Leung B (In preparation) Predicting
regional spread of invasive species using oceanographic models — validation and
identification of gaps.

Chapter 4: Delaney DG, Griffen BD and Leung B (Submitted) Injury as a

Moderator of Impacts of Invasive Species.

viii



Appendices A-C: Griffen BD and Delaney DG (2007) Species invasion shifts the

importance of predator dependence. Ecology 88: 3012-3021.

Contributions of Co-Authors

Each of the four manuscripts was prepared for publications in peer-reviewed
journals focusing on monitoring and/or modeling regional patterns of marine invasive
species. To work on a regional-scale, | recruited and trained thousands of people who
were participants in the experiments and/or monitored one of my field sites in the large-
scale surveys that | coordinated and/or led. Although my work is highly collaborative, |
was the primary person who determined the focus of the research, conceived,
developed the experimental designs, conducted the experiments, collected the data,
analyzed the results, executed the statistical analyses, and created the figures, unless

noted below.

Chapter 1: C. Sperling was my field assistant who helped data collection, entry,
and offered comments on the manuscript. C. Adams maintained a website for my data
on the Massachusetts Institute of Technology Sea Grant’s Center for Coastal
Resources web page, created the final figures, and offered comments on the

manuscript. B. Leung provided comments on the manuscript and the statistical analysis.

Chapter 2: B. Leung played a similar role as in Chapter 1.



Chapter 3: We obtained a model from the Fisheries and Oceans Canada's
website and P. Edwards adapted the model and tested if it could predict the drift card
and recruitment data that | collected. Both P. Edwards and B. Leung offered comments
on the manuscript. P. Edwards produced Figures 3.3, 3.6, and 3.7 and | produced the

rest of the figures in this chapter.

Chapter 4: B. Griffen collected field data at one of the 30 field sites and
conducted the aggression and feeding experiments. | collected the density and injury
data at the other 29 sites. B. Griffen created Figures 4.3 and 4.4 and | produced the rest
of the figures in this chapter. Both B. Griffen and B. Leung offered comments on the

manuscript and assisted me in executing the statistical analyses.

Original Contributions to Knowledge

Chapter 1

Citizen science (i.e., incorporating volunteers) has been suggested as a solution
to monitoring large-scale environmental issues with real-world limitations (e.g.,
personnel) but validation studies to verify the abilities of citizen scientists are rare,
limited in scale and/or poorly designed. Given the lack of validation studies, the data
generated by volunteers are rarely published in peer-reviewed journals or considered in
management decisions. Some of the cases where the data collected by volunteers have

been published in peer-reviewed journals are cited in Chapter 1 and other publications



assisted by non-profit organizations such as the Reef Environmental Education
Foundation and Reef Check. My study is one of the few peer-reviewed publications that
investigated the accuracy of citizen science data (Delaney et al. 2008). Also this study is
one of the largest validation studies of citizen science to date, not only validating the
abilities of the vast majority of the almost 1,000 participants but also setting quantitative
eligibility criteria for volunteers. These criteria will allow accurate monitoring to be
conducted in the future and for peer-reviewed publications. The approach developed in
this chapter is generalizable to validating the abilities of volunteers in any system or for
any species. The survey portion of the study collected data on the densities of native
and invasive species in seven northeast states of the USA, which is a scale rarely
examined with such sampling intensity. This survey recorded a range expansion of H.
sanguineus. The most northeastern observation is now a gravid female specimen on

Schoodic Peninsula, Maine.

Chapter 2

Quantifying an unbiased estimate of the actual probability of detection is a
problem that has challenged ecologists for decades (Geissler and Fuller 1987,
MacKenzie 2005; Harvey et al. 2009). While many approaches have been created, my
approach is far simpler to execute, requires limited and rudimentary equipment, and is
better able to quantify the probability of detection and false negatives. Most researchers
and managers assume that the rate of false negatives is negligible for presence-
absence survey data even though the probability of not detecting a target if present has
been recorded to be as high as 87% (Wintle et al. 2005). In my study, | found the

Xi



probability of a false negative occurring at a site can be even higher (i.e., 94%).
Therefore, researchers examine their data, creating, and analyzing patterns that might
be inherently flawed. However, by using my approach to quantify the uncertainty,
researchers and managers would be able to incorporate the uncertainty of sampling into
models and to quantitatively assess the reliability of the data. For monitoring, the
empirical probability model can determine the feasibility of a certain survey or
monitoring objective and better interpret the generated data. The manipulative field
approach offers managers and researchers a way to refine sampling techniques by
comparing alternative techniques in a standardized and quantitative manner. Further,
the probabilistic model created from the manipulative field experiments can quantify the
amount of personnel needed for large-scale monitoring (e.g., a state, province or
country) of invasive species, which allows a quantitative answer to whether monitoring
is feasible. Also this field-based approach can quantify an unbiased estimate of the

probability of detection or non-detection.

Chapter 3

While ocean currents are critically important for secondary spread of marine
invasive species, the ability to use existing oceanographic models to predict larval
spread is usually assumed and not validated. This is a challenging problem because
physical oceanographic models often do not incorporate biology, and large-scale
standardized datasets to validate such models are rare or non-existent. In this study we

adapted and improved a physical oceanographic model, incorporated biological
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behaviors, and then used extensive, large-scale, standardized field data to
parameterize and validate the model’s ability to forecast the spread of species.
Density data of adult populations of the two introduced species (Chapters 1 and
2) were collected to estimate sources of larval production. This was coupled with a
recruitment study and the first ever drift card study in the Gulf of Maine to allow us to
predict spread. It is also one of the few field investigations of recruitment of H.
sanguineus and again the largest to date. This two-step method of drift card and
recruitment studies served to assess the ability of an oceanographic model to
accurately forecast the potential spread of intertidal species and to identify research

needed to improve these forecasts.

Chapter 4

Predicting the impacts of an invasive species solely by its abundance is common,
yet it ignores other potentially important moderating factors. Therefore, to better predict
the impact of invasive species we need to examine both abundance and moderating
factors. This is the first study to demonstrate how injury may significantly moderate
impacts of invasive species. Injury is a novel and understudied predictor of impact. This
is one of the few studies to quantify the frequency of injury of invasive species in their
non-native ranges. Also it uses manipulative and observational experiments conducted
in the field and laboratory to identify a possible causal mechanism and predictors of
injury in nature on a regional-scale. It is one of the few studies documenting moderators
of invasive species’ impacts. It is only the second study on injury of H. sanguineus in its
introduced range and it includes over an order of magnitude more data than the only

Xiil



other study (Davis et al. 2005). This is one of the largest scale studies to date on rates
of limb loss of invasive species. This study increases both the magnitude and
geographic coverage of crab injury data, allowing the examination of patterns of injury
on a regional-scale. In 2006 | collected injury data in a standardized manner at 30 sites
along the coast of New England and New York. Also in the more controlled laboratory
environment we showed that the amount of time spent in aggression is related to the
size of the crabs. Also | examined patterns of injury in nature on a regional-scale and
documented that injury is size-dependent and has the potential to reduce economic and
ecological impacts of invasive species. Based on the lines of evidence in this study, |
proposed a novel mechanism for explaining the relationship of injury and size and argue

that injury should be considered in predicting impacts of invasive species.

Xiv



References

Davis JLD, Dobroski NA, Carlton JT, Prevas J, Parks S, Hong D and Southworth E
(2005) Autotomy in the Asian shore crab (Hemigrapsus sanguineus) in a non-
native area of its range. Journal of Crustacean Biology 25: 655-660

Delaney DG, Sperling CD, Adams CS and Leung B (2008) Marine invasive species:
Validation of citizen science and implications for national monitoring networks.
Biological Invasions 10: 117-128

Geissler PH and Fuller MR (1987) Estimation of the proportion of area occupied by
an animal species. Proceedings of the Section on Survey Research Methods
of the American Statistical Association, 1986, pp 533-538

Harvey CT, Qureshi SA and Maclsaac HJ (2009) Detection of a colonizing, aquatic,
non-indigenous species. Diversity and Distributions 15: 429-437

MacKenzie DI (2005) What are the issues with presence-absence data for wildlife
managers? Journal of Wildlife Management 69: 849-860

Wintle BA, Kavanagh RP, McCarthy MA and Burgman MA (2005) Estimating and
dealing with detectability in occupancy surveys for forest owls and arboreal

marsupials. Journal of Wildlife Management 69: 905-917

XV



Thesis Abstract

Managing introduced species, a current environmental problem, is hindered by
real-world limitations of personnel, data, and funding. Monitoring is an important
precursor to effective management because detecting an introduced species when its
population is localized and at low density (i.e., early detection) maximizes the probability
of successful eradication. Often introduced species are only detected years after the
initial introduction, when eradication is no longer a viable option. Therefore, in this thesis
we developed and analyzed techniques to better monitor and model the spread of the
European green crab (Carcinus maenas) and the Asian shore crab (Hemigrapsus
sanguineus). To overcome issues of insufficient amounts of data and personnel, we
recruited nearly a thousand volunteers and validated their ability to identify introduced
and native species of crabs with high levels of accuracy (Chapter 1). To increase the
probability of early detection, we need to not only increase sampling intensity, but also
to identify more effective and efficient sampling techniques. Therefore, we developed a
quantitative, standardized experimental field approach for comparing the sensitivity of
different sampling techniques for detecting organisms at low densities (Chapter 2). Even
with an efficient sampling technique and increased resources of a validated volunteer
monitoring network, we are still not adequately equipped for early detection monitoring
on the large-scale. Since it is infeasible to monitor everywhere a species could be
introduced, we should monitor where they are more likely to arrive and manage them

where their impact will be greatest. To address this problem we modified an



oceanographic model, incorporated biological behaviors, used extensive field data to
parameterize and validate the model’s ability to forecast areas that are most likely to be
colonized, so we can optimally allocate our limited resources (Chapter 3). Finally, to
determine what areas will be most impacted, we quantified the population densities of
these two invasive species and their incidences of injury, which is mainly due to inter-
and intraspecific aggression. We propose that injury is an important, but understudied,
moderating factor of the impacts of invasive species (Chapter 4). This research

increases our ability to monitor and manage the spread of introduced species.



Résumeé

La gestion des espéces introduites est un probléme environnemental pressant
qui est souvent entravé par des limites de personnel, de données et de financement. La
surveillance est un prérequis important afin de gérer les espéces introduites de fagon
efficace puisque la détection hative de ces espéces, lorsqu’elles sont peu dispersées et
a faible densité, maximise la probabilité de les éradiquer. Il arrive souvent que les
espéeces introduites soient détectées plusieurs années aprées leur établissement,
lorsqu’il n’est plus possible de les éradiquer. L’'un des objectifs de cette thése est donc
de développer et d’évaluer des méthodes servant a détecter et a modéliser la
propagation de deux espéces invasives: le crabe vert européen (Carcinus maenas) et le
crabe asiatique (Hemigrapsus sanguineus). Pour surmonter des difficultés courantes
liees a un manque de données et de personnel, nous avons recruté mille volontaires et
nous avons validé leur aptitude a identifier de fagon précise des espéces de crabes
natives et introduites (Chapitre 1). Afin d’augmenter la probabilité de détection hative, il
n’est pas seulement nécessaire d’augmenter la fréquence d’échantillonnage, mais aussi
de déterminer quelles sont les techniques d’échantillonnage les plus efficaces. Par
conséquent, nous avons développé une méthode expérimentale quantitative et
standardisée servant a comparer la sensibilité de différentes techniques
d’échantillonnage pour détecter des organismes présents en faible densité sur le terrain
(Chapitre 2). Méme avec des techniques d’échantillonnage efficaces et un systéme de
surveillance reposant sur des volontaires formés a I'avance, il est trés difficile de

surveiller des aires a trés grande échelle et de permettre la détection hative. Etant



donné ces difficultés, il est nécessaire de surveiller les endroits les plus susceptibles
d’étre envahis et les plus vulnérables aux impacts des espéces invasives. Afin de tenter
de résoudre ce probleme, nous avons modifié un modéle océanographique eny
incorporant des comportements biologiques et en utilisant de nombreuses données de
terrain afin de prédire quels seront endroits seront les plus vulnérables d’étre envahis et
de pouvoir y allouer les ressources disponibles. Finalement, pour déterminer quels
endroits seront les plus affectés, nous avons quantifié la densité des populations de C.
maenas et de H. sanguineus et la fréquence de leurs blessures dues a des agressions
inter- et intraspécifiques. Nous suggérons que le taux de blessures est un facteur tres
important, mais sous étudié, pouvant modérer I'impact des espéces invasives (Chapitre
4). Cette recherche permettra d’'améliorer notre habileté a surveiller et a modéliser la

propagation des espéces introduites en milieu marin.
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General Introduction

Bioinvasion is a form of global change that is homogenizing the biota of terrestrial
and aquatic environments (Carlton 2001; Rahel 2002; Ricciardi 2007). Marine
environments are no exception, as they are heavily invaded, and all the world’s oceans
have been colonized by introduced species (Cohen and Carlton 1998; Ruiz et al. 2000,
Carlton and Cohen 2003, Tavares and De Melo 2004). Despite its importance, marine
invasion biology lags behind its counterparts in terrestrial and freshwater ecosystems,
and arguably, only started as a formal field of science in the 1970s (Carlton 1979).
Progress in this field, as with many disciplines in ecology, has been hindered by real-
world limitations, especially insufficient resources (e.g., funding, personnel and
equipment to extensively monitor vast areas), which leads to the second problem,
sparse data (i.e., data do not exist or contain extensive gaps in its spatial and/or
temporal records) (Bax et al. 2001; Leung and Delaney 2006; Lodge et al. 2006). These
issues are not ephemeral, and invasion biologists need to address them to achieve a
central objective—more effective monitoring and management of invasive species to
avoid significant economic, ecological and/or human-health consequences (Parker et al.
1999; Pimentel et al. 2000; Carlton 2001; Pimentel et al. 2005).

My thesis examines questions of how to detect the early stages of an invasion,
when the population of an invader is localized, at low density, and eradication is still
feasible (Rejmanek and Pitcairn 2002) and make monitoring feasible even given real-
world limitations, such as limited resources. To examine these questions, | use two
established invaders, which allows for experimentation that is not possible with newly

arriving introduced species or invaders that are not currently present (e.g., the brush-
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clawed crabs, Hemigrapsus takanoi and H. penicillatus and the Chinese mitten crab,
Eriocheir sinensis). | develop and analyze techniques for these species that allow us to
improve early detection of these species as they spread to new regions or for future
introduced species. First, there is the need to overcome issues of sparse data by
increasing personnel to more thoroughly monitor large areas. Volunteer-based
monitoring is a potential solution to this problem (Bonney 1991; Boudreau and Yan
2004), but needs to be validated before academics and resource managers can utilize
citizen science data (Chapter 1). For early detection to be more effective, invasion
biologists need to quantify the probability of detection and refine sampling techniques
for monitoring organisms at low densities (Chapter 2). Also, to effectively and feasibly
monitor large areas, we need to better predict spread, so areas at greatest risk of
invasion can be identified, allowing managers to optimally allocate their limited
resources for monitoring (Chapter 3) and management efforts (Chapter 4). By
identifying where marine invasive species are most likely to colonize and cause the
greatest impact, invasion biologists can optimally allocate monitoring and management
resources to address a growing environmental problem within real-world limitations.

In Chapter 1 | investigated what controls accuracy of monitoring native and
invasive species of crabs and create a regional, standardized database for this
information. Comprehensive databases of spatial and temporal information for large
geographic ranges of native and invasive species are integral to testing scientific
hypotheses and validating predictive spread models (Ricciardi et al. 2000). Currently,
most databases are disjunct, disparate, and include distributions that are incomplete
and often extremely out-dated. Intense monitoring could aid in building comprehensive
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and up-to-date databases, but such efforts rarely occur due to insufficient personnel. |
believe that volunteer-based monitoring is a potential solution to monitor marine
invaders, as it has been used successfully in other systems, and could supplement
scarce resources (Bonney 1991; Greenwood 1994, 2003; Bray and Schramm 2001;
Boudreau and Yan 2004). However, the accuracy of volunteers needs to be assessed
before it can be used in academic research.

Hypotheses:

1. If age, education, size of the group, or size of the crabs helps volunteers

collect accurate data on crab species, then these factors will be positively

correlated with the accuracy of volunteer-based data on the species of a crab.

2. If age, education, size of the group, or size of the crabs helps volunteers

collect accurate data on sex of a crab, then these factors will be positively

correlated with the accuracy of volunteer-based data on the sex of a crab.

3. If the sex and species of crabs are easy to correctly identify, then volunteers

will be able to collect data with high levels of accuracy.

In Chapter 2, | developed a quantitative, standardized experimental field
approach for comparing the sensitivity of different sampling techniques for detecting
organisms at low densities to increase the probability of detection. Increasing the
probability of detection is critically important for invasion ecology, conservation biology
and arguably, all fields of ecology (Nichols et al. 2000; MacKenzie 2005). Scientists
have detected more than 500 marine introduced species along the coast of North
America (Grosholz 2005), and it has been estimated that thousands of species are
transported around the world every day (Carlton 1999; Drake and Lodge 2004). Species
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often remain undetected or are usually only detected years after the initial introduction
(Geller et al. 1997), when the population size is large and eradication is no longer an
option (Bax et al. 2001; Rejmanek and Pitcairn 2002). It has been recognized that
increased monitoring and refined sampling approaches are beneficial since they
increase the probability of early detection (US Congress OTA 1993; Bax et al. 2001;
Lodge et al. 2006), which offers the best chance for successful eradication (Rejmanek
and Pitcairn 2002). Therefore, | examined the frequency of false-negatives (not
detecting something that is actually present) in two different approaches, random
quadrat sampling and Total Area Search (i.e., freely searching the entire area), for two
targets of different levels of mobility (i.e., sessile and mobile).

Hypotheses:

1. If the Total Area Search is more effective for early detection than random

quadrat sampling, then it will detect targets faster and at lower densities.

2. If mobile targets are harder to detect than sessile targets then detecting

mobile targets will take longer and reduce the probability of detection.

In Chapter 3 | examined the ability to predict the spread of marine introduced
intertidal species. Forecasting spread is a central goal of not only invasion biology but
ecology as a whole. In the case of predicting the spread of invasive species, it has both
pure and applied implications. Although the best management strategy is preventing
primary spread, ultimately some species will become established. Therefore, we must
be prepared to predict and manage secondary spread as it determines the scale of an
invasion and its impacts (Lodge et al. 1998). Given that most marine bioinvaders are
highly fecund and have one or more planktonically dispersed life stages (Cohen and
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Carlton 1998; Ruiz et al. 2000), ocean currents are arguably an important vector for
secondary spread in marine systems. Oceanographic models coupled with larval
ecology of an invader theoretically could predict the spread of the organisms.
Unfortunately oceanographic models are usually only qualitatively validated using
limited data (e.g., Hannah et al. 2001). Validation using biological datasets is rare but
important as secondary spread in marine systems has been understudied to determine
the extent of invasions. Depending on the duration of larvae, they can be transported
hundreds of kilometers so this is a vector that needs further study. In this chapter, |
examine the importance of physical and biological processes in determining the spread
and dispersal potential of a species.

Hypotheses:

1. If ocean currents are important and oceanographic models can predict
them, then these models will be able to predict movement of passive
particles (drift cards).

2. If ocean currents and larval behaviors are important factors controlling
larval spread and oceanographic models coupled with biological
processes can predict them, then these models will be able to predict
recruitment of C. maenas and H. sanguineus.

For this thesis | conducted broad-scale surveys of the abundances of these
species along the northeast coast of the United States (Chapter 1) and determined the
best way to sample, the accuracy of the data, and examined if we have sufficient
sampling for early detection (Chapter 2). Then using the regional datasets of density
(Chapter 1 and 2) combined with data from a drift card study and a recruitment study, |
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determined if physical oceanographic models can predict the spread of marine invasive
species (Chapter 3). If the model can not predict the spread of invasive species, |
determined if it failed due to gaps in our current understanding of the biology of the
organisms (e.g., larval behaviors) or physical processes of ocean currents (e.g.,
advection) that transport the larvae to new locations.

In Chapter 4 | examine patterns of limb loss in invasive species because injury
could be an important but understudied predictor of impact. The impact of invasive
species is often predicted solely by their abundance (Crivelli 1983; Medd et al. 1985;
Bobbink and Willems 1987; Ricciardi et al. 1995; Alvarez and Cushman 2002;
Chumchal et al. 2005; Finnoff et al. 2005; Cacho et al. 2007; Whittle et al. 2007), but
other factors, such as injury, might also be important as they can moderate the impacts
of invasive species. | document the density, size, and injury (i.e., limb loss) of C.
maenas and H. sanguineus at thirty sites from Shinnecock County Park, New York to
Lubec, Maine. Using density of these species at 30 sites and records of thousands of
crabs’ injury status across these sites, | identify predictors of injury. | examine both
individual- and site-level factors. On the individual-level, | examine whether there is a
difference in incidence of injury between sex and size of individual crabs. On the
regional-level, | examine whether the prevalence of injury was positively correlated with
latitude, density, average size of conspecifics and heterospecifics. Given that the focal
organisms are both aggressive predators that are having large impacts on prey in the
invaded region, aggressively interact with each other, understanding regional patterns
of limb loss will help understand and identify where impacts will be reduced by injury.

Hypotheses:
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1. If aggression increases as the crabs grows larger then the amount of time
spent engaging in aggressive behavior will be positively correlated with the
size of a crab.

2. If injury increases with the size and density then the incidence of injury will
be positively correlated with size and density.

3. If aggression increases with water temperature, injury rates will be
negatively correlated with latitude along the coast of New England.

4. If injury reduces foraging efficiency then the number of bivalves
consumed by injured crabs (missing a single cheliped) will be less than for

crabs with all claws intact.

Study System and Focal Organisms

My research is conducted at multiple spatial scales but primarily focuses on the
regional scale, in the intertidal zone of New England and New York. This area is well-
studied and heavily invaded (Say 1817; Verrill 1880; Glude 1955; Taylor et al. 1957;
Bousfield and Laubitz 1972; Menge 1976; Brenchley and Carlton 1983; Stachowicz et
al. 1999; Lohrer and Whitlatch 2002; Carlton and Cohen 2003) and is predicted to face
future invasions by other known invasive species (e.g., E. sinensis) (Herborg et al.
2007). To be better prepared for future bioinvasions, research needs to move beyond
purely observational studies that only document the presence of invaders to research
that tests hypotheses with standardized, quantitative data to identify the general

predictors of invasion patterns and optimally manage invasive species. This is only

16



possible for species with rich datasets. Therefore, | will focus on C. maenas and H.
sanguineus because they are well-studied invasive species causing economic and
ecological damage and have extensive spatial and temporal invasion histories (Crothers
1967, 1968; Zeidler 1978; McDermott 1992, 1998a, 1998b, 1999; Grosholz and Ruiz
1996; Leonard et al. 1999; Lohrer et al. 2000; Behrens Yamada 2001; Lohrer 2001;

Lohrer and Whitlatch 2002; Carlton and Cohen 2003).

Carcinus maenas

The European green crab, C. maenas is a voracious omnivore that can consume
species from at least 104 families, 158 genera including phyla of animals, plants and
protists; therefore, food is usually not a limiting agent (Ropes 1968; Cohen and Carlton
1995; Cohen et al. 1995; Grosholz and Ruiz 1996). As a generalist, it can survive in
many of the places to which it is transported (Cohen and Carlton 1995). Once
established C. maenas can negatively affect many species by predation and
competition (Ropes 1968; Grosholz and Ruiz 1995; Grosholz and Ruiz 1996; Leonard
et al. 1999; Griffen and Byers 2006; Griffen and Delaney 2007; Griffen et al. 2008). The
IUCN has listed C. maenas as one of the 100 worst invasive species in the world (Lowe
et al. 2000). Its native range is the Atlantic coast of Europe and possibly northwestern
Africa, it can now be found on parts of all non-polar continents (Carlton and Cohen
2003). It has obtained this global distribution because it can tolerate a wide range of
salinities and temperatures (Broekhuysen 1936; Cohen and Carlton 1995; Cohen et al.

1995; Carlton and Cohen 2003).

Hemigrapsus sanguineus
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In common with C. maenas, H. sanguineus is a generalist, an omnivore, and a
highly invasive brachyuran crab that has a distribution on multiple continents (Breton et
al. 2002; Schubart 2003). Unfortunately, far less is known about H. sanguineus than C.
maenas. Males can reach a maximum carapace width of 5 cm and are larger than the
females. H. sanguineus is native to the western Pacific from Sakhalin Island, Russia
along the coasts of Korea and China down to Hong Kong and Japan (McDermott
1998a; Lohrer et al. 2000; Ledesma and O'Connor 2001). H. sanguineus inhabits
waters that range from above 30 to below 5°C (Depledge 1984; Takahashi et al. 1985).
It has been detected in multiple locations in Europe, including France and the
Netherlands (Breton et al. 2002; Schubart 2003), and during 1988 it was first detected
on the eastern coast of North America. This first North America detection was in Cape
May County, New Jersey by an undergraduate student on a college field trip (Williams
and McDermott 1990). Although H. sanguineus was detected in 1988 it probably
colonized years earlier as it was discovered as an adult and it was transported as larvae
in ballast water of foreign cargo vessels (Lohrer 2001). With a high fecundity in the form
of multiple broods of more than 40,000 eggs each breeding season (McDermott 1991),
H. sanguineus has expanded its invasive range along the eastern coast of the United
States, and has colonized from Oregon Inlet, North Carolina to Isle au Haut, Maine

(McDermott 1998b; Lohrer 2001; P. Thayer, pers. comm.).
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Linking Statement 1

Given the frequency of new introductions and the global-scale of the problem, we
lack sufficient funding to employ enough personnel to document and detect what
species are already established or newly arriving to an area. The earlier an invasion is
detected, when the invader’s population is localized at low density, the higher the
probability of successful eradication. Due to minimal monitoring along the coastline,
most introduced species are not detected when eradication is still an option, so it is
imperative to increase the amount of monitoring to make early detection more common.
The most feasible option to ameliorate this problem, given-real world limitations, such
as insufficient funding and personnel to monitor vast amounts of area, is having
volunteers monitor the areas that scientists can not monitor themselves. Therefore, |
conducted a validation study to determine whether volunteers can collect accurate data
on the introduced and native species of crabs along the coast of New England, New
Jersey, and New York. If volunteers are accurate, personnel for early detection would
be vastly increased. Further, if we can identify factors (e.g., age, education, size of the
groups monitoring and the crabs they are identifying) that predict the volunteers’ ability
to record accurate data, we can set quantitative eligibility criteria to maintain quality
assurance to the data they collect. If a citizen science monitoring network can be
validated and sustained, we can use their data to monitor the focal organisms on the

large-scale to increase our ability to detect invaders as they colonize and spread. In
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Chapter 1 | test whether volunteer-based monitoring is accurate and therefore a

potential solution to this problem by supplementing scarce resources.
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Chapter 1. Marine Invasive Species: Validation of Citizen
Science and Implications for National Monitoring
Networks

Abstract

Approximately 1,000 volunteers assessed the presence of invasive (Carcinus
maenas and Hemigrapsus sanguineus) and native crabs within the intertidal zone of
seven coastal states of the U.S., from New Jersey to Maine. Identification of crab
species and determination of the gender of the observed crabs was documented at all
52 sites across a 725-km coastal transect. Using quantitative measures of accuracy of
data collected by citizen scientists, a significant predictor of a volunteer’s ability was
determined and eligibility criteria were set. Students in grade three and seven had the
ability to differentiate between species of crabs with over 80% and 95% accuracy,
respectively. Determination of gender of the crabs was more challenging and accuracy
exceeded 80% for seventh grade students, while 95% accuracy was found for students
with at least two years of university education. We used the data collected by citizen
scientists to create a large-scale standardized database of the distribution and
abundance of the native and invasive crabs. Hemigrapsus sanguineus dominated the
rocky intertidal zone from Sandy Hook, New Jersey to Boston Harbor, Massachusetts,
while C. maenas dominated the northern extent of the sampled coastline. A citizen

scientist of this monitoring network detected a range expansion of H. sanguineus. We
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identified obstacles to creating a national monitoring network and proposed

recommendations that addressed these issues.
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Introduction

More than 500 marine introduced species have been observed along the coast of
North America and it is estimated that thousands of species are transported around the
world every day (Carlton 1999; Fofonoff et al. 2003). Species often remain undetected
or are usually only detected years after the initial colonization (Geller et al. 1997; Lohrer
2001), when the population size is large and eradication is no longer an option (Bax et.
al 2001). Invasion ecology began as a true discipline in the later half of the 20th century
and is still in its infancy (Elton 1958; Carlton 1979; Ruiz et al. 1997). In particular,
marine systems are still greatly understudied, and so far, only a fraction of the invaders
and their impacts have been recorded (Ruiz et al. 1997). Increased monitoring is
beneficial since it increases the chance for early detection and thus offers the best
chance for eradication (Myers et al. 2000; Bax et. al 2001; Lodge et al. 2006).

Comprehensive databases of spatial and temporal information for large
geographic ranges of native and invasive species are integral to rapid assessments,
testing scientific hypotheses, and validating predictive models (Ricciardi et al. 2000).
Currently most databases are disjunct, disparate, incomplete, and often out-dated.
Unfortunately, intense monitoring, as would be necessary to build comprehensive and
up-to-date databases, rarely occurs due to resource limitations, such as the availability
of funding and personnel. Volunteer-based monitoring is a potential solution to this
problem and could supplement scarce resources (Fore et al. 2001; Lodge et al. 2006).
For example, a statewide citizen science ornithological study provided more than

200,000 hours of data collection that is valued at over a million dollars, even based on

34



minimum wage (Bonney 1991). It has been shown that citizen science initiatives have
not only contributed to reductions in costs associated with research endeavors, but
have also been quite useful in previous environmental assessments (Greenwood 1994,
2003).

Citizen science has begun to contribute to the wealth of information about
population structures, distributions, behaviors and to assist with the conservation of
various organisms. Terrestrial and aquatic resource managers have taken advantage of
volunteer networks for ornithology studies, reef ecology, stream and water quality
monitoring (Darwall and Dulvy 1996; Ohrel et al. 2000; Bray and Schramm 2001; Fore
et al. 2001). While many programs have already incorporated volunteers in
environmental monitoring in Europe, fewer groups in North America have realized the
value, both economic and educational, of citizen science (Greenwood 1994). The best
North American example is the National Audubon Society’s Christmas Bird Counts,
which have been generating data for over 100 years about the distribution, range
expansions, and other patterns of North American birds (National Audubon Society
2006). These initiatives are valuable both for the scientists, who gain increased
personnel to collect more samples, and for the public, who benefit from hands-on
learning experiences (Bonney and Dhondt 1997; Fore et al. 2001). With the aid of local
volunteers, the program has been able to demonstrate the feasibility of citizen science
initiatives and applicability within large-scale bio-monitoring programs (National
Audubon Society 2006).

The scientific community, however, seems reluctant to accept citizen science due
to a current lack of certified audits to assess the validity of using such data in academic
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research and resource management decisions. Quality assurance and validation of
these initiatives, through compliance to rigorous scientific methodology, is necessary for
the scientific community to accept and utilize the data collected by citizen scientists
(Boudreau and Yan 2004). Acceptance by the scientific community would also allow
additional personnel to participate in bio-monitoring, and thereby increase our biological
understanding of these species by creating large standardized spatial and temporal
datasets (National Audubon Society 2006). Given the scarcity of knowledge related to
marine introduced species (Ruiz et al. 1997) and the novelty of marine-focused
volunteer bio-monitoring projects, this study was designed to validate the feasibility and
accuracy of a large-scale marine invasive species monitoring network, named “Citizen
Science Initiative: Marine Invasive Species Monitoring Organization” (CSIl: MISMO
2007).

This study sought to assess the abilities of citizen scientists to compile data
about the status and composition of the coastal biota. If, as hypothesized, it was
determined that citizen science was a reliable method of conducting research,
volunteers could aid in amassing knowledge about both native and invasive intertidal
crabs, including the Asian shore crab (Hemigrapsus sanguineus) and the European
green crab (Carcinus maenas). Certain variables were predicted to affect the accuracy
of data collected by these volunteers, including the volunteers’ age, education, group
size, and size of the crab. We hypothesized that an accurate monitoring network is
feasible with the assistance of citizen scientists, if eligibility criteria were determined and
enforced. Data confidently generated by such efforts could then contribute to a large-
scale, standardized database that would fill gaps in our current monitoring and increase
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knowledge of marine systems. The abundance and demographics of intertidal crab
species could then be mapped to provide baseline data on the distribution of the current
biota. The monitoring network could also provide early detection of other invasive crabs,
such as the Chinese mitten crab (Eriocheir sinensis) and the brush-clawed crab
(Hemigrapsus penicillatus), both potential invaders to the coast of New England and

other locations around the globe.

Study Organisms

As widely distributed organisms, Carcinus maenas and Hemigrapsus sanguineus
were logical choices for this new type of study and validation towards yielding the data
needed for the progress of marine invasion ecology. These invasive crabs have many
dispersal mechanisms, but the primary vector for these and other marine invaders from
their native to invasive range has been via ship’s ballast (Cohen et al. 1995). Carcinus
maenas has invaded the coasts of North America, South Africa, Australia, South
America and other places outside of its native range of the Atlantic coast of Europe and
possibly northwest Africa (Carlton and Cohen 2003; Hidalgo et al. 2005). Carcinus
maenas was presumably brought to the Atlantic coast of North America, in 1817, with
solid ballast (Carlton and Cohen 2003). By 1989, it started colonizing the Pacific coast
of North America starting in San Francisco Bay (Cohen et al. 1995). It was transported
accidentally from the east coast by activities associated with the live food and bait trade

(Cohen et al. 1995; Carlton and Cohen 2003). Establishment and persistence in these
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various environments is likely facilitated by its omnivorous feeding strategy and its
ability to tolerate a wide range of temperatures and salinities (Crothers 1967; Ropes
1968; Cohen et al. 1995). A single brood of C. maenas can contain at least 185,000
eggs (Crothers 1967). High fecundity and the characteristics of a generalist allow C.
maenas to inhabit a diverse range of marine ecosystems (Carlton and Cohen 2003) and
therefore, reduce beta-diversity.

Similarly, H. sanguineus is a generalist, an omnivore, and a highly invasive
brachyuran crab (Lohrer 2001). H. sanguineus is native to the western Pacific (Ledesma
and O’Connor 2001) but has colonized multiple locations in Europe (Breton et al. 2002;
Schubart 2003) and during 1988 it was first detected on the eastern coast of North
America, in New Jersey (Williams and McDermott 1990). Traffic of foreign cargo vessels
was presumably the vector that brought the Asian shore crab to North America (Lohrer
2001). In its native range, H. sanguineus inhabits waters that range from above 30 to
below 5°C (Depledge 1984; Takahashi et al. 1985). With a high fecundity in the form of
multiple broods of more than 50,000 eggs each breeding season, H. sanguineus has
expanded its invasive range along the eastern coast of the United States, and has
colonized from Oregon Inlet, North Carolina to Isle au Haut, Maine (McDermott 1998;

Lohrer 2001; P. Thayer pers. comm.).
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Methodology

Systematic surveys, using randomly placed quadrats, were conducted from May
through August, 2005, with approximately 1,000 volunteers across 52 sites (Fig. 1.1)
from Sandy Hook, New Jersey (40°27.103N, 074°00.135W), to Machias, Maine
(44°42.451N, 067°18.823W). Intertidal habitats suitable for the invasive crab species H.
sanguineus and C. maenas were selected, and our sampling site was defined as a 30
by 30 meter area using two tape measures. The tape measures were run parallel (X)
and perpendicular (Y) to the coastline, to allow X-Y coordinates to be identified. The top
left corner of each one square meter quadrat was placed at the intersection of two
randomly selected X-Y coordinates. Crabs were collected and removed from each
quadrat, taking care to systematically examine under macrophytes and rocks. On site,
volunteers were instructed to record the species, gender, and carapace width for each
crab. Carapace width was measured between the antero-lateral teeth furthest away
from the eye-stalks (Crothers 1968). Citizen scientists placed the crabs into buckets
corresponding to the different species and gender combinations (e.g., male C. maenas,
female H. sanguineus) for validation. All rocks were returned to their initial state to
minimize any disturbance. This process was repeated for as many quadrats as was
feasible during low tide.

The volunteers varied in age and education level, which allowed identification of
volunteer eligibility criteria. The education level ranged from pre-kindergarten to Ph.D.,
and age ranged from 3 to 78 years old. The participants at each site were divided into
subgroups (1 to 10 people). In total, 190 groups participated in the experiment. Before

the sampling started, the research team introduced the volunteers to the methodology in
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an hour-long training session. Participants were given magnifying glasses, buckets,
rulers, as well as Massachusetts Institute of Technology Sea Grant’s “Hitchhikers Guide
to Exotic Species” and field guides, which served as teaching tools to increase the
accuracy of citizen scientists monitoring at each site. After each sampling session, all of
the crabs collected by volunteers were checked and re-counted by the research team to

verify the degree of accuracy with which the citizen scientists had recorded the data.

Statistical Approaches and Issues

To develop eligibility criteria, we identified independent variables (age, education,
and group size of participants, as well as the size of the crab) to examine their effect on
the ability of volunteers to accurately determine crab species and gender. As expected,
age and education were highly collinear (r = 0.813). Therefore, only education was
included in the analysis because it was assumed to be a more accurate predictor of
citizen scientists’ abilities. Further, of the 190 groups in the monitoring network, 135 of
them had measured the carapace width for every crab that they had collected, and thus,
these were the only groups included in the validation analysis. The volunteer groups
were used as independent sampling units (N = 135), since our purpose was to validate
the accuracy of volunteers.

The experimental design has an issue of repeated measures, because each
group collected multiple crabs and had unequal sample sizes. Thus, a randomization

program selected an individual crab collected from each group at random, such that
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each group provided a single data point. Each multiple logistic regression served to test
the relationships between the predictor variables (volunteer group size, education and
crab size) and a binary dependent variable (correct identification of crab species or
gender). The program randomized the predictor variables with respect to the dependent
variables, and a multiple logistic regression on this randomized set created the null
comparison point (Manly 1997). The program repeated this process 10,000 times, each
time selecting, with replacement, a crab from each group. This allowed statistics to be
calculated using all crabs in the dataset, thereby providing a better idea of the generality
of the results and avoiding inflated Type | errors associated with non-independence
from multiple measurements per group. For independent variables that were significant,
the eligibility criteria to provide high levels of accuracy (80% and 95%) were determined

using back-transformation from the averaged logistic model results.

Results

Validation of Citizen Scientists

Education was a highly significant predictor of the volunteers' ability to correctly
identify both the species and gender of a crab (Table 1.1). Based on the data, it was
concluded that third-grade students were, on average, at least 80% accurate when
discerning the differences between the native and invasive crab species, while seventh-
grade students were over 95% accurate. Determination of crab gender was more
challenging requiring at least a seventh grade education to obtain 80% accuracy.
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Volunteers required two years of university education to exceed 95% accuracy. The
analysis did not find that volunteer group size and crab size were significant predictors
of a citizen scientist’s ability to identify the gender or species of a crab correctly (Table

1.1).

Abundance, Diversity and Distribution

Once the statistical analysis provided eligibility criteria for participants of CSI:
MISMO volunteers, the further analysis on crab distributions presented here used only
the data of the citizen scientists who satisfied the requirements that exceeded 95%
accuracy. These results depict the distributions and relative densities of C. maenas and
H. sanguineus in their invasive range in the seven sampled northeast coastal states
(Fig. 1.2 and Table 1.2). Latitudinal correlation analysis showed a pattern of H.
sanguineus abundance that was inversely proportional with a correlation coefficient of -
0.583. The Asian crab dominated the rocky coasts from Sandy Hook, New Jersey (Site
1) to Quincy, Massachusetts (Site 21). At all sites north of Boston Harbor (Sites = 25),
C. maenas populations were larger than those of H. sanguineus. Several sites in the
central locations, particularly New Bedford, Massachusetts (Site 11), East Providence,
Rhode Island (Site 17) and Saco, Maine (Site 30), were relatively diverse with regard to
native species (Fig. 1.2).

Finally, the volunteer network recorded a range expansion of H. sanguineus. The
most northeastern observation is now a gravid female specimen, measuring 22.11 mm,

on Schoodic Peninsula (Site 43), which is the northeast limit of Acadia National Park in
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Maine. This range expansion, discovered on July 21, 2005 by a citizen scientist of CSI:
MISMO, is approximately 60-kilometers northeast of previous records of H. sanguineus

on Moores Harbor, Isle au Haut, Maine (Fig. 1.3).

Discussion

Eligibility and Implications for a National Monitoring Network

Based on this study, we have established a large-scale, standardized database
and eligibility criteria for citizen scientists monitoring marine introduced species. Now we
will outline the issues that may arise in the future for monitoring to be successful and for
extending to other marine introduced species. The utilization of citizen scientists could
face issues concerning the endurance of citizen scientists’ patience. For example, in
this pilot study, some volunteers failed to complete the size measurements of all their
crabs because they found it to be too difficult or tedious. However, all groups did record
the species and gender of the crabs, which is extremely useful information for early
detection and helps to fill in the gaps in current monitoring by professionals (Fore et al.
2001). Early detection has been recognized by invasion biologists and the US
Government to increase the probability of successful eradication (US Congress OTA
1993; Myers et al. 2000; Lodge et al. 2006).

For better management of introduced species, not only is there a need for more
data but it is crucial to have the data readily available to managers. One solution is the
use of global technologies such as the worldwide web and geographical information
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systems as a means for data entry and sharing. A dynamic database linked with online
mapping technology (e.g., Google Earth) would make an ideal medium for the first
completely graphical global database of the native and introduced ranges of species. To
make such a database comprehensive, it would need to incorporate data from already
established databases such as the Global Invasive Species Database (GISD 2007),
Marine Invader Tracking Information System (MITIS 2007), National Institute of Invasive
Species Science database (NIISS 2007), and the USGS Nonindigenous Aquatic
Species information resource (USGS NAS 2007). Another approach, as used by the
NISbase, is to link decentralized databases through a single-user interface (Ricciardi et
al. 2000; NISbase 2007). This option also has great potential but requires a level of
standardization by the creators of the individual databases that has been quite elusive.
Thankfully, this appears to be slowly changing. No matter what medium, a
comprehensive, up-to-date internet-based database will be vital because it will enable
global accessibility to standardized data that facilitates rapid response, increasing our
probability of successful eradication. It will provide information to all the stakeholders
such as researchers, resource managers, policy makers, educators and the public.
Another challenge will be the sustainability of the monitoring network itself given
issues of limited funding and the challenge of large-scale coordination and training. CSl:
MISMO and the National Park Service produced a video to train citizen scientists and
raise awareness of people all along the coasts of North America, while keeping the
investment of time and money for traveling and training expenses at a minimum.
Sustainability is possible with the right tools, and high quality data can be maintained by
enforcing the eligibility criteria determined in this study. For example, education was a
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significant predictor variable but the size of the crab was not a significant dependent
variable for the abilities of citizen scientists to identify the species or gender of a crab
correctly. There are a few possible hypotheses to explain this surprising result. One
explanation is that citizen scientists did not collect the smaller size classes of crabs and
therefore, did not extensively encounter the threshold size of crabs at which citizen
scientists could not discern the gender or species. Another possible factor is that citizen
scientists used magnifying glasses to identify smaller crabs, and therefore, size was not
an important factor.

Although there are issues with using citizen scientists, given proper training, they
can collect data with high accuracy (Darwall and Dulvy 1996; Fore et al. 2001,
Boudreau and Yan 2004). Citizen scientists are a valuable source of information for
early detection (Lodge et al. 2006). In fact, the first Asian shore crab in North America
was discovered by a college student (Williams and McDermott 1990). Unfortunately,
discoveries by citizen scientists are not usually published or disseminated to resource
managers and scientists, with the possible exception of ornithological studies (Lodge et
al. 2006; National Audubon Society 2006). The presence of H. sanguineus in
Massachusetts first came to the general attention of invasion ecologists and New
England marine biologists in 1993 because of the specimens collected by the students
of the Children's School of Science (J.T. Carlton pers. comm.). In South Portland, a 9-
year old child discovered the first site colonized by H. sanguineus in the state of Maine
(J. Sandler pers. comm.). This study sets a baseline for eligibility of citizen scientists
and lays the groundwork to extend and validate monitoring for other marine introduced
species. Given the low eligibility needed to identify crab species and gender correctly, it
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is quite feasible that citizen scientists can accurately monitor less conspicuous
introduced organisms.

It would be unrealistic, however, to believe that validation of citizen scientists’
abilities to collect data is the only element necessary for the establishment of a national
monitoring network. Creating a large-scale network is a multi-year, tiered process,
requiring a great deal of investment to enable it to flourish, expand, and remain
sustainable. Necessary investments include time, dedication, and financial backing.
Since data quality is an important issue, state-level supervision could play an important
role. We propose the ideal groups for this would be programs funded by National
Oceanic and Atmospheric Administration (NOAA), such as the National Sea Grant
College Program, a university-based research program located in 30 states. NOAA
already funds LIMPETS (Long-term Monitoring Program and Experiential Training for
Students), which uses students and other volunteer groups to monitor various marine
habitats of five west coast national marine sanctuaries (Pearse et al. 2001; Osborn et al.
2005). NOAA has already set the framework for a national program monitoring
introduced aquatic plants (Crawford et al. 2001). Comprehensive national monitoring of
aquatic systems for all introduced organisms would be the logical expansion of this work
and NOAA is best prepared for this monumental challenge. Collaboration between
NOAA and other established groups, such as the National Park Service, NGOs (e.g.,
Salem Sound Coastwatch) and extension programs (e.g., Cornell Extension Program of
Suffolk County), would be beneficial and these partnerships would serve to promote the
use of local experts in confirming the data for their area, to create the first national
marine monitoring network (M. Raczko, C. Smith, and B. Warren pers. comm.).
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The creation and proliferation of “bio-blitzes”, with volunteers gathering samples
to be identified by scientists, could be an ideal avenue for sustained citizen science
monitoring. These are heavily used by the National Park Service and many other
conservation groups. The Boston Harbor Islands National Park has already organized
such “bio-blitzes” that brought together personnel from the Harvard Museum of
Comparative Zoology and CSI: MISMO in which professionals were coupled with
volunteers to monitor native and invasive invertebrates of various Boston Harbor
islands. Other events organized by the National Park Service conduct a survey of
Coleoptera, Formicidae, and Lepidoptera diversity in Acadia National Park and
complete inventories such as the ‘All Taxa Biodiversity Inventory’ in places such as the
Great Smoky Mountains National Park (D. Manski pers. comm.). These all serve to
demonstrate that interest in public monitoring events facilitates the interaction of
professional scientists and resource managers with citizen scientists who share mutual
goals (Fore et al. 2001). Due to the large work force needed to monitor these huge
areas, citizen science is a vital component for the success of properly monitoring the
spread of invasive species.

This study sought to demonstrate that a large group of people working together
could collect enough scientifically valid data for use in detecting the spread of recently
introduced non-native species. Increased monitoring is beneficial since it increases the
chance for early detection that offers the best chance for eradication, which is the most
cost-effective management option (US Congress OTA 1993; Bax et al. 2001). Increased
knowledge about baseline biota could not only enable the prediction of future marine
invaders but also allow more informed policy decisions for the prevention of future
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bioinvasions and the management of introduced species (Leung et al. 2005). It is no
revelation that collecting this data is an overwhelming feat to achieve and requires large
numbers of individuals. Citizen scientists are a key solution to limited funding and
personnel needed to carry out such research. Given proper training, citizen scientists
are able to monitor their coastlines for these species, and help scientists by providing
additional data on the distribution of marine introduced species, especially in areas
scientists cannot monitor themselves. Such efforts would improve the efficiency of
detecting new introduced species and serve to compile baseline information about the

changing biota of the intertidal zone.

Distribution of Invasive Crabs

Abiotic factors can explain many of the observed large-scale patterns of crab
distribution and abundance. Hemigrapsus sanguineus is significantly less abundant as
latitude increased. This is probably due to many factors but latitude could act as a rough
proxy for one of the most important factors, water temperature, which decreases from
New Jersey to Maine. Lohrer et al. (2000) revealed that habitat complexity is another
important predictor of abundance, with more complex sites offering more shelter and
supporting higher densities of crabs. For example, high densities of H. sanguineus were
found within the abundant cobble of Centerport (Site 3 and 4), but low abundance was
found in the muddy areas of East Providence (Site 17) and Taunton Bay (Site 50), and

in the varied but largely sandy substrate of Roque Bluffs, Maine (Site 51).
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Biotic factors, in addition to abiotic factors, appear to influence the patterns of
distributions and abundances of these crabs. Initially, researchers believed that H.
sanguineus was exploiting a niche previously unoccupied by other brachyurans, but it
was later found that this invasive crab interacts with and can out-compete and exclude
C. maenas (Lohrer and Whitlatch 2002). The overlap of these two species is not clearly
defined, but it appears that H. sanguineus is far more aggressive than any other crab
and can exclude all other species from the rocky intertidal zone as seen in the southern
sites. In northern New England, C. maenas still dominated the intertidal zone (Fig. 1.2).

Logistical issues and environmental heterogeneity can also influence the
observed crab abundances. The crab abundances found in this study were almost
certainly underestimates due to logistics involved in sampling the rocky intertidal zone
and monitoring a mobile organism. Many sites (e.g., Sites 1, 2, 11, and 37) were
comprised of large, immovable rocks with only small crevices, and sampling was difficult
at times. Given the mobile and evasive nature of the crabs, even in more accessible
locations, it was arduous to capture all crabs in any given quadrat and the densities
recorded are probably lower than the actual densities. In addition, sampling large 30 by
30 meter sections will encompass optimal, suboptimal and possibly uninhabitable
locations, reducing the overall average abundance. Other factors that could influence
the data are tidal height, wave exposure, and seasonality but these were minimized by
consistently sampling at dead low tide and randomly moving to different geographic
areas of the transect throughout the four months of the spring and summer (May to

August), instead of sampling from north to south.
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Sampling intensity and behavior of the organism could have been important
factors in explaining the observed pattern of crab distribution. It is imperative to note
that even during this study, some of the sampled sites in northern Maine may have
been invaded by H. sanguineus unbeknownst to the research team and volunteers who
monitored the coasts, because the introduced crab was at very low densities and
therefore might have gone undetected. Another challenge to consider is that H.
sanguineus can migrate to the subtidal zone during the winter months to avoid
challenges of the colder temperatures (Ledesma and O’Connor 2001). This organism
could possibly be utilizing this behavior year-round in northern Maine. This adaptation
could initiate unknown interactions, as well as decrease the probability of detection.
There is a 60-kilometer range expansion between the newly detected northernmost limit
of H. sanguineus at Schoodic Peninsula, and the previous northern record at Moores
Harbor, Isle au Haut, Maine (Fig. 1.3). The monitoring network did not detect H.
sanguineus at any of the five sites between these two locations or at the four additional
sites further northeast. Thus, further analysis should experiment with different sampling
techniques and variations in sampling intensity to determine how to optimally allocate
effort and determine the probability a species is present, if not detected (i.e., false-
negatives).

These aforementioned issues raise the question of whether Schoodic Peninsula
will be the final extent of H. sanguineus’ migration north. The Asian shore crab found at
Schoodic Point was a gravid female, demonstrating that even at this northern extent of
the invasive range, H. sanguineus is reproducing. The unresolved matter is whether the
population is sustainable. The colder water temperatures of Maine increase the obligate
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minimum time that larvae of H. sanguineus spend as plankton and therefore the crab
may not be able to recruit due to increased advection and a mean southwestward flow
(Byers and Pringle 2006). The ultimate explanations for the patterns of distribution and
abundance could be due to abiotic tolerances, advection, competition, propagule
pressure, or a time lag in the expansion of the H. sanguineus in the northeastern region.
It is more likely the synergy of a few of these factors. Arguably, large systematic
databases generated by citizen scientists will be vital for testing which factors and
interactions are important. The final extent of its range can only be determined by joint
models that incorporate invasibility, propagule pressure and climate change models.
These complex models will need large-scale standardized datasets, such as the one

created by citizen scientists in this study, to validate these models.
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Tables

Table 1.1 The p-values from the multiple logistic regression to determine the
significance of the predictor variables, education, group size, and size of crab, on the
two dependent variables the volunteers’ ability to correctly identify the species and

gender of a given crab.

Education Group Size Crab Size
Identification of Sex 0.007 0.355 0.153

Identification of Species 0.004 0.375 0.413
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Table 1.2 For each site, a number from 1 to 52 is assigned according to its location
from South to North (“Code”) , the latitude (“LAT”), longitude (“LONG”) , and the density
of crabs, including the total density of all crabs (“Crabs”), the individual densities of the
invasive Hemigrapsus sanguineus (“Asian”), Carcinus maenas (“Green”) and the pooled

density of all native species (“Native”), are given. The densities are given as crabs/m?.

Crabs Asian Green Native
Code LAT LONG (Crabs/m?) (Crabs/m?) (Crabs/m?®) (Crabs/m?)

1 40°27.103N 074°00.135W 219 2.19 0 0
2 40°33.683N 073°52.951W 2.11 2.1 0 0
3 40°54.384N 073°22.673W 24.6 24.6 0 0
4 40°54.401N 073°22.051W 43.83 43.83 0 0
5 41°06.664N 073°19.739W 20 20 0 0
6 41°14.971N 072°32.556W 28.25 28.25 0 0
7 41°19.646N 071°54.311W 18.5 18.25 0.25 0
8 41°29.347N 071°23.012W 1.97 1.26 0.71 0
9 41°29.485N 071°25.270W 2.63 2.06 0.13 0.44
10 41°36.178N 070°51.799W 7.38 5.69 0.92 0.77
11 41°36.369N 070°54.211W 1.4 0.28 0.4 0.72
12 41°36.550N 070°54.265W 18.24 17.91 0 0.33
13 41°36.567N 070°54.285W 2.76 2.32 0.2 0.24
14 41°37.985N 070°54.150W 23.46 23.46 0 0
15 41°46.278N 070°31.068W 9.38 9.38 0 0
16 41°46.406N 070°29.973W 31.7 31.65 0.05 0
17 41°48.059N 071°22.636W 1.36 0.57 0.22 0.57
18 41°59.214N 070°41.947W 5.16 3.83 1.25 0.08
19 42°05.501N 070°38.546W 4.5 4.08 0.17 0.25
20 42°09.434N 070°42.262W 3.1 1.3 0.7 1.1
21 42°18.226N 071°00.838W 3.67 1.89 1.78 0
22 42°19.830N 070°55.820W 1.75 1.1 0.65 0
23 42°19.865N 071°01.775W 5.58 3.5 2.04 0.04
24 42°21.311N 070°58.111W 3.65 3.26 0.39 0
25 42°34.572N 070°44.227TW 3.86 28 0.33 0.73
26 43°02.506N 070°42.890W 3.7 0.09 3.06 0.55
27 43°04.866N 070°42.526W 8.93 2.86 5.93 0.14
28 43°12.268N 070°35.413W 2.21 0.13 2.08 0
29 43°20.651N 070°29.686W 1.82 0.19 1.46 0.17
30 43°26.811N 070°20.167W 4.38 0 2.63 1.75
31 43°33.934N 070°11.942W 7.33 0.14 7.05 0.14
32 43°38.281N 070°13.313W 1.6 0 1.37 0.23
33 43°38.876N 070°13.545W 2 0.06 1.94 0
34 43°43.064N 070°00.173W 5.93 0 5.93 0
35 43°47.027N 069°43.283W 1.58 0 1.53 0.05
36 43°48.511N 070°04.291W 2.85 0 2.85 0
37 43°50.189N 069°30.447W 1.23 0 0.88 0.35
38 43°55.553N 069°15.507W 3.23 0 3.17 0.06
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39
40
41
42
43
44
45
46
47
48
49
50
51
52

43°56.081N
44°05.401N
44°17.087N
44°17.711N
44°20.281N
44°22.897N
44°23.726N
44°23.963N
44°27.426N
44°28.267N
44°32.075N
44°33.506N
44°36.619N
44°42.451N

069°34.759W
069°02.805W
068°24.529W
068°14.598W
068°03.200W
068°49.168W
068°13.219W
068°12.587W
067°52.833W
068°52.458W
067°35.585W
068°16.446W
067°28.976W
067°18.823W

26
1.57
3.63
1.55
2.42
212

1.1
2.41
1.83
2.35
1.17
0.04

0.4
1.1
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Figure 1.1 The 52 sites that were monitored along the 7 coastal states of United States

of America, New Jersey to Maine. The numbers correspond to the “Code” in Table 1.2.
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Figure 1.2 The size of the pie chart for each site is scaled to represent relative
abundance of crabs at that site. Divisions in the pie charts indicated abundance of each

species, H. sanguineus, C. maenas, and pooled native species.
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Figure 1.3 An aerial photograph of Maine from Moores Harbor, Isle au Haut to

Narraguagus Bay. The circles that are numbered are sites that have been monitored in
this study. While Moores Harbor was the previous known northernmost extent of H.

sanguineus, current findings suggest that it is now found as far northeast as Schoodic

Peninsula, Maine.
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Linking Statement 2

In Chapter 1 | validated that the majority of volunteers | recruited can monitor
native and invasive crabs with high levels of accuracy. From 2005 to the present |
coordinated and maintained this citizen science monitoring network to survey the coast
of New England and New York. The goal of this network was to detect newly arriving
invasive species when their populations are localized and low in density, since this is
when eradication may be possible. The creation of the citizen science network has
greatly increased the amount of personnel monitoring for marine invasive species. Yet,
the next logical and important question is whether the increased sampling intensity
achieved by including volunteers is sufficient for effective early detection on various
scales (e.g., a site, province, state, or country) with high probability of detection (POD)
and how much personnel is needed for a certain monitoring objective. The answers to
these questions depend on the sampling technique being used and the objective that is
trying to be achieved (e.g., early detection). Therefore to make sampling less intensive,
we need to devise a refined sampling technique to use personnel most effectively for
early detection. In this chapter, | develop an approach to evaluate sampling techniques

and determine whether a given objective is feasible.
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Chapter 2. An Empirical Probability Model of Detecting
Species at Low Densities

Abstract

False negatives, not detecting things that are actually present, are an important
but understudied problem. False negatives are the result of our inability to perfectly
detect species, especially those at low density such as endangered species or newly
arriving introduced species. They reduce our ability to interpret presence-absence
survey data and make sound management decisions (e.g., rapid response). To reduce
the probability of false negatives we need to compare the efficacy and sensitivity of
different sampling approaches and quantify an unbiased estimate of the probability of
detection. We conducted field experiments in the intertidal zone of New England and
New York to test the sensitivity of two sampling approaches (quadrat versus Total Area
Search, TAS), given different target characteristics (mobile versus sessile). Using
logistic regression we built detection curves for each sampling approach that related the
sampling intensity and the density of targets to the probability of detection. The TAS
approach reduced the probability of false negatives and detected targets faster than the
quadrat approach. Mobility of targets increased the time to detection but did not affect
detection success. Finally, we interpreted two years of presence-absence data on the
distribution of the Asian shore crab (Hemigrapsus sanguineus) in New England and

New York, using our probability model for false negatives. The type of experimental
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approach in this paper can help reduce false negatives and increase our ability to detect
species at low densities by refining sampling approaches, which can guide conservation
strategies and management decisions in various areas of ecology such as conservation

biology and invasion ecology.
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Introduction

Bioinvasion is a form of global change that is homogenizing the biota of terrestrial
and aquatic environments (Ricciardi 2007). Marine environments are no exception, as
they are heavily invaded and colonization by new introduced species continues
(Grosholz 2002, Grosholz 2005). Despite its importance and recent progress, marine
invasion biology still lags behind its counterparts in terrestrial and freshwater
ecosystems, and arguably, only started as a formal field of science in the 1970s
(Carlton 1979, Ruiz et al. 1997, Grosholz 2002). Progress in this field, especially in our
ability to manage marine introduced species, has been hindered by real-world
limitations such as insufficient resources (e.g., funding, personnel, and equipment to
extensively monitor vast areas), limited data, and an inability to perfectly detect
organisms (Bax et al. 2001, Lodge et al. 2006). These problems are not ephemeral, so
invasion biologists need to address them to achieve a central objective—more effective
monitoring and management of invasive species to avoid significant economic,
ecological, and/or human-health consequences (Carlton 2001).

Monitoring is an important precursor to effective management of invasive
species. For instance, detection of bioinvaders at an early stage, when the population is
localized and at a low density, will maximize the probability of successful eradication
(Rejmanek and Pitcairn 2002). Often introduced speci