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Abstract

Seagrasses are declining globally at an accelerating rate. A lack of information on
seagrass condition and spatial extent is hindering seagoastoring,conservationand
management. This study providebaselineof eelgrasg8(Zosteramarina) extentat several sites
in Placentia Bay and Trinity Bay, Newfoundland and Labrador, Capadeiding a reference
pointfor future eelgrassnonitoring.Eelgrass was mappeding highresolution UAV imagery
and underwater vided he presence gfhysical disturbance and eutrophicatwasassessed
using visual analysis of both imagery sourdegditionally, changes in eelgrass landscape
structure were asssed in areas with and without the invadtegopean green crglarcinus
maena} The total area of eelgrass mapped aagroximatelyLkn? across seven sites in
Placentia Bay and three sites in Trinity Bay. There were few indications of physical disturbance
and eutrophication across the study sitém site with thelargestchange ireelgrasga loss of
98.9% of eelgrass area between 20dd 2020)in Placentia Baylsohadthe greatest abundance
of beachwashed European green crab carapd@bservationsgreewith previous research that
has shown thatelgrass in Placentia Bay is predominantly threatened by the invasive European

green crab



General Summary

Seagrasses are plants tfmatn large underwater meadowsthe oceansMany anmals
rely on seagrassés live. Unfortunately, sagrasses are declining globdhgm human
activities.Many countries, including Canadack detailednaps that would help conserve
seagrasse3his researclseeks t@rovide informatiorfor seagrass conservationPlacentia
Bay, an area whereagrass declining, and Trinity Bay, Newfoundland and Labradoanada.
Droneimagesand underwater vidsowvere usetb mapeelgrass meadows aadsess signs of
nutrient pollution andiuman disturbanc&oth can be harmful to eelgrass. Additionally, the
changedo eelgrass meadows duethe European green cralm imvasivecrabthatcanharm
eelgrasswas studied to better understand impéztselgrass fragmentation and area.ldsere
were few signs of human impacts on eelgrasstiautesults suggegteen crabs remoddarge
amounts of eelgrasd onestudy sie. The results of this research can be used to inform seagrass

conservation in Placentia Bay and Trinity Bay.



Acknowledgements

Many thanks tomy supervisorand committee membefsr their support throughout the
program Specifically, my co-supervisor€Evan Edingeand Rodolphe Devillerfor their
continued supporguidanceavailability,and enlighteningliscussionsAdditional thanks to
Evan Edinger for hisountless hours @fssistance withieldwork, and Rodolphe Devillers for
hisreliability in providing editorial input and meeting for discussidribank my committee
memberKatleenRobertand Arnault Lebrigor their support, guidance, and comments.
Additional thanks to Katleen Robert for incorporating me as a member of htérdadl) Oceans
Lab. Thank you to Norm Catto and Robert Gregorydomments that improved this thesis.

Many thanks to my friend$amily, and colleaguefor their continued support throughout
the programl extend a big thank you fbanya Prystayor herguidance discussionsand
brainstormingwith regards tdJAV and eelgrassesearchAdditional thanks to Tanya Prystay
for inviting meto join her in thdield, which provided valuablgrsthandexperience with UAV
eelgrass mappindithank Sheldon Peddle for higscussions and insights regarding eelgrass
field researchl thank Christophe Revillion for his guidance with ObjBetsed Image Analysis.
| thank all my field assistast Poppy Keogh, Kate Charmley, Brandon Tilley, Rylan Command,
and Shreya Nemani, for their assistance with data collection. Additional thanks to Shreya
Nemani for her timely troubleshooting of countless remote connection issued whs
finishing this thesis remoteljLast, but certainly not least, | owe a great deal of gratitude to my
partner, TaliaShe was always there to offersupport whenever | faced adversity.

Financial support for thisssearclwas provided byhe De@rtment of Fisheries and
Oceans Canada as part of the Coastal Environmental Baseline Peogtdtemorial University

of Newfoundl and and L abr a dddtianaly, ISvashabletd acquife Gr a d



archival aerial images thanks to additiohadding provided by the Dr. Joyce C. Mherson

Graduate Research Award in Physical Geography.



Table of Contents

Y 011 7= V! PP i
GENEIAI SUMIMAIY. ...t i ittt eeee ettt s bbb e e e e e e e e e e e s ananaaaaaeeaeeeeeeeeeeees Ll
ACKNOWIEAGEMENLS. ... ..ttt e e e e e e e e emnmrs e e e e e aeaaees iv
TaDIE Of CONENTS. ... .ttt ettt e e e e e e e e e e e e s s s e s s rmmne e e e e e e e s e e s s annes Vi
LISt Of TaIES. ...t e e e e e e e e e e e e e s ammmr et e e e e e e e e e e e e e e e e e e aanae ix
IS 0 T U USSP X
LISt Of APPENTICES. ...t e e e Xil
LiSt Of ADDIEVIALIONS.....cceeeieiiiiii et e e eeeer s e e e e e e e e e e et e eeeeeeeasmnneeeeeeeeeeenes Xiii
CO-AULNOrShip STAEMENL........ooiiiiiiiii e Xiv
Chapter I INtroduction @nd OVEIVIEW. .........ciiiiiiiiiieeeii it mmme e 1
00 [ 0T [T £ o PP PP PPPUPUPRPPPPR 1
1.2 RESEAICN QUESHIONS. ... cii i e e eeee e e e e e e emnran s 7
1.3 Research goal and ODJECHIVES..........uuiiiii i eeen e e e 8
1.4 MethOd SUMMALY.......cuuiiiiiiiiiie e e e s ceeetat s e e e e e e e e e e e e e e s aeeeseeeaeaeeeeeeeseeeesssssssmnneeeeeeeessnne 8
I I = [ [ = TSIl = T 011 T PSPt 8
1.4.2ANthrOPOgENIC SIIESSOLS ... .ciiiiiiciiiiiitrttirees st b e e e e e e s eeeessse e e e e e eeeeaeeeaeeeeeeaan 9
1.4.3 LaNdSCAPE SIUCTULE.........uiiiiiiiiiiieeeieeeiiiitiiee e e e e e e e e s eeer e e e et e e e e e e e e e e e e e e e e e s s ammme s 9
1.5 THESIS OULIINE. ...t s s e e e e e e e e e e e emnnnn s e e e e e aeeeeeeeees 9
I G ] (=T =] [ =PSRN 10
Chapter 2 Mapping and characterizing geass beds using UAV imagery in Placentia Bay and
Trinity Bay, Newfoundland and Labrador, Canada.............cc.coooeeeeeeiiiiiiiiii e, 20
Y 013 1 = Lo ARSI 20
pZ2 I [ 10T ¥ Tt 1T SRR 21
pZ Y11 Lo Lo L PP PPPPPPPR 24
2.2.1 STUAY SITES.. ..ottt eee bbbt e e e e e e e eeeme et e et e e e e e e e e e e e e e e e e s s ammme e e e e e e e e e a e 24
2.2.2 Aerial image collection and ProCESSIAG ... ...uvuriiiiiiiiiie et e e 24
2.2.3 Groundtruth data..........ccoiiiiiiieiiiieeee et e e eeernnnne 26
2.2.4 OBIA and classifiCatiQn............oovvveeiiiiiimmmee e e e e e e e e aes 27
2.2.5 ClasSIfICAtION QCCUIACY. ... uueririiiiiiiiiee e e eeete e e e e e e e e e e mnne e eeeees 30
2.2.6 Presence of anthropOgeniC StrESSOLS......ccuvvuiiiiiieiiieeee e e et eeaeeeeaeeeaaes 31
2.3 RESUILS ... .ottt e e e e e et ena e e e e e e e e e e aeeeaeearrae 32

vi



2.3.1 Eelgrass disStribULION........ccoiiiiieeeiii e eeee e e 32

2.3.2 Map aCCUIACY ASSESSIMEINL. ... .ciiuuiieiiiie i irmmeiie et e et e e e rrrne e e ea e e e e e eaanes 32
2.3.3 Anthropogenic diSTUINBES.............uuuuuiiiiii e eeee e e e e e e e 35
2.3.4 Semiguantitative epiphyte abundancCe................uuveiiiiieemiiiiiiiiiiieeece e 37
Y I ST o] B S [0 o 38
2.4.1 ClasSIfiCAatiON ACCUIACY........ceeeiieeieeeeeetutimmmeeeeeeeeeaeetannnna s smesssssnsnaaaeaaaeeeeeeees 39
2.4.2 Presence of anthropOgeniC SIrESSOLS.......cccoiuuiiiiiirees ettt e eeeeeeeeeeed 40
2.5 CONCIUSIONS....ccoiiiiiieieiie e e e e e e e enesssrsssenneeeeeeeee e VO
2.6 REIEIBNCES ...ttt ettt ettt e e e e e e e e e e e e e e s ammr e e e e e e e e e e e e e e an s 44
Chapter 3 Landscapdevel assessment of the impacts of the invasive European green crab on
L2T< [0 = L PR 54
Y 0153 = Lo APPSR TP ROTRORI 54
G 700 11 0 T U Tox 1 o SRS 55
G T2 |V =1 T To LSRR 58
3.2.1 Study area and Site SEIECLON...........oooii i 58
3.2.2 Aerial Images and PrOCESSING. ... .uurririiiiiiiieieeeeeeeeee e e e e e e e e e e e e srmmne e e e e 59
T2 T €1 (o 10 a0 | U 11 0 1o F= = R 60
3.2.4 OBIA and classifiCatiQn...........couuieieeiiiiiiee e 61
3.2.5 Landscape fragmentation MEtriCS...........ovvvvuueiiiiccreeeeeeiiiee e e 62
3.2.6 Green crab carapace abundance...............ooovveeeie e 63
BB RESUILS ... e e e e e e e e e e s s e e e e e e e e e e e e e e e e nnnnnnnne 65
3.3.1 Eelgrass landscape Change.........cooo oo 65
3.3.2 Green Crab CarapacCe COUNIS.......uuiiiiiiiiiiiie e ettt e e e e e e e e e e e e e e e rmme e e e e e e e e e e e e 66
G I 1S o1 1 LS [0 o 71
3.5 CONCIUSIONS. ....coeiieeeeeeiei e e e eeensn s s e e e e e e e e eeeaeeeenannneeeeeeseeeeeeesesnnsd O
3.6 REIBIENCES ...ttt e s 80
Chapter 4 Summary and CONCIUSIONS...........ccoiiiiiiiiiiieeee e 91
4.1 GeNEral SUMMEAIY......cuuui i eieeii s ceeeie e e e et e e e e e e et eeee s e e e e e e st e e e e eeassaamnnraneeeeeene 91
4.2 Limitations and future dir€CONS ...........uuuuiiiiiiii e ereer e 92
G B = (=] €= g o =1 S 96
Y o] o= o QNPT 99
APPENAIX Bttt 100
Y o] 0= o )G PO TPOPPPPPP 110

Vii



APPENAIX Do e e e e e e e e e amnnr e e aaaaaaaaaaaeeaaraaarra 111

viii



Table 21.

Table 2.2.

Table 2.3

Table 3.1.

Table 3.2.

List of Tables

Maximum tidal range predictions f@022 at five tidal stations on the
eastern coast of Placentia Bay and one tidal station in Trinity Bay.

Accuracy assessments of eelgrass distribution maps and the area of
eelgrass per site.

Summary of the presence of physical disturbance and signs of
eutrophication found across the ten study sites in Placentia Bay and
Trinity Bay.

Number of groundtruth data points collected per site.

Results of transesurveys for beaciwashed European green crab
carapaces.

25

33

40

62

71



Figure 2.1.

Figure 2.2.

Figure 2.3.

Figure 2.4.

Figure 2.5.

Figure 3.1.

Figure 3.2.

Figure 3.3.

Figure 3.4.

List of Figures

Study sites for eelgrass mapping in Placentia Bay and Trinity Bay,
Newfoundland and Labrador, Canada.

Orthomosai@erial imagga) and classified magbj of Come By Chance
Gut. Maps of Great Barasway Pomj, Placentia Swansl), Western
Placentia Southeast Arme)( and Glennons Cove Porfg. (

a) All -terrain vehicle (ATV) disturbance araaCome By Chancé)

buoy disturbance ared Ship Harbourc) underwater image of buoy ropt
disturbancet Old Shop Pondl) anchor disturbance areaShip

Harbour €) underwater image of anchor in eelgrasd dteShip Harbour

a) Extentof disturbance area relative to the total area of eelgrass may
b) Disturbance area at each site caused by anthropogenic activities. |
disturbances were observed at GBP, GCP, PLS, SEP, SOH, SUN, ai
WPS. CBC Come By Chance Gut, GBP: Great Barasway Pond, GCF
Glennons Cove Pond, PLS: Placentia Swans, OSP: Old Shop Pond,
Spread Eagle Pond, SHB: Ship Harbour, SOH: Southern Harbour, Sl
Sunnyside, WPS: western Placentia Southeast Arm.

a) Percent video duration of epiphyte cover categories, measured as
amount of eelgrass in the video frame covered by epiphytes, when
eelgrass was present in the groundtruth video at Placentia Swans. b)
screenshot of the groundtruth video correspantiinthe 6180% epiphyte
cover category. c) example of floating algal mats observed during fiel
visits to western Placentia Southeast Arm.

Distribution of the six study sites in Placentia Bay and Trinity Bay.

Changes in eelgrass landscape metrics for the Placentia Bay and Tri
Bay study sites. CBC: Come By Chance Gut, GBP: Great Barasway
GCP: Glennons Cove Pond, OSP: Old Shop Pond, SEP: Spread Eac
Pond, SUN: Sunrgde.

Changes to eelgrass landscapes for sites in Placentia Bay (a, b, c) al
Trinity Bay (d, e, f, g, h). CBC: Come By Chance Gut, GBP: Great
Barasway Pond, GCP: Glennons Cove Pond, OSP: Old Shop Pond,
Spread Eagle Pond, SUN: Sunnyside.

The distribution of beactvashed green crab carapace transects at Co
By Chance Gut. The values indicate the number of beasined green
crab carapaces observed within each transect.

37

38

59

66

67

68



Figure 3.5. The distribution of beactvashed green crab carapa@nsects at Great 69
Barasway Pond. The values indicate the number of be@ashed green
crab carapaces observed within each transect.

Figure 3.6. The distribution of beactvashed green crab carapace transects at 70
Glennons Cove Pond. The values indicatentimaber of beaclwashed
green crab carapaces observed within each transect.

Xi



Appendix A

Appendix B

Appendix C

Appendix D

List of Appendices

SegOptim Parameter Space Delineation 99

Orthomosaic images, classified maps, and confusion matrices for: 100
in Placentia Bay and Trinity Bay

Image of unidentified disturbance at Ship Harbour, NL 110

Unclassified aerial images used to produce eelgrass distribution = 111
to assess changes in eelgrass landscape structure

i



5-FCV
ATV
AWMPAR
CBC
DFA
DFO
DJI
GBP
GCP
GPS
LD
OA
OBIA
OSP
PLS
SEP
SHB
SOH
SUN
UAV
WPS

List of Abbreviations

Five Fold Cross Validation

All-Terrain Vehicle

Area Weighted Mean Perimeter Area Rati
Come By Chance

Department of Fisheries and Aquaculture
Department of Fisheries and Oce&@ada
DaJiang Innovations

Great Barasway Pond

Glennons Cove Pond

Global Positioning System

Landscape Division

Overall Accuracy

ObjectBased Image Analysis

Old Shop Pond

Placentia Swans

Spread Eagle Pond

ShipHarbour

Southern Harbour

Sunnyside

UnoccupiedAerial Vehicle

Western Placentia Southeast Arm

xii



Co-Authorship Statement

The work presented in this thesis was conducted by Aaron 3n#eguidance from
Rodolphe Devillers, Evan Edinger, Katleen Robert, and Arnault Le Beg&lvork was
organizedby Aaron Sneep witlguidance from Katleen Robert, Evan Edingard Rodolphe
Devillers. Aaron Sneep, with aid from field assistants, coltedi&V imagery and conducted
transect surveys of beaglashed European green crab carapaces. Aaron Sneep and Evan
Edinger collected underwater vidéa usein groundtruthingand to assess the sequantitative
abundance of epiphyte&aron Sneep was respghle for the design and analysis in Chapter 2
and Chapter 3, with guidance from Rodolphe Devillers and Evan Edinger. The chapters were
written by Aaron Sneep, with editorial and intellectual input from Rodolphe Devillers, Evan
Edinger, Katleen Robert, addnault Le Bris.Chapter zhas beemprepared for submissido
Estuarine and Coastal Shelf Scie(EE€SS)under the ceauthorship of Aaron Sneep, Rodolphe
Devillers,Katleen RobertArnault Le Bris and Evan EdingeChapter hasbeenprepared for
submissiorto Continental Shelf Researahder the cauthorship of Aaron Sneep, Rodolphe

Devillers,Katleen RobertArnault Le Bris, and Evan Edinger.

Xiv



Chapter I Introduction and Overview

1.1 Introduction

Seagrasses group of 72 marine angiosperrtgm complex habitats along the coasts of
all continents, except Antarcti¢@reen and Short 2@ Seagrasses are ecosystem engineers
(Gutiérrez et al. 20t). They create a positive feedback by reducing hydrodynamic energy, which
increasesediment deposition and increases water clarity, resulting in conditions that favour
seagrass growtfBos et al. 2007, van der Heide et al. 20BBagrass beds may range from
extensive, continuous beds, to a mosaic of fragmented p&Rblelsins and Bell 1994)

There is greater species diversity in seagrads than unvegetated habitgEslgar et al.
1994, Jenkins et al. 1997he threedimensional structuref seagrass meadows provides
protection from predato€anion and Heck 2009Due to the increased protection from
predators and availability of food resources, juveniles fronriatyaof culturally and
economically important fisepecies use seagrasses as nursery hahitdt as juvenile cod
(Gadus spp.and Pacific Salmorgncorhynchus spp(Heck Jr. et al. 2003, Lilley and Unsworth
2014, Kennedy et al. 2018} variety of herbivorous waterfowl, cinins, gastropods,
crustaceans, fishes, reptiles, and mammals use seagrasses as a fod@enteee and Heck
1999) Many threatened species use seagrass habitat at some stage of their Jifeiccds
green sea turtle&Cheloniamydag, dugong Dugong dugoh and dwarf seahorselippocampus
zosterag (Orth et al. 2006, Hughes et al. 2009)

Seagrass ecosystems also benefit humans by providing a variety of @tosgstices,
and as such amnsidered oneofth&or | d6s most vdICoashlasmzac anyds tD&

1997)I't i s estimated that 20% of the Worl dbdés 25



habitat providd by SeagrassegdJnsworth et al. 2019bBediment deposition is greateithin
seagrass meadowessulting inimproved water quality(van der Heide et al. 20113horelines are
stabilized through the reduction of wave energy and retention of sediments within seagrass
meadows, which reduce coastal eragiOndiviela et al. 2014)Seagrass ecosystems have high
rates of primary productiofpuarte and Chiscano 1998)dsequester carbon at a rate over 30
times faster thatropicalrainforests(McLeod et al. 2011)As such, these ecosystems have been
suggested as major carbon sinks with implications for addressing climate ¢Ranggirean et

al. 2012, Duarte et al. 2013)

Despite their importancehere is a lack of recognition for seagrass habitats and their
ecosystem services in managrts of the worldCullenrUnsworth et al. 2014)This lack of
recognition is one of the major challenges facing seagrass ecosystesnrth et al. 2019a)
There is less media attention directed towards seagrasses compared to more charismatic
ecosystems, such as mangroves, despitgparable amounts of research attention given to each
of these ecosystems, arebearch indicating that seagrasses are rapidly declining globally
(Duarte et al. 20085eagrasscosystems declidet a rate of 1.5%y¥r, betweer1879and2006,

a rate accelerating in recent decaie®%yr! since 199qWaycott et al. 2009)This decline has
been attributed to a variety of anthropogenic activiiigrsh et al. 2006)

Globally, seagrasses are mostly threatened by changes imwality that reduce light
availability (Grech et al. 2012Eutrophication leads to algaldams and epiphyte ovgrowth
which have direct impacts on light availabil{§urkholder et al. 2007)Eutrophication in
seagrass ecosystems is commonly linked to nutrient pollution from terrestrial soucbess s

urban and agricultural runofsrech et al. 2012Similarly, anthropogenic activitigbat increase



water turbidity, such as dredging, negatively impact seagrass by limiting light availability
(Erftemeijer and Robin Lewis 2006)

The physical disturbance of many anthropogenic activities is responsible for losses of
seagrasses. Direct physical disturbance or removal of seagrasses occurs at broad and fine scales.
Coastal developmerthe construction of coastal infrastructure, camose seagrass over large
areaqe.g.,Bull et al. 2010, Unsworth et al. 201&8)d has been rankedthg most prominent
threat to seagrass in the tempefdteth Atlantic bioregior(Grech et al. 202). At a fine scale, a
variety of anthropogenic activities can result in physical disturbance, including but not limited to:
mooring scarge.g.,Unsworth et al. 2017 )propelker scarqe.g.,Orth et al. 2017)off road
vehicle trackge.g.,Martin et al. 2008)and traving (e.g.,Kiparissis et al. 2011)Each
individual disturbance typicallinfluences amall areabutthe same processay occur over a
large areavith high frequency, creating a substantial cumulative imf@&agt,Eriander et al.
2017,Unsworth et al. 2017, Glasby and WeX118)

Non-nativespecies may also threaten seagrass ecosyéfithset al. 2006)Norn-native
algae, invertebrates, seagrasses, birds, and fish have been reported in seagrass ecosystems, with
invertebrates and algae being the most common inv@déiteams 2007) The impacts ofion
nativespecies on seagrass ecosystems are mainly negative and may act through a variety of
mechanisms, some of which include: direct competition, preemptive competition, fouling,
herbivory, and bioturbatiofWilliams 2007)

Climate changeencompassing/armingand ocean acidificatiomlong with relaive sea
level risewill have a variety ofmpacst on seagrass populatiofShort et al. 2016)Rising water
temperatures result reduced photosynthesis amdreased respiraticas temperatures exceed

thermal tolerances sfeagrass speci€Sollier et al. 2011)Species distbutions are projeedto



expand poleward and contract from the trofmcesponse to warmin@lyndes et al. 2016
Wilson and Lotze 2019High summer water temperatures in €dpeake Bay, USA, have
already resulted irokses ofemperate seagraspeciefMooreet al. 2012)Sealevel risecan
result inshoreward migrationf seagrass meadowsith limited light availability at depth
combined withexpansioras coastal areas become subme(§édrt and Neckles 1999 the
Mediterranen, contraction of theeep edgef Posidonia oceanicaneadows has been attributed
to sealevel rise(Pergent et al. 2015 astly, acean acidificationmayhave positive effects on
seagrassasue toanincreaseavailability of dissolvedCQ, resulting inincreases to above and
below ground biomag&arrard and Beaumont 2014)

Improvements to water qualityas provero beeffectivein promoting recoverpf
degraded seagrass ecosystéetcheck et al. 201,&le los Santos et al. 2018pr instance,
Lefcheck et al(2018)found submerged aquatic vegetation in Chesapeake Bay, United States
increased 316% since 1984 following a 23% reduction in nitrogen concentratammsver,
multiple stressormay impact seagrass commiigs simultaneouslyrequiring more holistic
approaches to management eff¢@sth et al. 2006, Krausgensen et al. 2020)

There is a lack of information regarding the status and condition of many seagrass
ecosystems, which was identified as a major challenge for seagrass consé@uretworth et al.
20193. Many regions of the globe lack spatial data delineating the distribution of seagrass
(McKenzie et al. 2020)nd indicators of seagrass ecosystem health are spatially and temporally
limited (Unsworth et al. 2019aYhe major threats to seagrasses are well understood with only
slight differences across seagrass bioregi@mnsch et al. 2012However, depending on local
anthropogenic activities and environmental settings, threats at a local scale may differ from

common stressors known to affect seagrasses over broad geograf@scanagement efforts



would benefit from understanding threats to seagrass ecosystems at the local scale to better target
management effori@nsworth et al. 2019a)

In Canadathere is a deficit of information regarding seagrass conditidrspatial extent
(McKenzie et al. 2020, Murphy et al. 2020anada is in the temperate North Atlantic seagrass
bioregion, where common threats to seagrass include agricultural runoff, urban runoff, dredging,
and coastal developmeftrech et al. 2012, Murphy et al. 202%ithin Canada, anthropogenic
threats to seagrass vary regionally and logdllyrphy et al. 2021)For instance, forestry
activities on the Pacific coast have a greater impact on seagrass, whereas in Atlantic Canada
seagrass is primarily threatened by nutrient loaflgrphy et al. 2021)At subregion or local
scales, threats may also vary based on the source of the stressoufiéegt pollution from
aquaculture, agricultural runoff, urban runoff) or the impact of the str@gswphy et al. 2021)

For instance, the island of Newfoundland is in Atlantic Canada, but Newfoundland eelgrass
meadows receive lower anthropogenic nutrient infdtgphy et al. 2021)Althoughthreats to
seagrass in Newfoundland may diffesrh other regions of Canadsuch data is limited on the
island of Newfoundland.

EelgrassZostera marinais considered an ecologically significant species in Atlantic
Canada due to its role as an ecosystem eng{B&& 2009) Current information on eelgrass is
limited on the island of Newfoundland to specific locations where studies of eelgrass or
associatedauna have occurred and point observations indicating eelgrass presence or likely
presencéRao et al. 2014)Research involving eelgrass in Newfoundlandgrasominantly
focused on the relationshiptiaeen Juvenile CodGadussp), a culturally and economically
important fish species in Newfoundland, dhd role ofeelgrass role as nursery hab{@&g.,

Gotceitas et al. 1997, Linehan et al. 2001, Laurel et al. 2003, Robichaud and Rose 2006,



Schneider et al. 2008, Gorman et al. 2009, Thisté. 2010, Warren et al. 2010)hisresearch

has provided some information on eelgrass extent and dynamics. For instance, ealgrass
Newman Sound, a fjord on tleastcoast of the island, expaedbetween 1998 and 2006

(Warren et al. 2010)These studies and other eelgrass data sources have been incorporated into a
compehensive map indicating the presence of eelgrass or the likely presence of atomss

the coast othe island of Newfoundlan@Rao et al. 2014 However, these point observations do

not provide an indication of eelgrass condition or spatial extent, essential information for

eelgrass conservation. In some areas of Newfoundland, the conditielgraiss has been

directly assessed, such as Placentia Bay, but without spatial data delineating eelgrass meadow
extent(e.g.,Matheson et al. 2016)

Eelgrass in Placentia Bay is dealig, whichhasbeen attributedb the invasive European
green crabQarcinus maenggMatheson et al. 2016Bioturbation caused by foraging and
burrowing activities of the invasive European green dexdreases eelgrass biomg3avis et al.

1998 Malyshev and Quijon 201 Garbary et al. 2014Neckles 2015)These observations have
been linked to eelgrassssover broad spatial scal€Sarbary et al. 201Matheson and
Mckenzie 2014Neckles 2015) The first observation of the European green crab in
Newfoundland was in North Harbour, Placentia Bay2007, with initial arrival estimated to be
several years earlier, in approximately 2QBRkeslee et al. 2010%ubsequentlyjthe European
green crab has spread predominantly along the south andoassbf Newfoundlandvhile
other regions are yet to be coloniZ&FO 2011)

Despite impacts documented in other parts of the wiBdidkholder et al. 2007, Orth et
al. 2017, Kelly et al. 2019}here has been no assessment of other anthropogenic stressors, such

as eutrophication and physical disturbance that may negatively impgicissal Placentia Bay



These stressors may vary regionally and loc&y.instance, untreated sewagdischarged

from coastal communities in Placentia Bay and may accumulate in sheltered embayments (DFA
2007).Additionally, mooring areas have been stacted in areas where eelgrass occurs or is
likely to occur. A variety of boatingelated activities may result in disturbance to eelgrass,

which may be substantial over large ardse impacts of mooring areas on aquatic vegetation

are generally negai, but the response is highly varighiéth anincreased abundancesome
mooring areas (Sagermanal 2@20). Additionally, anthropogenic activity in Placentia Bay is
expected to increase with the development of aquaculture and increasing vesséDfFaffic

2007)

There is a need to quantify a baseline extent of eelgrass in Placentia Bay and to assess the
presence and impacts of anthropogenic strestaisagement efforts and monitoring of future
environmental change in Placentia Bagynibenefit from assessing the presence of
eutrophication and physical disturbance at local scAldditionally, there is a lack of spatial
data providing a baseline extent of eelgrass beds for monitoring efforts to assess temporal and
spatial dynamics ofelgrass beds. Despite the declining status of eelgrass due to the European
green crab, there has been no spatial assessment of eelgrass extent and how green crab
disturbance affects eelgrass landscape strudtimgerstandingpow green crabinfluencethe
spatial pattern of eelgrass landscapes haly management efforts identify priority areas for

eelgrass habitat protection and green crab removal efforts.

1.2 Researchuestions

To address the research gaps described abuowi answer the following questioria
my thesis

1. what is the spatial extent of eelgrass beds in Placentia Bay and Trinity Bay?



2. what isthe presence of common anthropogenic stressors known to negatively impact eelgrass,
specifically physical distimance and eutrophication, in eelgrass beds of Placentia Bay and

Trinity Bay?

3. howhaseelgrass landscape structat@nged over recent years in areas with and without the

European green crab

1.3 Researcpoal andobjectives

Thegoalof this research is to provide a baseline distribution of eelgrass in Placentia Bay
and Trinity Bay NL, as well agocal context to anthropogenic stressors that may be impacting
eelgrass irthis region The specific objectives of this research tare
1. delineate the current extent of eelgrass in several embayments of PlaceraraBainity

Bay;
2. provide local context tthe presence of physical disturbance and eutrophication;

3. asseschanges ireelgrass landscagéructurein areas with and without the invasive European

green crab.

1.4 Methodsummary

1.4.1 Eelgrass mapping

Unmanned Aerial Vehicle (UAV) imagery and archival aerial images were used to map
eelgrass beds in Placentia Bay and Trinity Bay, with groundtruthimgucted using underwater
video. An Object Based Image Analysis (OBIA) approach was applied to both image sets. Two

different classification approaches were appleethe image segments Chapter 2the random



forest algorithm was applied to the UAV ineay aloneand inChapter 3 a manual classification
approach was applied to both the UAV imagery and archival aerial photos.
1.4.2 Anthropogenic stressors

The presence of physical disturbance and proliferation of epiphytes, an indication of
nutrient enribment, was visually assessed using the UAV aerial imagery and underwater
groundtruth videos.
1.4.3 Landscapstructure

Landscape ecology concepts for measuring fragmentation with landscape pattern metrics
were used to assess changes in eelgrass landgnagiare Additionally, the abundance of
beachwashed European green crab carapa@ssused to estimate the relative abundance of

green crabamongsites where changes in landscape structiere assess.

1.5 Thesisoutline

Chapter2 examineghe spatial extenof eelgrass in several embayments of Placentia Bay
and Trinity Bayand provides local context into the impact of common anthropogenic stressors
affecting eelgrass in Placentia Bay. Chaftekamineghe impact of the invasive European
green crab on eelgrass landscapactureby comparingchanges ireelgrassrea and landscape
fragmentation metrics areas with green crgbe., Placentia Bay) andreas withoufi.e.,

Trinity Bay). Finally, Chapter4 concludes the thesisummaizing the main findings,
highlighting how the findings can inform eelgrass management in Placentia Bgyrppoding

future research directions.
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Chapter 2 Mapping and characterizing eelgrass beds
using UAV imagery in Placentia Bay and Trinity Bay,
Newfoundland and Labrador, Canada

Abstract

Detailed information on the fine scale distributiorsefigrass habitats and their stressors
is required to inform management efforts but is lacking in many regions of the globe. Eelgrass
(Zostera maring, a species of seagrass found throughouNthrthernHemisphere, has been
declining in Placentia Bay, atologically significaner ea of Canaidha®s East ¢
increasing human impact. This research provimeline informationacting as a reference
point for eelgrass monitoringn the distribution of eelgrass beds and their anthropogenic
stressors aeven sites of Placentia Bay and three sites of the adjacent TrinityBaxanned
Aerial Vehicle JAV) imagery, analysed using an Obj8ased Image Analysis (OBIA)
approach, was used to create higlatiatresolution eelgrass distribution maps. Visualgises
of the imagery and underwater videos were conducted to characterize sites based on the presence
of physical disturbances and seguiantitative abundance of epiphytes, an indication of nutrient
enrichment. A total eelgrass area of ~1°kwas mappeacross the 10 sitedls e mdsacy
(error of commissiona nd pr o du c émod o omassianyalues toythe eelgrass class
ranged from 48.8% to 95.1% and 23.3% to 99.2%, respectively. Results indicate rare signs of
physical disturbance and euthopation affecting eelgrass in the region, likely due to the small
population size of the communities near the eelgrass beds. Fdm=ae datavill inform

eelgrass conservation efforts and enable future monitoring of temporal trends.
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2.1 Introduction

Seagrasses are marine plants that grow along the shorelines of all continents, except
Antarctica (Green and Short 2)0Seagrasses form highly productive ecosystems supporting a
wide diversity of marine organisms, including: invertebratebeBsreptiles, mammals, and
waterfowl (Green and Short 290 Seagrasses are considered among the most valuable
ecosystems globally (Costanza and DO6Arge 1997
coastal regions, supporting fisheries (Nordlund et d@l820nsworth et al. 2019b), protecting
from coastal erosion (Paul 2018), and actingaabonsinks (Duarte et al. 201,3~ourqurean et
al. 2012). Seagrasses are considered biological sentinels (Nordlund et al. 2016) and have been
adopted as bioindicatorerfnumerous ecosystem health monitoginggramsn a variety of
locations, including in Europe, the Mediterran&aa andthe CaribbearSeato name a few
(e.g., Borumetal. 2006 ¢, r e K e n ,&Kerniron et al. 202 R1&rtinezCregoet al. 2008).

Seagrasses giteowever threatened by a variety of anthropogenic stressors, including
eutrophication, coastal development, sea level rise, physical disturbances¢egler
scarring, trawling, anchor damage), and increased water ityr{iith et al. 2006). As a result,
they were found to decline globalhyetweerl879and2006at~1.5%yr! (Waycott et al. 2009).

While seagrass has been shown to recover following management efforts, such as improving
water quality (de los Santos et 2019 Lefcheck et al. 2018), seagrass ecosystems are often
impacted by multiple stressors (Orth et al. 2006). For instance, Kieasen et al. (2020)

assessed that seagrass of the Western Baltic Sea, following mitigation of eutrophication, did not
returnto its historic levels due to the additional impact of bottom trawling and increased water
temperature. This highlights the need fdradistic approachtargetingmultiple stressors acting

simultaneously rather than individusitessorsfor seagrass magement.
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Information on seagrass distributiasuld help monitor and manage those ecosystems
(McKenzie et al. 2020Jnsworth et al. 2019a)n addition, threats to seagrass ecosystems should
be better understood at a local sdake, aneelgrassneadow)o target management efforts
effectively (Murphy et al. 2019, Unsworth et al. 2019ah understanding of threats at local
scales can also be used to inform management efforts over a broader area (e.g., Péggentia B

Canada, in particular, has been identified as containing extensive seagrass areas
(estimated at ~24,170 Kn but witha lack ofspatialinformationquantifying thedistribution
(McKenzie et al. 202Murphy et al. 2021). Eelgrass has been shown ttebkning on both the
east andvest coasts of Canada (DFO 200urphy et al. 2021Nahirnick et al. 2020). On
C a n a dast 6osst, eelgrass of Placentia Bay in the Province of Newfoundland and Labrador is
in decline (Matheson et al. 2016). Across 17ssitePlacentia Bay, average eelgrass percent
cover along transects in 2012 was half that observed in 1998 (Matheson et al. 2016). These
declines have been largely attributed to the European greerCaaiinus maengsan invasive
species that was first sebrved in this region in 2007, which reduces eelgrass biomass while
burrowing or foraging in soft sediments (Blakeslee et al. 2D&0is et al. 1998Viatheson et al.
2016).In contrast, eelgrass otherareasalong the east coast the Island of Newfoutiand not
colonized by green crabs has been reported to be expakdamge( et al. 2010Previous
eelgrass mapping efforts on the Island of Newfoundland consist mostly of point observations
indicating where eelgrass is present or is likely to qgnaviding a valuable firséstimaten
documenting eelgrass locatiofi®ao et al. 2014 However, thiddoes noguantify or document
the spatial extent of eelgrass, which would be valualtierms of baseline datar monitoring

temporal changes in eelgsaextent.
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Eelgrass in Placentia Bay could also be impacted by other anthropogenic sthéasgrs
of the coastal communities alotige shores dPlacentia Bay do not have modern forms of
wastewatesecondary treatmentvastewatebeing typicallydischargd in the ocean with little or
no treatment (DA 2007). Sewage has been reporteddcumulate in some shelteragkas of
Placentia Bay (Catto et al. 1999FA 2007). Aquaculture and wastewater have been shown to
negatively impact seagrasses through eutoapion (Cullain et al. 2018ones et al. 2018). In
addition, throughout Placentia Bay and the Island of Newfoundland, there are mooring areas
with varying degrees of boating intensiiy¢luding single docks used for recreational boating
harbours for smll fishing vesselsand a shipyard in MarystowBoatingrelated activities have
been shown to have a negative impact on seagrasses, with damages caused by propeller scars
(Hallac et al. 20120rth et al. 2017), mooring scours (Glasby and West 2068wath et al.
2017), dock shading (Eriander et al. 20GFadstone and Courtenay 2014), and anchdiedly
et al.2019 La Manna et al. 2015YVhile the individual disturbances caused by boat#&igted
activities are typically small, asmccumulation of these disturbances over a larger region may be
substantia(e.g., Unsworth et al. 2017)

This study provides baseline data on the distribution of eelgrass in a region where
eelgrass is known to be declining but there has been no quaitifioheelgrass extent or
prevalence of common anthropogenic stressors. The objectives of this study were 1) to delineate
the spatial extent of seven eelgrass beds in Placentia Bay and three eelgrass beds in Trinity Bay,
and 2) to provide local context tee occurrence and impact of eutrophication and physical

disturbance to eelgrass beds at these sites.
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2.2 Methods

2.2.1 Studysites

Studysites were selectdzhsed omprevious knowledge of eelgrageesence as observed
by Mathesoret al.(2016)andRao et al. (2014)The tidal conditionshroughout the study region
are microtidal, expect fadhe heads asome shallow embaymergach as Come By Chance
(Catto et al. 2003). The tidal conditions from available stations on the eastern coast of Placentia
Bay and Trinity Bay are presented in T@B.1.To help understand the prevalence of
anthropogenic stressors, figges were selected in ardaavinglimited human development in
the surrounding areavhile five othersites were selected in areageriencing greater levels of
human activitiesvhereanthropogenic disturbansée.g., anchor damage, propellscaring, dock
shading)or nutrient pollution could be expectetites with higher human presence weated
along the shorelirsof communiteswhereoutfall pipesor docking infrastructure for motorboats
were present. Sites with lower human presdramiminimal presence of infrastructuegceptfor
roads alloving vehicle accessSevenof those studgites were selected in Placentia Bayd
three sites were selectedTrinity Bay. Sites were selected in Trinity Bay to provide baseline
data on eelgrass extent outsided¢haentinvasion range of the European green crakenable
future monitoring efforts to assess differesiretrends between these two bayke dstribution
of field sites is presented in Figu2d.
2.2.2 Aerialimagecollection andprocessing

Aerial imagery was collecteasing aDa-Jiang InnovationgDJI) Mavic 2 Professional
unmanned aerial vehicle (UAV) froAugustto September 2020 he UAV image collectio
methodwas informediy Nahirnick et al. (2019b) and was conducted wherSthe 6 s angl e wa

less tha0° and, when possible, cloud cover was <10% or >90%, specifically targeting overcast
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or clear sky daydDJ | 6 aundGtation Pro app2.0.12was used to plan and conduct the UAV
surveys.The survey was designed to obtain images with a forward and lateral overlap of 80%
obtained at an altitude of 129, resulting in images at about Z8/pixel resolution. Images

were captured at a flight speed of 5 m/s using the hover and capture flight mode. For
georeferencing the orthomosaics during image processing, the positions of at least seven Ground
Control Points (GCPs), distributed as evenly as possible throughout ddditégvere

collectedwith a Garmin eTrex 20x-3 m accuracyylobal positioning system (GP83%ing the

waypoint averaging functioantil a sample confidence of 100% was achieved. Two GPS

readings were collected for each GCP at least 90 minutes apanease positional accuracy

Table 2.1 Maximum tidal range q@dictionsfor 2022 at five tidal stations on the eastern coast of
Placentia Bay and one tidal station in Trinity Bay.

Station High high  Low low Tidal range Date Bay name
water water (yyyy-mm-dd)
Hearts Content 1.4m 0.1m 1.4m 202206-16 Trinity Bay
Come by Chance 2.6 m 0.2m 24 m 202208-13 Placentia Bay
Arnolds Cove 2.7m 0.4m 23m 20220517 Placentia Bay
Long Harbour 2.7m 0.4m 2.3 m 202208-13 Placentia Bay
Argentia 25m 0.3m 22m 20220813 Placentia Bay
St. Brides 25m 0.3m 2.2m 202208-13 Placentia Bay

Note: Data available fronhttps://tides.gc.ca/en/statio(eccessed March 14, 2022).
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Figure2.1. Study sites for eelgrass mapping in Placentia Bay and Trinity Bay, Newfoundland
and Labrador, Canada.

Agisoft Metashape Professional v.1.6&hisoft LLC 2019)was used to create

orthomosics of the UAV imagery. All land and anthropogenic features (docks, letasyere

manually masked from each site in ArcGIS 10.7 (ESRI 2019) and the orthomosaics were

resampled to a spatial resolution of@b to improve the processing time of imagessification.

2.2.3 Groundtruthdata

Based on visual inspection of the orthomosafosach study siteinderwatewrideo

collection was planned such that reference data was distributed throalilawets othe field

sites tocollectreference data olsananycover typess possibleUnderwater videswere
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collectedusing aSony FDRX3000 ActionCamThe cameravas operateth an underwater

housing from a slownoving 2-persorkayak while the Garmin eTrex20X GPS recorded the
position of the camera operatdhe time stamps of the GPS coordinates weaiched in post
processingvith the video data by recording a few seconds of a digital clock synchronized with
the GPS time at the start or end of each vitleproving on the limitationglentified by

Nahirnicket al. (2019a)or collecting groundtruth data with a camera attached to the bottom of a
kayak the underwater camera was ®éfil to arunger2.5-5 m aluminumtelescopic pole. The

pole height was adjustdry the camera operattw position the camera near the target features
directly under the kayak.

The underwater videos were used in conjunction with photo interpretation t@igeae
series of training data points for each field §itable 2.1) Transects were buffered at 3m in
ArcGIS, corresponding to the horizontal accuracy of the GPS, and observations were made at
least every 5 seconds along the underwater video transentsating point features within the
buffer. Point features were created when a cover type could be identified in both the underwater
video and the orthomosaiCare was taken to position the point features within a uniform cover
type and away from edgestoansitions.

2.2.4 OBIA andclassification

ObjectBased Image Analysis (OBIA) is commonly employed to improve the
classification accuracy of higtesolution imagery through the process of image segmentation
(Blaschke, 2010)The R statistics software package SegOptim was used for image segmentation
and classificatioffGongalves et al. 2®). SegOptim uses a genetic algoritrammachine
learning algorithm that emulates the process of natural selettidatermine the optimal

parameter settings for the segmentation algorahchcan interface with six thiplarty software
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toconductiimge segmentation. SegOpti mds wasugeshtont at i o
conduct image segmentation due to the comparable performance of the algorithm to others
available in SegOptim3oncalves et al. 20)@ndthe wide use of ArcGIS as a GIS software
The mean shift segmentation method used by Se
function(Comaniciu and Meer 2002ses three parameters: spatial detail, spectral detail, and
minimum segment size. To improve the efficiency of the genetic algorithm, it is important to
constrain the parameter space to avoid poor solutions and to improve computation time
(Goncalves et al. 2019petails of delineating the parameter space are providédpendix A

Classification of the image segnts was conducted using SegOptamdom forest
classifierwith the default parameters (ntree = 250, mtry =TRe random forest classifier was
selected for its performance compared to other machine learning clagsiBees| gi u and Dr t
2016)and was frequently the best preforming classification algorithm for use in SegOptim
(Goncalves et al. 2019)

Training and validation for the random forest classifier were conducted usiriglive
cross validationMillard and Richardson (201%dentified that training data for use in random
forest classification should lzes large as possibleave a random distribution or class
proportions that reflect the actual proportions of the classes on the landscape, and minimal
spatial autocorrelatiod dataset with these attributes improves classification results and will
reducing model overfittingMillard and Richardson 2015J0 produce a dataset with these
attributes, a dataset of 300 observations for eaclwvagedeemethe largest possible due to
project constraintsl'o avoid model overfittingthe 300 data points consisted of a combination of
randomly sampled transect observations and randomly distributed photo interpretation points.

Suchcombination of ground truth data and photo interpretation points has been used previously
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in UAV mapping researcle(g, Ellis et al. 2020, Papakonstantinou et al. 20Z8esehigh-
resolutionimageswere shown tde interpreted accurately trained phad interpretes,
removing the reliance dield observationgChabot et al2018).A random sample of 100
transect observations, separated by at least\Was taken from the transect data points in R (R
Core Team 2020). In ArcGIS, 200 points, separateal bgast 5m, were randomly generated
within the study boundary of each site and outside of thev&leo transect buffers. These two
datasets were merged to create a file of observation presences. A file oedbhbsences was
generated from cells ingrid, with a 5m cell size, that did nobntainone of the 300
observatios. The presence and absence datasets were merged and spatial autocorrelation
between observation presence and absence was assessed throughout the study site using a series
of 10 glola | Mo r a riMogan 1950fwehsnicrementally increasing threshold distances.
Ten threshold distances were used to assess spatial autocorrelation across a range of scales.
Threshold distances for the Morandés | tests s
observation had atdst one neighbor, followed by 10 and increasing increments ofrbup to
50 m. If the distribution of the observations exhibited significant clustenrdjspersior(p-
value<0.05) at any of these distance thresholds, a new datasgenasted, and the process
was iterated. If subsequent resamples exhibited significant clustering or dispersion, the
proportion of transect data in the data set was reduced by increments.ef 25 (andomly
sampled transect observations and 225 rahgddistributed photo interpretation points) and the
process was iterated until a dataset was produced that had a random distribution at all threshold
distances.

Image tassification was conducted usitige mean andtandarddeviationof the red,

green, ad bluevaluesfor the image segmen{s.g., Chabot et al. 2018sillik 2017, Ellis et al.
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202Q Husson et al. 201®ldeland et al. 202Wahidin et al. 2015However, for some
orthomosaics the segmentation parameters were manually specified due to the genetic algorithm
being unable to reach an optimal segmentation that did not exhileit segmentatiortnder
segmentation is an issue in OBIA that occurs when image objects encompass multiple target
features €.g.,a patch of eelgrass and a patch of algae are in one image object when they should
be two separate objectshd maximum amourdf detail(i.e., maximum spatial and spectral
detail, with a minimum segment size of one pixedls required to produce a segmentation that
was not undesegmentingln these instancethe classification was conducted using ttean
red, green, and blualuesfor the image segmendédone as a standard deviation cannot be
calculated for image segment#h onepixel.

The classification scheme for each site varied depending on thetgpesipresent at
each site. Each classification scheme started with three clhasesedimengelgrass, and
algae. Additional class€se., shadows, optically deep water, green algae, spume, detritus, turbid
water, shellswere added depending on itheresence in the randomly sampled transect
observations or the randomly distributed photo interpretation p&htgo interpretation points
were assigned a classrresponding to the 25 cm resolution orthomosaics. The 2.8 cm resolution
images were refenced during this process to aid with photo interpretation.
2.2.5 Classificatioraccuracy

Classification accuracy was assessed using
coefficient, over al l accuracy, e e lugsrearséss c | as s
accuracy (hereafter called accuracy metriesjerall accuracy is the percent of correctly
classified image objects out of the total sam

commission error, or the accuracy of how often the eelgrassvahses are correctly classified
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on the map. Eelgrass class userodés accuracy
eelgrass areas classified in the map will be present on the gkagh values were interpreted
following the agreement categes outlined bySim and Wright (2005)C0 = poor, 0.10.20 =
slight, 0.210.40 = fair, 0.410.60 = moderate, 0.60.80 = substantial, and 0-810 = almost
perfect)

The accuracy of the maps was assessed usdiolgl 6ross validatiorf5-FCV). To
increase the likelihood of generating a permutation with an observation in each fold, additional
observations were added via photo interpretation to any class that had less than 10 observations
until 10 observations were achievektcuracy metricsvere calclatedfor each fold when it was
acting as the validation sample. The final accuracy metrics for each site were obtained from the
confusion matrices for each fold by calculating the mean and standard deviation of the accuracy
metrics.
2.2.6 Presence of ambpogenic stressors

Sites were characterized through the squantitative abundance of epiphytes, an
indication of nutrient enrichmeiiNelson 2017)and the occurrence and nature of physical
disturbance. At sites with a proliferation of epiphytes, timeigpiantitative abundance of
epiphytes was visually assessed using the underwater videos. The percent of eelgrass blade
surface in the field of view covered by epiphytes was recorded usippiaitscale (0%, -20%,
21-40%, 4260%, 6180%, 82100%). The dration of video time for each cover category was
recorded and proportion of video length for each cover category was calculated.
The nature of physical disturbances was determined using photo interpretation from the UAV
imageryby looking for disturbance patterns indicative of common sources of physical

disturbance in seagrass meadows (i.e., propellor scars are long narrow distsirbamallow
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water in areas of boat traffianchor scars are typically circular disturbances, and mooring buoys
typically cause aoughlycircular disturbancaround the mooring anchob)uring field visits,

when time allowed, underwater video was aziliel to groundtruth potential anthropogenic
disturbances identified in the UAV imagery. The area of disturbance was estimated using

ArcGIS by manually delineating disturbances observed in the orthomosaics.

2.3 Results

2.3.1 Eelgrasslistribution

Mapsdelineating the distribution of eelgrass at each of the 10 study sites were generated
(Figure 22, AppendixB). The areal extent ohdividual studysites ranged fror.1747 kn¥ to
0.3631km?. The total areal extent of eelgrass at those 10 sitesstimsated to be just over 1
km?2. The mean and median area of eelgrass across the 10 sites wak@ri@nd 0.801km?,
respectivelyThe largest eelgrass meadow was observed in western Placentia Southeast Arm
(Figure 22.6), with 0.333 km? of eelgrassThe smallest eelgrass meadow was observed in
Glennons Cove Pond (Figure2d), with 0.0013 krf of eelgrass
2.3.2 Mapaccuracyassessment

The mean and standard deviation of the classificat@nracy assessmemetricsfrom
5-fold cross validatiorare presented in TabB2 Kappa values ranged from 0.220.81.
Western Placentia Southeast Aamd Placentia Swafsa d 7 a h d g fadraementévels
respectivelyPlacentia Swans (Figure 2.2.d) was the worst prafgmiassification, ranking
poorly across all accuracy assessment metrics. Western Placentia Southeast arm had the lowest
average Kappa value, the overal/l accuracy, ee
user 6s accur acyueha&5.3%,9928, aad/8&.5%argspectvehd other

eight sites showed a fAsubstantial 06 or better
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(Figure 2.2.c) producing the most accurate classification. Average overall accuracy values
ranged from 69.7%t6 9. 3 %. Average eelgrass class produc
99. 2% and average eelgrass class userodés accur
lower area of eelgrass generally had the lowest eelgrass class accuracy tinetAtz;ent

Swans site was an exception to this, with a moderate amount of eelgrass cover and a poor

classification accuracy (28.8%).

Table 2.2. Accuracy assessments of eelgrass distribution maps and the area of eelgrass per site.

Eelgrass Eelgrass

. Mean Overall Producer's User's Eelgrass
Study site K Accuracy >
appa (%) Accuracy  Accuracy area(km?)
(%) (%)

Come By Chance Guf 0.71 £0.08 82.2+4.9 89.9+9.0 87.9+7.3 0.1310
Glennons Cove Pond 0.67+£0.08 82.2+3.5 60.0+435 73.3£435 0.0013
Great Barasway Ponc 0.81+0.04 89.3£2.8 98.4+x23 95.1+0.4 0.0597

Old Shop Pond 0.73+0.10 82.0+6.9 88.5+6.5 89.2+9.7 0.068
Placentia Swans 0.46+0.07 69.7+4.1 56.0£5.2 62.1+8.3 0.916
Ship Harbour 0.72+0.08 82.2+5.1 91.7+7.3 77.2+10.9 0.05&

Southern Harbour 0.61+0.15 75.8+9.9 23.3+149 48.8+36.6 0.00%
Spread Eagle Pond  0.65+£0.14 84.7+6.3 954+3.8 90.0£3.7 0.1967
Sunnyside 0.69+0.10 80.3+6.3 89.8+5.6 81.0+5.2 0.1265

Western Placentia .5, 053 gg3+31 992411 87.5¢3.0  0.333
Southeast Arm
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2.3.3 Anthropogenic disturbances

Five occurrences of anthropogenic physical disturbances were identified from the aerial
imagery, caused by three activities:taltrain vehicles (ATVs) dving in eelgrass areas, buoys,
and boat anchoring (Figuge3). Physicaldisturbances affected an approximate area of 132.4 m
Relative to the total area of eelgrass mapped, the observed total area of disturbance is
inconsequential0.013%). The area of eelgrass disturbance by activity and relative to the total
area of eelgrass is presented in Figure 2.4.

Indications of ATV use werebservedt all sites. Relative to the prevalence of ATV use
at the sites, disturbances rarely occurred in areas of eel@fagsracks were common
throughout the sites, particularly concentrated on beaches and deltas, away from édigrass.
tracks caused distiiance to eelgrass at Come by Chance Gut and Old ShopAfondracks
were observed in approximately 876 of eelgrasscorresponding to a disturbance area of
0.008% of total eelgrass area.

Twelve buoys were observed in eelgrass areas, five of thenmngéidhing gear while
seven others were associated with docking infrastructure. Two buoys associated with docking
infrastructure at Old Shop Pond and Ship Harbour created disturbances due to ropes dragging in
the sediment with a combined area of ~Z] aarresponding to a disturbance area of 0.002% of
total eelgrass area. The other buoys did not create visible disturbances.

Anchoringwithin the eelgrass meadow was observed in the field at Ship Harbour.
Eelgrass in the surrounding area varied in densitly 8ome barren patches. The anchoring
disturbance did not however create a disturbance characteristic of anchoring damage. The area
disturbance associated with anchoring was estimated to be 23:8rmesponding to a

disturbance area of 0.002% of the t@elgrass area.
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Figure 23. a) All -terrain vehicle (ATV) disturbance araaCome By Chanc¢é®) buoy

disturbance areat Ship Harboyrc) underwater image of buoy rope disturbaat®Id Shop

Pond d) anchor disturbance araa Ship Harboure) underwater image of anchor in eelgrass bed
at Ship Harbour
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Figure 24. a) Extentof disturbance area relative to the total area of eelgrass mayped.

Disturbance area at each site caused by anthropogenic activities. No disturbances were observed
at GBP, GCP, PLS, SEP, SOH, SUN, and WPS. CBC: Come By Chance Gut, GBP: Great
Barasway Pond, GCP: Glennons Cove Pond, PLS: Placentia Swans, OSP: Old Sh&&tPond,

Spread Eagle Pond, SHB: Ship Harbour, SOH: Southern Harbour, SUN:sitienWPS:
western Placentia Southeast Arm.

2.3.4 Semiquantitativeepiphyteabundance

Placentia Swans was the only site to halarge presence of epiphytes. When eelgrass
was present in the video, approximately 27% of the velleationhad no epiphyte cover, 49%
had between 1%20% epiphyte cover, and 24% had over 20% epiphyte cover (half of it with
60%- 80% epiphyte cover)'he presence of epiphyte cover categories when eelgrass was
present in the groundtruth video for Placentia Swans is presented in Fiyukedl other sites,
the presence of epiphytes was minimal. However, at western Placentia Southeast Arm, tannin

rich freshwater inputs from heavy rainfall in the days preceding video collection reduced video
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quality, and potentially reduced epiphyte detectabifywestern Placentia Southeast Arm algal
mats were observed during field visits (Figure 2.5.c). Algatismare an indication of nutrient
enrichment and are harmful to eelgrass when persigastafsson and Bostréad14)

a)
100% ¢

TEpiphyte
cover
_ o, L M81-100%
g b m61-80%
g 41-60%
S| o, L 21-40%
8 602% 1-20%
? = 0%
T 40% |
£
5
A 200 ) -
0%

Placentia Swans

Figure 2.5a) Percent video duration of epiphyte cover categories, measured as the amount of
eelgrass in the video frame covered by epiphytes, when eelgrass was present in the groundtruth
video at Placentia Swans. b) a screenshot of the dnauh video corresponding to the-80%
epiphyte cover categorg) example of floating algal matbservediuring field visits to western
Placentia Southeast Arm.

2.4 Discussion

The study allowed mapping the distribution of eelgrass in seven siggoaintia Bay
and three sites of Trinity Bapffering geographic baseline data for the spatial extent of eelgrass
in the Island of Newfoundland@here were very few physical disturbandesectedacross the
sites, and only one site had a proliferatioepiphytes, an indication of nutrient enrichment
(Table 23). Theseaesults suggest that there is minimal impact of physical disturbance and

eutrophication affecting eelgrass in Placentia Bay and Trinity Bay.
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2.4.1 Classification Accuracy

Eight of the tertlassification maps produced substantial or better levels of agreement.

The two lowest pgorming classifications likely resulted from variable cloud cover during image
coll ection causing variable 111 umi nadicson betw
(Figure B.5 and B.10W\ariable illumination within the same cover class resulted iA mis

classifications with other classes. For instance, variable radiometry of the eelgrass class at

Placentia Swans resulted in misclassification between eelgrspacally deep watefT@ble

B.5.).

To a smaller degreehematic map accuracy may also have been affected by the results of
image segmentatiohourencoet al.(2021)found the accuracy of thematic vegetatiaps
produced using ArcGl S mean shift segmentatio
proprietary software used for OBIA, a@ifeo Toolbox/MonteverdiOTB), an open sace
OBIA software. For instance, the difference between overall accuracy (OA) was small between
ArcGIS and OTB with values of 84.3% and 87.0%, respectively, with a larger difference when
compared to eCognition (OA = 95.7%h)ourenco et al. 2021 Bimilarly, for multidass thematic
vegetation maps of UAV imager@goncalvet al.(2019)found that ArcGIS produced a kappa
of 0.78 compared to 0.85 for RGISLibés Shephe
the highest kappa value, for singllass thematic vegetation maps. Perhaps image segmentation
conducted with an alternatisegmentation software would resultslight improvements to
thematic map accuracy assessmefteh improvements would likely not result in increases to
the agreement categories outlined by Sim and Wright (2@8ater priority should be given to
colleding images under favourable weather conditions for aquatic vegetation mépping

consistent cloud cover, low glare, limited surface effects)
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Table 23. Summary of the presence of physical disturbance and signs of eutrophication found
across theen study sites in Placentia Bay and Trinity Bay.

Eelgrass Disturbance Source of Signs of

Site Bay area (kM) area (M) disturbance eutrophication
Come By Chance P'aBC;y”t'a 0.1310 75.4 ATV /
Glennons Cove Pond Placentia 0.0013 / / /
Bay
GreatBarasway Pond Placentia 0.0597 / / /
Bay
0ld Shop Pond ng';y 0.0687 196 ATV, buoy /
Placentia Swans Placentia 0.0916 / prollft_aratlon
Bay of epiphytes
Ship Harbour ~ lacentia g oog7 38.3 buoy, /
Bay anchor
Southern Harbour Placentia 0.0054 / / /
Bay
Spread Eagle Pond Trinity 0.1967 / / /
Bay
Sunnyide TNty g 1065 / / /
B Bay '
Western Placentia  Placentia floating algal
Southeast Arm Bay 0.3331 / / mats

2.4.2 Presence of anthropogenic stressors

Recreational vehicle disturbance has been shown to cause a decrease in saltmarsh
vegetation covefKelleway 2006) The impact is most evident in areas with high track density,
but reductions to vegetation cover can also occur in areas with a singlé&tetelvay 2006)
Come By Chancand Old Shop Pond were the only sites to have ATV disturbdheee were
indications of ATV use at all sites buomostly on land or the intertidal zones, aackly in areas
occupied byeelgrassTides throughout Placentia Bay are considered micrdfietss than 2

expect for Come By Chance which has{mesotidal condition& 1 4 m)(Cattoet al. 2003)
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The water deptin areas of eelgrassay deter ATV users and may explain why there are few
instances of eelgrass disturbance caused by ATVs despite indicatdn¥ afse in otheparts
of the study siteDuring field visitson Septembe2™ and October 18 202Q the Come By
Chancehadlow water levels of 0.56 m and 0.76 m, respectively. During these tidal conditions
the eastern half of the eelgrass bed at Come By Chance was submerged by only a few
centimeters of watei.he shallow natte of the eelgrass bed at Come By Chance during low tide
may make the depth of water over dedgrass area traversable by ATV. Similarly, at Old Shop
Pond, ATV disturbance was observed in small patches of shallow eelgrass along the edge of a
river delta.
The impact of mooring buoys on seagrass has been well documegted/alker et al.
1989 Glasby and West 2@LUnsworth et al. 201, Evans et al. 20)8The disturbance area
caused by buoys in this study is minusaelative to the area of eelgrass mapped and to other
estimates of mooring buoy disturbances in the literafttre.mooring areas in this study receive
less use than other examples from the literature. In cotartist 7 buoys associated with
docking infrastructure in this study creating a disturbance area &f Rihsworth et al. (2027
identified 366 scars caused by moorings across 8 sites creating an estimated total disturbance
area of 3.71 hectares, and Glasig West (208) estimated that leased moorings (1914
moorings) across New South Wales, Australia, caused ~9.4 hectares of disturbance to seagrasses.
Only one instance of anchoring within an eelgrass bed was observed. The disturbance
associated witlinchaing atShip Harboumwas nota clear disturbance patteifhe presence of a
lower density of eelgrass and barren patches suggest anchoring may occur in the same area
periodically but could also be natukadriation in eelgrass densifyhis highlights a Initation in

identifying physical disturbances using aerial imagery and underwater video without consistent
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temporal monitoringr groundtruth data collectioif anchoring was not observed in this area
during field visits, wanaynot have been able to idég this barren patch as a potential
disturbancelf disturbances are created without a clear pattern, typical of common sources of
disturbanced.g, propeller scarring, mooring chains), they will likely not be detestéen the
source is no longer presefor identification Therefore, the number of physical disturbances
identified may be underestimadtdue to the limited ability tdetermingf barren patches are of
anthropogenic origin or naturally occurrirkgpr instance, in Ship Harbour tweoescent shaped
disturbances with diameter of ~6 metres and a disturbance width of ~1 metre were observed in
both the ortho imagery and with underwater vid&ppendix Q. The regular shape of these
disturbance suggests an anthropogenic source, but we weable to identify the source of this
disturbance.

Epiphytes, an indication of persistent nutrient enrichment, were mostly observed at one
study site: Placentia Swans. This site is adjacent to the town of Placentia, the largest town along
the easterni®re of Placentia Bay, with a population of ~3500 (Statistics Canada 2017). Previous
reports have indicated that untreated sewage may accumulate in some of the sheltered
embayments of Placentia Bay (DFA 2007), which may be the case here as tbetéadsdérom
the town of Placentia that empty directly into this site. The wepttof Placentia Soutast
Arm, also adjacent to the town of Placentia, had minimal observations of epiphytes in the
underwater vided?oor video quality, due to heavy rainfatid a large tannirrich freshwater
input in the days preceding underwater video collectivay have reduced epiphyte detectability
at western Placentf@outheastArm. However, algal mats, an indication of nutrient enrichment,
were observed at the siterthg UAV image collection. Although there were indications of

nutrient enrichment at the two sites adjacent to the town of Placentia, both sites have dense and
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healthy eelgrass beds, with Western Placentia Southeast Arm having the greatest amount of
eelgras across the ten sitdis suggests that current level of eutrophication may not be
affecting eelgrass meadows in the area, yet.

This study observed eelgrass beds growing adjacent to anthropogenic develbpment
there appears to be litlmpactof arthropogenic disturbanc&he communities in the
surrounding areas of sites in this study have smatianpopulations, resulting in less
disturbance areand nutrient pollution relative to regions where these stressors are more
prevalentPhysical disturbaces and proliferations of epiphytes appear to occur infrequently in

eelgrass beds of Placentia Bay and Trinity Bay.

2.5 Conclusions

This study looked at the spatial distribution of eelgrass in Placentia Bay, an area of
Canadads East coast where eelgrass is declini
(Matheson et al. 2016and Trinity Bay, an adjacent areaewé this species is currently absent.

Findings indicate variable eelgrass extent in embayments of Placentia Bay and Trinity Bay. The
study offers a baseline for monitoring future distributional changes in eelgrass. This baseline data
contributes to assesgl the extent ogelgrass in Canada@he results also suggest that currently

there is little anthropogenic impact from physical disturbance and eutrophioategigrass

Placentia Bay and Trinity Bayhe limited number of disturbances and generailydpiphyte

load observed is likely due to the low populations offthancommunities in proximity to the
eelgrass beds. The results of this study can be used in monitoring programs to inform eelgrass

conservation in Placentia Bay and Trinity Bay.
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Chapter 3 Landscapdevel assessment of the impacts of
the invasive European green crab on eelgrass

Abstract

Seagrasses, including eelgrass, are important habitat provisioning species that have been
declining globally at an acceleratingte in recent decades due to anthropogenic streEssses
in eelgrass habitatn Nor t h A me rhave leeéndinked dodisturlzancasdrom the
invasive European green crabafcinus maengs Those disturbances have been well
documented at the plant and patch scales, but less so at the level of eelgrass landscape. Here, we
guantified changes to the distribution of eelgrass at six coastal sites of the Island of
Newfoundland, Canada. Eelgragas mapped using aerial imagery andreiativeabundance of
Europeargreen crab between sites was estimated based on the abundarescaivashed
green cralzarapacesAlmost complete loss of eelgrass aré€¥8(9%) was observed at the site
with the highest abundance of beaalashed European green crab carapaces. Two other sites,
with varying abundances of beaalashed green crab carapaces, experienced landscape level
change comparable to sites with green efasenceResultscorroborate previous resear

suggesting a link between high green crab abundance and eelgrass loss.
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3.1 Introduction

Seagrassescluding eelgras§Zostera maring is a group of marine flowering plants
thatform highly productive marine ecosystems, with primary productivitynesés placing
them as one of the most productive ecosystems glofiligrte and Chiscano 199%eagrasses
provide habitat for a wide diversity of marine organisms, including spec@smeérvation
concern such as green sea tur@adlonia mydas dugong Dugong dugo)y and dwarf seahorse
(Hippocampus zostera€Green and Short 2004, Hughes et al. 2088pgrasses function as
nursery habitat for many culturally and economically important fish species, such as juvenile cod
(Gadus spp.and Pacific Salmorgncorhynchus spp(Heck Jr. et al. 2003, Lilley and Unsworth
2014, Kennedy et al. 2018nhd have been estimated to provide nursery habitat éut 20% of
t he worl doés 2(Bnsworlregae 2019Additiandllyg the censplex three
dimensional strcture of seagrass meadows attenuates wave energy, stabilize sediments, and
protects from coastal erosi¢Raul 20B). The importance of seagrass ecosystems and the
ecosystem services they provide makes them one of the most valuable ecosystems globally
(Costanza an.doweverAdespite théiree®lbgical importance, seagrasses are often
overlooked in international conservation agen@swn et & 2021)

Invasive populations of green crabs have also been described as allogenic ecosystem
engineers due to the alterations they cause to eelg@s®(a maring an important coastal
habitat(Klassen ad Locke 2007, Matheson et al. 2016, Howard et al. 20A®)le foraging for
prey or burrowing in soft sediments, green crabs cause physical damage to eelgrass rhizomes and
uproot eelgrass shogt®avis et al. 1998, Malyshev and Quijon 2011, Howard et al. 2019)
which can result in wide scale habitat destruc{®arbary etl. 2014, Neckles 2015, Matheson

et al. 2016)The European green craBdrcinus maengsoriginating from coastal Europeand
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North African watershas been introduced in other regions of the world through shipping and is
now found in North AmericeSouth America, South Africa and Australdoung and Elliott

2020) Green crabs are known to negatively impact many ecosystems, outcompeting native
species for food resourc@dacDonald et al. 2007, Matheson and Gagnon 2012, Griffen and
Riley 2015)and introducing new predation pressures on native prey sg€cigory and Quijon
2011, Matheson and Mckenzie 201B)e to their widespiaa distribution and their impacts on
local ecosystems, green crabs are ranked among the worst global invasive(kpeaestal.

2004)

The impacts of North American green crab populations on eelgrass have been well
described in the literature. Laboratory and field studies have quantified eelgrass loss at the plant
and patch scale using green crab enclosures and excl{3axes et al. 1998, Malyshev and
Quijén 2011, Garbary et al. 2014, Neckles 2015, Howard et &89)2Duvenile green crabs have
been observenh-situto graze on eelgragdlalyshev and Quijén 2011Bioturbation by green
crab foraging andurrowinguproots eelgrass shoots (Davis et al. 1888yshev and Qugn
2011) andncreases sediment-geispension, which may increase light attenuation and has been
suggested as another mechanism of green crab disturtzentery et al. 2014, Neckles 2015,
Matheson et al. 2016Additionally, green crabs consume eelgrass seedsiéng seed
abundance and seedling establishnfkriantes et al. 20165eed predation by green crabs may
contribute to a feedback system reducing eelgrass recovery and may lead to a regime shift to an
algae dominated stafmfantes et al. 2016)

A few field studies have linked eelgrass loss over large spatial scales to green crab
disturbanceNeckles (2015%tudied the impacts of European green crab on eelgrass using green

crab exclosures and related their results to loss of eelgrasdatdieape level in Maquoit Bay,
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Maine.Garbary et al. (2014)bserved losses of eelgrass shoot deivsifyacadie Harbour,

Nova Scotiaand noted the formation of barren patches with thinning of the eelgrass bed

adjacent to these barren patchdatheson et al. (2016)sed fortuitous eelgrass habitat surveys,
before and after the introduction of the European green crab in Newfoundland, to assess changes
in eelgrass percent cover. Transects of eelgrass percent cover showed declines of 27% from 1998
to 2012, but declines varied between sites, with declines over 80% occurring at four sites with a
high abundance of green crgb4atheson et al. 2016)Vhile fieldbased assessments have

linked green crab disturbance at the plant aridhpscale to declines of eelgrass at the landscape
level, structural change of eelgrass landscapgs not beequantified.

Spatial pattern metrics (e.g., number of patches, perimeter to area ratio, etc.), commonly
applied in landscape ecology, can halugify the structural pattern of a landscape. Seagrass
landscapes are one of the most studied marine habitats using a landscape ecology approach
(Wedding et al. 2011 plso called seascape ecology in the marine environssgssing
changes in eelgrass landscape structure may provide greater insight into the impacts of green
crab disturbance than changes to eelgrass area &loni@stance, an eelgrass meadow may
transition from a landscape of few large patches to many small patches without much change in
area. Measuring area alone would show little change but quantifyingehanlandscape
structure would capture such changdse spatial pattern of an eelgrass meadow can influence
meadow resilience and feedback procefidaesworth et al. 2015, Gurbisz et al. 2028ith
smaller patches having a greater riskatchmortality (Olesen and Sardkensen 1994, Stipek et
al. 2020) Therefore, understanding how green crab disturbance affects eelgossajse
structure may provide further insight irttte impacts of green crab disturbaceeelgrass

landscape structur&@he goas of this study vereto quantify changes in eelgrass landscape
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structure in areas @bastal Newfoundlandharacterized by the presence or absengesahn

crabsas well as assessing the relative abundance of green crab at the different sites

3.2 Methods

3.2.1 Study area and site selection

Placentia Bay, an ecologically and biologically significant areaQ[RBL6, Templeman
2007, is a large bay (~6000 Kinlocated in the southeast of the Island of Newfoundland on
Canadabs Ea s3tl). TheEumpgean(grieen grabrwas first reported in North Harbour,
Placentia Bay, in 200Blakeslee et al. 2010It has since spread throughout the bay in a
heterogeneous manner, resulting in areas that vary in terms of green crab abundance and duration
of exposurgMatheson et al. 20167 he invasion of the European green crab in Placentia Bay
has been linked to declines of eelgrasssarasequenthanges in the fish community
composition(Matheson et al. 2016YVhile green crab havecolonized the south and west coasts
of the Island of Newfoundlandt hasnot been reporteon the northeast coasicluding Trinity
Bay.

Three study sites were selected in Placentia Bay, where green crabs are present, and three
others were selected in Trinity Bay, where green crabs have not yet been reportedB(Ejgure
All six sites select® have eelgragfkao et al. 2014andaredistant from common sources of
other anthropogenic stressors, sagtensivepopulation centersndustrial activities, and
agricultural activities. This was done to limit the influence of anthropogenic stressors on eelgrass
landscape structure and try to isolate the effects of green crab disturbance. Sites had limited
humanpresence, including road access;rofid vehicle trails, sparse housing, and recreational
boat docks. As the hydrodynamic setting (e.g. wave exposure, depth, currentidpeezhgé

of an eelgrass meadow influences eelgrass landscape st{ikcnseca and Bell 1998jites
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with a similar hydrodynamic environment and geomorphology were selected whéngyass

that five of the six sites are coastal lagoons.

Green crabs

@ absent
@ present

*_ inital green crab ~ L
sighting (2007) Trinity
Bay

47.5°N

Placentia
65° W 55° W Bay

: 500 N Glennons Cove
“ Pond
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Atlantic Great Barasway
Ocean Pond

54.5° W ' 540 5350 W
Figure3.1. Distribution of the six study sites in Placentia Bay and Trinity Bay.
3.2.2 Aerial images and processing

Aerial images used to map eelgrasginatedfrom two data sources: historical
georeferenced aerial images and newly acquiredaupiedaerial vehicle (UAV) images. Aerial
images from 2009 onward were obtained from the Newfoundland and Labrador Department of
Fisheries, Forestry, and Agriculture @) Images collected before 2009 were black and white,

and did not allow for an accurate eelgrass detection. While metadata for these images were
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unavailable, images were collected during the summer months (July or August) (FFA personal
communication).
UAYV images were collected from August to September of 2020 usingJéabDa
Innovations (DJI) Mavic 2 Professional UAV. To ensure high quality UAV images, image
collection was conducted in the morning, wileeSu n 6s angl e was | ow, and
clearor overcas{Nabhirnick et al. 2019b)UAV images were collected at an altitude of 120 m
with a forward and lateral overlap of 8a#&enable mosaickingrhe position of 7 to 13 ground
control points (GCPs) was collected using the waypoint averaging function of a Garmin eTrex
20x (~3 m accuracy) and were used in image processing to georeference the image orthomosaics.
Orthomosaics werereated using the Agisoft Metashape version 1.6.1 software (Agisoft
2019). All images (archive images and UAV orthomosaics) were resampled to a cell size of
0.6m, the coarsest spatial resolution of the archive imagery. All images for a site were masked to
the same site boundary. If surface effects (e.g., glare) were present in one of the images for a site,
which hindered eelgrass detectability, the area of surface effects was masked from all other
images for this site to reduce biases caused by weatbetsff
3.2.3 Groundtruth data
Groundtruth data were collected using underwater video in September and October of
2020. The underwater camera was operated from géngon kayak while the position of the
camera operator was recorded using the Garmin eTreX.hderwater video collection was
guided by visual inspection of the UAV orthomosaics to cotlestindtruthdata throughout all
areas of the field sites and to target as many cover types as possible. A SeKBGIIR
ActionCam in a waterproof housing svased to collect groundtruth data. The camera was

affixed to anUnger2.57 5 maluminum telescopic pole and positioned directly under the camera
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operator, while the pole height was adjusted
features. Attaching the camera to a telescopic pole reduced the occurrence of unusable data due
to water depth, identified as a limitation for using an undemncataera affixed to the bottom of
a kayak(Nahirnick et al. 2019a)ideo time stamps were paired to the GPS position irt post
processing by recording a few seconds of a digital clock synchronized with the GPS clock.
3.2.4 OBIA and classification

All images were segmented into image objects using the R package SegOptim
(Goncalves et al. 2@). Using the segmentation_ArcGIS_Mshift function, spatial detail, spectral
detail, and minimum segment size value&@f20, 1respectively, were specified for all image
segmentationsSpatialdetailand spectradletail valuescanrange froml to 2Q with 20 being the
maximum amount of detail. Minimum segment size defines the smallest allowable size of an
image segment in the units of pixdimage objects created from image segmentation were
manually classified based on photo interpretation of énalamages in ArcGIS 10.7 (ESRI
2019).The unclassified images for the study sites are presented in Appentdive Qroundtruth
data were used to generate point observations that helped guide photo interpretation of the 2020
imagery (Table8.1). Point olservations based on the groundtruth video were created within a 3
m buffer of the GPS transect tracks, corresponding to the accuracy of the GPS. Along the
transects, point observations were created at least every 5 seconds, identifying cover types that
coud be observed in both the video and UAV imagery. No ground truth data were available for
the archive imagenyike similar studiegEvans et al. 2018, Nahirnick et al. 2028l)
groundtruthdata were used for the classification of the map, preventing from an independent

assessment of classification accuracy. Such an approach is justified by the lower spatial accuracy
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of groundtruth data compared to the image resolution and to the facidimat data from the
same set would not allow an independent accuracy assessment.

Table3.1. Number of groundtruth data points collected per site.

Site Bay Number Latitude  Longitude
of points
Come By Chance Placentia Bay 857 47.834° N 53.996° W
Glennons Cove Pond Placentia Bay 834 47.217° N 54.015° W
Great Barasway Ponc Placentia Bay 781 47.125° N 54.067° W
Old Shop Pond Trinity Bay 1417 47.533° N 53.609° W
Spread Eagle Pond  Trinity Bay 1423 47.524° N 53.573° W
Sunnyside Trinity Bay 1710 47.851° N 53.935° W

3.2.5 Landscape fragmentation metrics

Eelgrass landscape fragmentation metrics were calculated in FragStats version 4.2.1
using binary raster&elgrass presence and absence) of the manually classified eelgrass maps
(McGarigal et al. 2012 ragStats allows for quantifying landscape metricseap#ich, class,
and landscaplevels where class refers to one habitat category and landscapecgeterall the
habitat categories in a landscape. Many of the landscape metrics at the class and landscape level
are calculated in the same manmehile class level considers one habitat category and landscape
considers all the habitat categories. Sintanges to eelgrass alone were of interest, all
landscape metrics were calculated at the class level, as opposed to the landscape level, to
guantify changes in the eelgrass class and not other patch types present in the ldndsitape.
words class levemetrics quantify the spatial pattern of eelgrass and produces one value
guantifying the spatial pattern of the eelgrass landscape. The landscape level quantifies the

spatial pattern of eelgrass and remigrass areas together and produces one value which
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guantifies the spatial pattern of this combined landscape. This combined landscape is not
relevant to the research questions addressed here as the spatial pattern of eelgrass could remain
the same but changes to reglgrass areas would result in diffedrealues between years.

Landscape Division (LD) and Aré&eighted Mean Perimeter Area Ratio (AWMPAR),
recommended b§leeman et al. (2005vere used for distinguishing fragmentation patterns
across a spectrum of fragmented to continuous seagrass land3tesesmetrics have been
used previously to qntify fragmentation in seagrass landscdpésstle et al. 2010, Santos et
al. 2011, 2015, 2020, Abadie et al. 2015, Kaufman and Bell 2Da0)iscape division is
interpreted as the probability that two randomly chosen pixels in a landscape are not within the
same patcliMcGarigal et al. 2012). Values of LD range from 0 to 1, with high values indicating
a more fragmented landscape. AWMPAR is sum of the perimeter to area ratio values (patch
perimeter divided by patch area) multiplied by a weight based on patch area for all patches in a
landscapéMcGarigal and Marks 1995MHigher values of AWMPAR indida more complex
patches. Increases to both LD and AWMPAR over time may indicate that a landscape has
become more fragmentedhanges to values of eelgrass area and landscape metrics were
calculated in R statistical softwafie Core Tean2020).
3.2.6 Greercrab carapace abundance

The abundance of beawbashed green crab carapacesea or deceased) was used as
a proxy for the relative size of green crab populations at each site. Exuviae, the remnants of an
exoskeleton following moulting, have been showibé¢ reliable estimates of aquatic larval insect
population densityFoster ad Soluk 2004, Heinold et al. 202®)or instanceteinold etal.
(2020)sampled exuviae of larval salmonfliddéronarcyscalifornia) along stream banks and

found a strong correlation R0.88) with total larval densitfHeinold et al. 2020)Additionally,
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beachcast biological matter has been used to assess spatial and temporal varsgtemes
composition of elasmobrancfSmith and Griffiths 1997, Schmdle et al. 202)d marine
macrovegetatiofSuursaar et al. 2014)

A similar approach téleinold et al. (2020yvas used to sample beastashed green crab
carapaces. At each field site, five 25 m long transects uszd to count the number of green
crab carapaces along the shoreline. We decided to count carapaces because the number of spines
on the carapace can be used to distinguish green crab carapaces from the native Atlantic rock
crab Cancer irroratu3. Transets were established parallel to the shoreline and distributed as
evenly as possible throughout the field sitethe site was a coastal lagoon, the transects were
distributed on landward beaches within the coastal lagoon and not on seaward lBeHolees.
searching for carapacdbg search area on each side of the transect line was defined by the
waterline on the lower side and by the presence of beach grass or shrubs on the ufjer side
distance between the upmédeand lowerside of the transegtas measured at the start atd
theend of each transedhese measures were used to calculate the area of each transect by
taking the mean of the start and end widths and multiplying it by the length of the transect. After
establishing a transect, theea was searched and crab carapaces were collected along the
transect line and photographed, using the transect line to provide éSécedethe total area
searched at each site differed depending on the width of the transedtgat number of green
crab carapaces divided by the total area of transects at each site was used to calculate green crab

carapace density.
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3.3 Results

3.3.1 Eelgrass landscape change

Four of the six sites studied experienced a loss of eelgrass. Both Placentia Bay and
Trinity Bay experienced a net loss of eelgrass area, with cumulative losses of 182 3ta)
and 1.0 ha-@.5%), respectively. The loss to eelgrass area in PlacentimiBgly occurred at
Glennons Cove Pond, with a loss of 19.7488.0%) from 2014 to 2020. Both AWMPAR and
LD increased for Glennons Cove Pdigure3.2a,c,e) suggesting the landscape became more
fragmented. Changes in eelgrass area, AWMPAR, and tBl&zentia Bay sites are presented
in Figure3.2a,c, ande, respectively. From 2014, eelgrass filled Glennons Cove Pond declined to
a small, aggregated area of eelgrass patches by 2020 (Eg)reaCome By Chance Gut
experienced the largest increaseelgrass area, with an increase of 2.0 ha (13.4%), a
subsequent decrease in LD, and slight increase to AWMPAR. Eelgrass expansion in some areas
of Come By Chance Gut connected previously disjointed patches forming larger and more
contiguous patches (Figai8.38). The third site in Placentia Bay, Great Barasway Pond (Figure
3.3b), lost 0.4 ha-6.1%) of its eelgrass, with a slight increase in both AWMPAR and LD.

In Trinity Bay, Old Shop Pond had the largest change in eelgrass area with a loss of 1.5
ha ¢17.0%) from 2014 to 2020 (FiguB2b). Old Shop Pond was the only site with suitable
imagery before 2014. From 2009 to 2020, eelgrass at Old Shop Pond lest-2% T#6)(figure
3.3f). Old Shop Pond had the largest increase to AWMPAR and a minor increase in LD (Figure
3.2d, ). Losses in eelgrass area at Old Shop Pond resulted in more disjointed patches of eelgrass
(Figure 3.3d,e,f) Spread Eagle Pond lost 0.2F ¢1.2%) of eelgrass and Surage gained 0.73
ha (7.5%) (Figur@.2b; Figure 3.3g,h Both sites experienced minimal changes to AWMPAR

and LD (Figure3.2d, f).
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3.3.2 Green crab carapace counts

Green crab carapaces were present at all sites in PaBaytiand absent from all sites in

Trinity Bay (Table 3.2) Glennons Cove Pond had the greatest number of green crab carapaces

with 140 carapaces observed and the highest density amongst all sites, with 0.11 carapaces/m

Come by Chance Gut and Great Barag Pond had 43 and 17 green crab carapaces

respectively, corresponding to densities of 0.06 and 0.01 carap3cespectivelyThe

distribution of the green crab carapace trandectthethreePlacentia Bay sitesndthe number

of green crab carapaces observed in each transect are providgdran3.4i 3.6.
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Figure3.2. Changes in eelgrass landscape metrics for the Placentia Bay and Trinity Bay study
sites. CBC: Come By Chance Gut, GBP: Great Barasway Pond, GCP: Glennons f@ave Po
OSP: Old Shop Pond, SEP: Spread Eagle Pond, Suhhyside.

66



2014 - 2020/

2009 -

10011

2009 - 2020)

2014 - 2020

Figure3.3. Changes to eelgrass landscapes for sites in Placentia Bay (a, b, ¢) and Trinity Bay (d,
e, f, g, h).CBC: Come By Chance Gut, GBP: Great Barasway Pond, GCP: GlennonP&@ule

2016 - 20207/

eelgrass

B [ost eelgrass

B infact eelgrass
expanded eelgrass

N

Aozoo
Lt 1

400

basemap
=== road
— contours (50ft)
=+ saturated soil
= building
— stream
water
wooded area

[ land

800m
[

OSP: Old Shop Pond, SEP: Spread Eagle Pond, SUN: Sdany




Em— carapacc transcct

Figure 3.4The distribution of beactvashed green crab carapace transects at Come By Chance
Gut. The values indicate the number of beaelshed green crab carapaces observed within each

transect.
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Figure 3.5. The distribution of beawashed green crab carapace transects at Great Barasway
Pond. The values indicate the number of beaakhed green crab carapaces observed within

each transect.
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Figure 3.6. The distribution of beawashed green crab carapace transects at Glennons Cove
Pond. The values indicate the number of beaakhed green crab carapaces observed within

each transect.
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Table3.2. Results of transect surveys for beagshedEuropean green crab carapaces.

Site name Total transect Total green Total density

area (m) crab carapaces (carapaces/f)

Come By Chance Gut 758 (0= 152+ 47) 43(0=8.6£7.0 0.06(0=0.075£ 0.097
Great Barasway Ponc 108 (0=220+36) 17(0=3.4+6.0 0.01(=0.016+ 0.029
Glennons Cove Pond 1248 (0=250+41) 140(0=28+30.5 0.11(0=0.111+0.123

Old Shop Pond 964 (0=193+ 78) 0(0=0=0) 000=0=x0)
Spread Eagle Pond 321 (0= 64+ 18) 0(0=0=0) 000=0=x0)
Sunnyside 646 (0= 130 34) 0(00=0=0) 0(0=0x0)

Note: enclosed in brackets is the sample meamad standard deviation.

3.4 Discussion

This study provides an initial assessment of changes to eelgrass landscape structure
sites of Placentia Bay and Trinity Bay, on the Island of Newfoundi@hdteEuropean green
crals arepresem and absenilotal eelgrassareawas found to decline in Placentia Bay and to a
lesser measure in Trinity Bay. The decline in eelgrass area in Placentia Bay was largely
dominated by eelgrass loss at one site, Glennons Cove Rlbtite other sites in Placentia Bay
and Trinity Bay had datively small changes in eelgrass coverage.

The high number of beaslashed green crab carapaces at Glennons Cove &ond,
with little human presence and no indications of anthropogenic disturbance, simgeste
European green cratisturbanceasulted in changes to tieelgrass landscajpg Glennons Cove
Pond The drastic decline in eelgrass area at Glennons Cove Pond in conjunction with the
greatest abundance of beaghshed green crab carapacesoissistentvith previous findings in
PlacentiaBay, where the greatest losses of eelgrass occurred in areas with the highest

abundances of trapped green cr@datheson et al. 2016¢onverselychanges to the eelgrass
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landscapes d&ome By Chance gaindGreat Barasway Ponderenot appreciably different
from nongreen crab sites in Trinity Balpifferences in the abundance of green crab between
sitesin Placentia Bay, measured using beaashed carapace surveysy eplain the
differences in landscape level change. For instebaeis et al(1998 andHoward et al(2019)
manipulaedgreen crab density in experimental eelgrass encloandfsund that eelgrass loss
caused by low densities of green crabs (1 crahs/mcrabs/m, respectively) did not differ
from control sites, while densities of 4 crab$and 5.6 crabs/fMrespectively, resulted in
significant reductions to eelgrass.

While our study provides valuable baseline on eelgrass coverage and change in the
study region, studying more sites characterized by different densities of greemocidhelp
understand the impact of green crab disturbance at the landscap&hevedsults of the
carapace transects should be interpreted with caution. Besstted gren crab carapaces were
used as a proxy for relative green crab abundance between sites, buvhsheti carapace
abundance could be affected by environmental orsgigeific factors, such as stpecific
mortality rates, coastal morphology, currents] earapace retention. The carapace surveys used
in this study included carapaces of deceased individuals and moulted carapaces. Crab carapaces
have been used to assess avian predation on intertidal and subtidéEliabs al. 2005)

However, avian predation on green crabs may be low, with gull predation on green crabs
estimated between 0 and 0.8% in the low interijEHis et al. 2005) Therefore, the population

of green crabs, particularly the number of individuals that moulted, may have a greater effect on
beach washed carapace counts than site specific predstgsdditionally, the distribution of
beachwashed debris can be affected by circulation and wind dire(&uarsaar teal. 2014,

Brennan et al. 2018RAlong the eastern shore Bfacentia Baymarine debriss transported by
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southerly windgrom the soutlof the bayaccumulaing in the north(Pink 2004) We did not
observe thisegionaltrend with regard todachwashed green crab carapaces. All of the beaches
sampled for beaetvashed green crab carapaces in Placentia Bay were within the coastal
lagoons, with limited exposure to wave energy. Seaward beaches with higher wave energy in
Placentia Bay have setfeaning properties and transport debris away from the beach, whereas
beachesvith lower waveenergyhave higher amounts of debr{®ink 2004) Greater counts of
green crab carapaces were found along sections of beach with higher general ametmis of d
(e.g., garbage, drift wood, macrovegetation). For instamepf the transects at Glennons Cove
Pond had 81 carapaces where a collection of debris had accumulated B&gWwealkbris areas
may indicate high retention rather than source abund&mneanan et al. 2018However, the
carapace transects were distributed along beaches within the lagoon and spread throughout the
site as evenly as possibigiven thesheltered nature of the beaches within the coastal lagoons
(i.e., protected by the seaward beach), the trahgpdrdeposition of seaward marine debris is
likely limited compared seaward beaches. For instavicéleil (2009)observedninimal marine
debris accumulation at Goose Cove beach in Placentia Bay, and attributed this to the sheltered
nature of the beacldditionally, the sheltered nature of these beaches woulddapirtures of
carapaces from a section of beach compared to an exposed section of beach, where carapaces
would more likely be transported away from the site. It is assumed that givemelteed nature
of all the beachewithin the coastal lagoons and protection by the seaward beach from marine
debris transpotthatthe carapaces are of local origin awduld beretained similarlyacross the
sites.

Glennons Cove Poralsoexperienced increasén both LD and AWMPAR, suggesting a

transition to a more fragmented landscadpewever, he landscape metrics for Glennons Cove

73



Ponddo not reflect the changes in landscape pattern obsé@rrectelgrass area decreased to a
small area of 12 aggregatedgiees. Class area, the area sfrajle habitat typ€e.g., eelgrass
areg, affects both AWMPAR and LD with small class areas producing higher alues
AWMPAR and LD(Neel et al. 2004, Wang et al. 2014hich would explain the increase in
both AWMPAR and LD despite fewer and more aggregated patches at Gde@aowve Pond. In
this instance, the landscape metrics appear misleading by suggesting fragmentation occurred
when there was only habitat losghout fragmentationLD and AWMPAR have previously
highlighted the importance of assessing changes in botlaaddandscape fragmentation. For
instance Santos et al. (201%pserved slight losses of submerged aquatic vegetation-aeh (
in Biscayne Bay, Floridaut increases to landscape fragmentation, quantified using LD,
AWMPAR, patch densitandmean radius of gyratigibetween 1938 and 2009. In our study,
almost complete loss of eelgrass area at Glennons Cove Pond oddattesson et al. (2016)
documented complete loss of eelgrass due to green crab disturbance in Placentia Bay at 4 sites
and 90% loss at a fifth site, out of 17 total sitésen thatargelossesof eelgrass area may
occurfrom green crab disturbanead that LD and AWMPAR are affected by habitat abundance
(Neel et al. 2004, \Ahg et al. 2014there may be limitations in using these landscape metrics
for quantifying changes in eelgrass landscape structure due to green crab disturbance. Metrics
that are weakly correlated with habitat abundance and strongly correlated widh spa
aggregation (e.gperimeter area fractal dimension, aggregation index, clumpiness index,
Coefficient of Variation of Proximity Index, etsge Wang et al. 2014)ay be more useful in
guantifying changes in eelgrass landscape structure.

The habitat change presented in the map figunr@gbe overemateddue to minor

misalignments of aerial images (Figl&81 3.6), resulting from limitations in the spatial
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accuracy of the GPG&3 m)used for georeferencing the UAV orthomosaldswever

differences in the spatial accuracy used for georeferemandgd not affect the calculations of

our results for change in area and landscape metrics over time because these values are
calculated for individual landscapes. Additionally, there is a lack of metadata for the archival
imagery. Similar limitations of nssing metadata have arisen in previous eelgrass studies using
aerial imagery not collected for the purposes of habitat magpiaigirnick et al. 2020)The

archival images were collecteluring July or August (FFA personal communication) with the
UAV imagery being collected in August and Septemardtherefore, it was assumed that
seasonal dynamics did not affect changes in eelgrass area or landscapelrastiycshe
classificationaccuracy of the eelgrass distribution maps could not be assessed due to the lack of
groundtruth data in the archive images and the lack of independence between the groundtruth
observations and the manual classification of the 2020 UAV orthomosaics. Hpalewéthe

aerial images have properties of high image reliability according to the image reliability factors
outlined byNahirnick et al.(2020 andPasqualini et al1997)(e.qg., tidal height, eelgrass
visualization, surface effects). Four for the six sites were shallow coastal lagoons with tidal
height having little impact on eelgrass delineation. In the two other site§Hop Pond, also
containing a coastal lagoon, and Susit, the deep edge of the eelgrass is visible in all years of
the imagery and throughout the sites with some minor variations in detectability due to water
depth along the northeast side of Old SRopd and Sunmside. At both sites there are minor
changes in eelgrass area along the northeast side of both sites (Figure 3d, e, f, h) and any
classification errors as a result of poorer eelgrass detectability due to water depth are likely
minor on the oerall change in eelgrass area. There was high eelgrass visualization in all images

with some minor variations throughout the imagi&spendixD). Areas where surface effects
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inhibited confident eelgrass delineation were masked from all years and no¢dssessasing
reliability of the images. Despite the lack of classification accuracy assessment, the high image
reliability properties suggest the suitability of the images for accurate manual classification via
photo interpretation.

Differences in resiénce, the capacity to resist and recover from disturbance, may also
affect the response of eelgrass landscapes to green crab distuftheniasilience and
productivity of eelgrass beds were shown to be reduced by high water temperature, high
temperaturevariability, high light attenuation, shallow water depth, and low water movement
(Krumhansl et al. 2021)or instanceé\Wong et al. (20133ssociated a 90% loss in eelgrass area
at coastal lagoon in Attdic Canada, where green crabs are also present, to water flow
constriction by a bridge and causeway, resulting in low water movement and high water
temperatures. The reduced water flow and high water temperature resulted in reduced eelgrass
shoot densityWong et al. 2013)an indication of londerm stresgMcMahon et al. 2013, Roca
et al. 2016)Howard et al. (2019peculated that differences in resilience between Atlantic and
Pacific eelgrass beds may explain the lack of reports for eelgrass declinePadifineCoast
caused by green crab disturbance, despite high densities of green crab being established for more
than two decades. Howevétoward et al. (2019lso recommend caution by noting that the
highest density green crab populations are located in remote areas of the Pacific coast and that
challenges in detecting chandeselgrass beds may explain the lack of reports.

Disturbance to eelgrass meadows may also increase resilience. Disturbance to seagrass
meadows from anthropogenic and natural sources have been shown to increase reproductive
output and genetic diversi{Cabaco and Santos 201Epr instance, sea otters disturb eelgrass

beds while foraging in the sedimtefor infaunal prey, a similar process to green crab
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disturbancewhich has been shown to increase eelgrass genetic divieygtpmoting

conditions that favoueelgrassexual reproductio(Foster et al. 2021Higher genetic diversity

in eelgrass has been shown to increase resilience to temperature wWainheng et al. 2008)
Therefore, small amounts of green crab disturbance may promote eelgrass reproductive output,
genetic diversity, and resilience.

Site specifidnteractionssuch as the depth aheelgrassneadow may play a role in
shaping green crab distribution at the fine s¢@lesham et al. 2016fror example, d@an
predators can reduce crab densities in intertidal and shallow subtidalEhsast al. 2005
Good 1992)However, green crabs were showmtaergdess predation by gulls compared to
other crab specig®umas and Witman 1993, Ellis et al. 2006pmpared t&ancer irroratus
andCancer borealisthe survivorship of green crabs increases as depth decrmaggssting a
greater mortality caused by aquatic predators than avian preflatoashue et al. 2009The
survival of green crabs from predation isaasignificantly greater when a vegetated refuge is
available(Dumas and Witman 19933uch as that provided by eelggaghe shallow nature of
the eelgrass beds at all three sites in Placentia Bag (rjlwould appear to be ideal habitat for
green crabs in that they receive little predation by avian pred&itisset al. 2005)the eelgrass
provides a vegetative refugumas and Witman 19933and he shallow depth may limit
predation by aquatic predatdi3onahue et al. 2009)

Environmental variables and food resources may also affect greedisttaibance to
eelgrass landscapédatheson et al. (201@heorized that differences in sediment compactness
and infaunal communities may contribute to differences in green crab distutbaselgrass
| andscapes by reducing green crabsdé ability t

Additionally, green crab size and deave been shown to affect the response of green crabs to
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environmental variables, especially defffltosham et al. 2016] here is some evidence to
suggest that green crab disturbance may be affected by green crab demographics, such as age and
proportion of malegMalyshev and Quijon 2011, Matheson et al. 20Egjture research could
monitor finescale changes to eelgrass landscapes in concert with vanefioe-scale site
specific factors, resilience, and European green crab densities and demographics to assess how
site-specific factors may affect the distribution of green crabs and disturbance to eelgrass
landscapes.

Rapid rates of eelgrass loss dueteeg crab disturbance were describedNiegkles
(2015)who reportedhe loss of 474 ha of eelgras83.16% change) in Macquoit BaySA,
from 2001 to 2013. Little changeecurred from 2001 to 2009 based on comparison of aerial
photosand he most substantial loss ocreabetween 2012 and 2013, based on local
observationgNeckles 2015)Similarly, 98.9% of eelgrass at Glennons Cove Pond was lost over
6 years. Given the potentially high rate of eelgrassdbssrved in this study and in previous
studies (e.g., Neckles 201%)e use of UAV for citecting imagery may bbeneficialto cost
effectively produce a dataset with a high temporal and spatial resdiaitaptue the process of
green crab disturbance on eelgrass landscapes. Capturing the progression of eelgrass loss and
potential habitatrhgmentation at a high temporal resolution may provide insights into the spatial
and temporal dynamics of green crab disturbance, which may be usedulyimietection of
green crab disturbance anlgntifying priority areas for eelgrass protection oregrerab

removal.
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3.5 Conclusions

Thisst udy expl ored changes in eelgrass cover

characterized by the presence or absence of the invasive European green crab. In addition to
providing baseline data on eelgrass that will help monitor future chahgestudy identified

very different dynamics among study sit8snilar changes in eelgrass area were observed
amongst five of the six sites. One site in Placentia Bay, Glennons Cove Pond, experienced a loss
in eelgrass area of 98.9% between 2014 and F@0ingscorroborate studies donetime

region and othersuggesting a potential link betweeelgrassossandinvasive green crab
disturbanceWhile the site showing the largest eelgrass &ss show the largest number of
beachwashed greenrab carapces, a larger number of study sites ansitin estimations of

crabs would be required to confirm the causal relationship between thim tareas where green
crab disturbance to eelgrass is a prominent threat, high temporal resolution monitoring is
recanmended to inform eelgrass habitat protection, green crab removal efforts, and to fully

capture the progression of habitat disturbance.
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Chapterd - Summary and Conclusions

4.1 General summary

Seagrass amecognized asne of the most valuablearineecosystemglobally
(Cost anza a n,tutd@edadingnet arlagcelgrgting raf@vaycott et al. 2009)

There is a need to quantify the spatial distribution of seagrasses and identify threats at local
scales to inform effective seagrass management eftémsvorth et al. 2019Eelgrass, a

species of seagrass, in Placentia Bay, Newfoundland and Labrador, Gaxadhining

(Matheson et al. 20167 he decline of eelgrass in Placentia Bay has beebuaéd to the

invasive European green cr@datheson et al. 2016put other stressors that commonly impact
seagrass ecosystems have not been assessed, nor has there been an assessment of green crab
disturbance on eelgrass landscapecstire.

This researciprovides a baselinef the spatiakxtent of eelgrass study sites of
Placentia Bay and Trinity BajNewfoundland and Labraddhat can be used as a base to
monitorfuturechanges in the spatial extent of eelgrass over aim#assesses anthropogenic
stressors affecting eelgrass. The specific reseprektionsvere (1)what is the spatial extent of
eelgrass beds in Placentia Bay and Trinity B&gPwhat isthe presence of common
anthropogenic stressors known to negatively ichpalgrasgi.e., physical disturbance and
eutrophicatiohin eelgrass beds of Placentia Bay and Trinity Bay®, (3)how haseelgrass
landscape structuihanged over recent years in areas with and without the European green
craly?

Questionone and twavere addressed inh@pter2. Question one was addresssd

producingbaseline distribution maps of eelgrass extearh UAV imageryat seven sites in
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Placentia Bay and three sites in Trinity B&uestion two was addressed using the UAV
imageryand underwater video to quantify the presence of physical disturbances and the semi
guantitative abundance epiphytes, respectively results indicate that physical disturbance

to eelgrass rarely ocaed at the study sites in Placentia Bay and TyiBay, and that there were
few signs of eutrophication, with some indications of nutrient enrichment only being present at
two sites directly adjacent to ti®wn of PlacentiaThe limited populations of the communities
surrounding the study sites likelypains the limited presence of these anthropogenic stressors.
This studyprovides an initial assessmenttlé presence of physical disturbance and
eutrophication in eelgrass beds of Placentia Bay and Trinity Bay, Newfoundland and Labrador,
Canada.

Quesion 3 was addressed in Chapter 3, where landscape pattern metrics, in conjunction
with transect surveys of beawlashed green crab carapace abundance, were used to quantify
changes in eelgrass landscape structalennons Cove Porftadthe highest abundaa of
beachwashed green crab carapaeasexperienced the greatest loss in eelgrass area (98.9%).
Changes in eelgrass landscape structure at the other two sites where green crabs are present were
not appreciably different from sites with no green crabe results suggest that disturbance to
theeelgrass landscape@tennons Cove Pondas caused by green cralbe results also
suggesthat green crab disturbance to eelgrass meadows can result in a dramatic loss of eelgrass
at a rapid rate. The presettidy provides an initial analysis of how green crab disturbance

affects eelgrass landscape structure.

4.2 Limitations and fituredirections

The present study provides insight for eelgrass monitoring and conservation in Placentia

Bay and Trinity BayContinued monitoring of eelgrass in Placentia Baynigortantgiven the

92



declining status due to green crab disturbance, duilé veurrently, physical disturbance and
eutrophication appear to occur infrequently in Placentia Bay and TrinitytiBze are

indications of nutrient enrichment adjacent to the Town of Placentia. Further monitoring is
needed to assess the degree of impact nutrient pollution is having on eelgrass adjacent to the
Town of Placentia.

The assessment of eutrophicatiorthis studyprovides an initial assessment of¢h
presence of thistressor in Placentia Bayd Trinity Bay, but lacks the depth that other
indicators and measures offéhe assessment of eutrophication, using a-sgmnttative
abundance of epiphytes as a proxyrfotrient enrichmensuggests that nutrient enrichment is
occurring to eelgrass beds adjacent to the town of Plackuatifyrther research is required to
understand the degree of nutrient pollution and the impact it is having on egigresstudy
regon. A variety of metrics exist for assessing eutrophicatsuch as nitrogen concentrations
(Robertsorand Savage 202@ndepiphyte load (Nelson 2017), as well dse degree of impact
on eelgras¢e.g.,leaf growth,shoot densityratio of aboveground biomast belowground
biomassetc; see McMahon et al. 2013)ogistical and financiatonstraintdindered our ability
to assess eutrophicatiosing more quantitative methods, such as collecting water chemistry
samples or taking biological measa and samples of eelgrass or epiphydesg a more
standardize@nd quantitativenethod for assessing eutrophicatiould allow future monitoring
efforts to assesmore tha justthelikely presence ofutrient enrichment and would allow for a
greaterassessment of the impact on eelgrass between sites and may enable comparisons to other
studies.

An additionallimitation of this research is that the distribution of field sites reafricted

to the eastern side of Placentia Banyd southern Trinity Baglue to logistical constraints. The

93



strength of anthropogenic stressors can vary lo¢Ellyphy et al. 2019and the impacts of

some stressors, such as mooring areas, may be vdBalglerman et al. 202@Future research

and monitoring efforts may benefit from including additional sites in other areas of Placentia Bay
and throughout Newfoundland to provide a greater ability to assess lweallly and regionally.

Many assessments of eelgrass in Canada are conducted in isolatiois presents challenges

for assessing trends between sites regionally and nationally (Murphy et al. 2021). There is
increasing acknowledgemenita needo coordinate seagrassonitoringeffortsboth nationally,

in Canada (Murphy et al. 2029swell as intenationally Duffy et al. 2019McKenzie et al.

2020.

In concert, chapte2 and chapteB suggesthat the invasive European green anadyy be
the most prominent threat to eelgrass in Placentia Bhaich corroborates the findings of
previous researctfMatheson et al. 2016]hisresearch alssuggestshat green crab disturbance
mayrapidly and extensivelglter an eelgrass landscape. Similar observations of a high rate of
eelgrass area loss linked to European green crab disturbance is reported in the (inzaklee
2015)

Future research and eelgrass monitoring in areas where European green crab disturbance
is a prominent threat may benefit from high temporal resolution monitoring to capture the
progression of changes to eelgrass landscape struthaabilityafforded by UAV to collect
high resolution imagery at user specified time interaals during weather conditions favourable
for aerial imagery collection in aquatic environmemisy be highly beneficidbr monitoring
green crab disturbancdigh temporal @solution monitoring may allow management efforts to
detect eelgrass loss before a drastic decline oetuisffectivelytargetgreen crab removal

effortsto these areas
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In chapter 3the greatest loss of eelgrass area occurred at the site that beshtlest
abundance of beaehashed green crab carapaces, whereas the two other sites, with lower
abundances of beaetashed green crab carapaces, had minimal change in eelgrasitarea.
specific characteristics (e.g., temperature, depth, food resosecsient hardness, etc.) that
affect eelgrass meadow resilience and green crab abundance, demographics, and behaviour, may
make some eelgrass beds more susceptible to green crab distuAbdimeestudies should focus
on assessing threshold abundanceléewkgreen crab and factors that affect eelgrass bed
vulnerability to green crab disturbance.

This research contributes to a data gap in the extent and condigelyadss irCanada
Future monitoring efforts can build upon the initial baseline of eelgrass extent provided in this
research. The baseline data provides opportunities for future monitoring of eelgrass in Placentia
Bay and Trinity Bayto assess how eelgrass may respondr@ictthreats and potential changes

in environmental conditions.
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AppendixA

SegOptim Parameter Space Delineation

In ArcMap 10.7, spectral detail values can range frdn2Q, spatial details can range
from 1- 20, and minimum segment size specities minimum size of aegmentin pixel count
The parameter space was determined through experimentation with a sebsatngl
orthomosaics by setting spatial and spectral detail to the maximum value of 20 and minimum
segment size to 20. Experimentation involved decreasing the value of either spectral detail or
spatial detail by increments of 1, while holding the two ofgaameters constant. When the
output segmentation raster exhibited under segmentaggmiultiple image features contained
in one image segment) the previous value was set as the lower limit of the parameter space.
These values were 18 and 17 fordpa detail and spatial detail, respectively. The parameter
space for minimum segment size was set with a lower limit of 1 and an upper limit of 100. The
lower limit of 1 is the most detailed setting and the upper limit of 100 was determined through
preliminary tests of the genetic algorithm. The preliminary tests produced optimal minimum
segment sizes less than 100, and therefore it was determined that minimum segment sizes from
1-100 was a sufficiently large parameter space to contain an optimum selithiont being too

large as to hinder computation time.
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Appendk B

Orthomosaic images, classified maps, and confusion matrices faites in Placentia Bay and
Trinity Bay

classification
s sediment
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. shadow
basemap
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water
==siream
wooded arca
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FigureB.1. Orthomosaic (left) and thematic map (right) of Come By ChanceMNaytCA.

TableB.1. Full confusion matrix for Come By Chance Gut classification.

observed
sediment eelgrass algae spume shadow
sediment 94 11 9 6 0
predicted eelgrass 11 104 7 0 0
algae 1 2 16 0 2
spume 2 0 0 4 0
shadow 0 0 1 0 5
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FigureB.2. Orthomosaic (top) and thematic map (bottom) of Glennons Cove Pond, NL, CA.

TableB.2. Full confusion matrix for Glennons Cove Pond classification

predicted

observed

sediment eelgrass algae deep

water

sediment 123 0 18 0

eelgrass 0 5 1 0

algae 10 5 41 3

deep 0 3 6
water

shadow 0 0 0 0

shadow

© O O o
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FigureB.3. Orthomosaic (left) and thematic map (right) of Great Barasway Pond, NL, CA.

TableB.3. Full confusion matrix for Great Barasway Pond classification.

observed
sediment eelgrass brown green turbid shadow
algae algae water
sediment 30 1 8 1 1 0
eelgrass 3 196 2 1 0 6
brown
predicted| algae 9 1 35 2 0 0
green 0 0 0 6 0 0
algae
turbid 1 0 0 0 9 0
water
shadow 0 1 0 0 0 4
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FigureB.4. Orthomosaic (left) and thematic map (right) of Old Shop Pond, NL, CA.

TableB.4. Full confusion matrix for Old Shop Pond classification.

predicted

observed

sediment eelgrass algae deep

water

sediment 107 8 14 5

eelgrass 10 83 1 2

algae 12 2 17 0

deep 4 2 0 33
water
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FigureB.5. Orthomosaicléft) and thematic mapi@ht) of Placentia Swans, NL, CA.

TableB.5. Full confusion matrix for Placentia Swans classification.

observed

sediment eelgrass algae deep
water

sediment 8 6 3 1

predicted| eelgrass 11 60 4 19

algae 0 1 5 0

deep 37 2 141

water
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FigureB.6. Orthomosaic (left) and thematic map (right) of Ship Harbour, NL, CA.

TableB.6. Full confusion matrix for Ship Harbour classification.

observed

predicted

sediment
eelgrass
algae

deep
water

sediment eelgrass algae

10 0 3
4 81 20
4 6 22

3 3

deep
water

0
1
1

134
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FigureB.7. Orthomosaicright) and thematic mapg(ft) of Southern Harbour, NL, CA.

Table.7. Full confusion matrix for Southern Harbour classification.

predicted

sediment
eelgrass
algae

deep
water

observed
sediment eelgrass algae
49 4 15
1 4 6
14 6 24
10 4 5

deep
water

0
1
1

153
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FigureB.8. Orthomosaic (right) and thematic map (left) of Spread Eagle Pond, NL, CA.

TableB.8. Full confusion matrix for Spread Eagle Pond classification.

observed
sediment eelgrass algae shells
sediment 5 2 3 0
. eelgrass 8 206 15 0
predicted) 1 gae 8 7 44 0
shells 1 0 0 10
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FigureB.9. Orthomosaicright) and thematic mapgft) of Frenchmans Island, Sursige, NL,
CA.

TableB.9. Full confusion matrix for Frenchmans Island, Suwsahy classification.

observed
sediment eelgrass algae deep shadow
water
sediment 40 9 6 2 0
. eelgrass 19 134 6 3 4
predicted 1 jae 3 3 1 0 0
deep 4 2 0 62 2
water
shadow 0 0 0 0 4
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