University of New Hampshire

University of New Hampshire Scholars’ Repository

Doctoral Dissertations Student Scholarship

Winter 2002

Impacts of the introduced crabs, Carcinus maenas
an Hemigrapsus sanguineus, in northern New

England

Megan Conlon Tyrrell
University of New Hampshire, Durham

Follow this and additional works at: https://scholars.unh.edu/dissertation

Recommended Citation

Tyrrell, Megan Conlon, "Impacts of the introduced crabs, Carcinus maenas and Hemigrapsus sanguineus, in northern New England"
(2002). Doctoral Dissertations. 117.
https://scholars.unh.edu/dissertation/117

This Dissertation is brought to you for free and open access by the Student Scholarship at University of New Hampshire Scholars' Repository. It has
been accepted for inclusion in Doctoral Dissertations by an authorized administrator of University of New Hampshire Scholars' Repository. For more

information, please contact nicole hentz@unh.edu.


https://scholars.unh.edu?utm_source=scholars.unh.edu%2Fdissertation%2F117&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholars.unh.edu/dissertation?utm_source=scholars.unh.edu%2Fdissertation%2F117&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholars.unh.edu/student?utm_source=scholars.unh.edu%2Fdissertation%2F117&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholars.unh.edu/dissertation?utm_source=scholars.unh.edu%2Fdissertation%2F117&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholars.unh.edu/dissertation/117?utm_source=scholars.unh.edu%2Fdissertation%2F117&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:nicole.hentz@unh.edu

INFORMATION TO USERS

This manuscript has been reproduced from the microfim master. UMI films
the text directly from the original or copy submitted. Thus, some thesis and
dissertation copies are in typewriter face, while others may be from any type of

computer printer.

The quality of this reproduction is dependent upon the quality of the
copy submitted. Broken or indistinct print, colored or poor quality illustrations
and photographs, pnnt bleedthrough, substandard margins, and improper
alignment can adversely affect reproduction.

In the unlikely event that the author did not send UMI a complete manuscript
and there are missing pages, these will be noted. Also, if unauthorized
copynight material had to be removed, a note will indicate the deletion.

Oversize matenals (e.g., maps, drawings, charts) are reproduced by
sectioning the onginal, beginning at the upper left-hand comer and continuing

from left to nght in equal sections with small overiaps.

ProQuest Information and Leaming
300 North Zeeb Road, Ann Arbor, Mi 48106-1346 USA
800-521-0600

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



IMPACTS OF THE INTRODUCED CRABS. Curcinus maenas and Hemigrapsus
sanguineus. IN NORTHERN NEW ENGLAND

BY

Megan Conlon Tyrrell
B.A. Mucalester College. 1994
M.S. University of New Hampshire, 1999

DISSERTATION

Submutted to the University of New Hampshire
in Partial Fultillment of
the Requirements tor the Degree of

Doctor of Philosophy

in
Zoology

December. 2002

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



UMI Number: 3070988

%
UMI Microform 3070988

Copyright 2003 by ProQuest information and Learning Company.

All nghts reserved. This microform edition is protected against
unauthorized copying under Title 17, United States Code.

ProQuest Information and Learning Company
300 North Zeeb Road
P.O. Box 1346
Ann Arbor, Ml 48106-1346

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



This dissertation has been examined and approved.

Lo 4, Naprie

Dlssgrmnor@ulor Dr Larrv G. Harris
Professor of Zoology

aa

Dr. Th(\md\ D. Lee. Assoctate Protessor of
Natural Resources

— : ;
Dr. James F. Haney. Professor of Zoology

£t L

Dr. C. Sarah Cohen. Research Associate,
Harvard University. Cambridge. MA

Dr. L. Dd\ id Smith. Assistant Professor of
Biology. Smith College. Northampton, MA

Wembxt y, 202
Date

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



ACKNOWLEDGMENTS

Thank vou to Dr. Larry Harris for encouraging me to study the impacts ot a crab
species that is sull very uncommon in northern New England. [ truly appreciate the
opportunities and experiences yvou have provided for me.

Thank you to my committee members Drs. James Haney. Tom Lee and David
Smith for constructive comments and insights on this work. Dr. Sarah Cohen was a
mentor and supporter trom beginning to end. Thank vou to Dr. Jeb Byers tor helptul
discussions and to Dr. Chris Neefus tor advice on statsticat analvsis. Thank vou to Dr.
Dan Hombach at Macalester College i St. Paul. MN for starting me on this path.

Thank vou to Harris lab members tor support and patience. Thank vou especially
to Tricia Madigan. who conducted the first set of microcosm experiments and who has
been an outstanding colleague and triend. Other people that made this work possible
through their triendship and support include: Christa Biche. Jeft Markert. Gabby Martines.
Bruce Sommer. Ann Stork. Sally Turtle, Rebecca Wersman. and Zoology Department
graduate students. past and present.

Penny Beuning. Lara Gengarelly and Petra Bertilsson-Friediman were vital
colleagues and counselors. Thank vou tor vour {riendship and tor always being there via
email or phone. Thank vou to Joe Tyrrell tor tield assistance on a blustery day and tor
support throughout this process. Thank vou to Mary Tyrrell who has unceasingly
encouraging. [ guess vou were right that cold afternoon in January 1996. Paul Evans has
been a loving and wondertul partner throughout this process. This dissertation would not

be possible without his love and understanding.

il

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



This work was supported by grants trom the Center tor Marine Biology and the
Graduate School of the University of New Hampshire. Additional grant support was
provided by the AV, Fund of the Norcross Wildlite Foundation. Two fellowships. one
from the NOAA Estuarine Rescarch Reserve tor Great Bay Reserve and one trom the

University of New Hampshire dissertation fellowship provided vital support.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



TABLE OF CONTENTS

ACKNOWLEDGMEN TS 1t
LIST OF TABLES ... v
LIST OF FIGU RES ... Vil
CHAPTER PAGE
GENERAL INTRODUCTION . I
[. TEMPORAL AND SPATIAL PATTERNS IN THE SETTLEMENT AND
RECRUITMENT OF THE INTRODUCED GREEN CRAB. Cuarcinus maenas. IN
NORTHERN NEW ENGLAND ... 6
INLOdUCTION. L 7
Materials and Methods. oo 9
SHUAY SIS Y
Field Component. ... I
Laboratory Component.. ... 12
A Y NS [2
ROSUIS [3
DSy L 13
Sz {3
DESCUSSION e e 16

[I. COMMUNITY STRUCTURE OF THE NEW HAMPSHIRE ROCKY INTERTIDAL
ZONE PRIOR TO THE ESTABLISHMENT OF Hemigrapsus sanguineus
INtrodUCHION. ... e e D2

Matertals and Methods. ..o 00

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Study SHES ..o 54

Quadrat sampling............. 55
Statistical analysis. ... U58
ResUItS 62
FC Stk 62
Odiorne Park. ... 69
Hilton Park. ... 75
Community analyses............... e 80
DN CUSSION . Sl

UL ABUNDANCE OF EPHEMERAL ALGAE IN UPPER INTERTIDAL POOLS

PRIOR TO THE ESTABLISHMENT OF Hemigrapsus sanguineus

INtFOdUCTION. L 193
Muaterials and Methods. oo 196
Results o e 1U8
Selectively placed quadrats...ooo U8
Random quadrats. ... 199
D LSS OM L 202

IV. EFFECTS OF PREDATION BY TWO SPECIES OF INTRODUCED CRABS:
INFERENCES FROM SHORT TERM MICROCOSM EXPERIMENTS

INrOdUCHION . e e e e 2AS
Materials and Methods. ..o e 248
Laboratory MICTOCOSIIS . ... o ot 248
Field mMiCroCOSmIS. oot e e e 250
Results....... e e 282

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Stze freqUenCY... o025

DISCUSSION. L 25
V. EFFECTS OF PREDATION BY TWO SPECIES OF INTRODUCED CRABS:
INFERENCES FROM LONG TERM MICROCOSM EXPERIMENTS
INtroduction. ... 269
Muatertals and Methods. ..o 272
Cobble analvsis. oo 22
Experimental crabs .o 2T
Freld miucrocosms. oo 274
RNt 276
SIZC ITCUUCIICY oo e 278
L E I T B T 279
GENERAL CONCLUSIONS 299
LITERATURE CITED e 307

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



LIST OF TABLES

TABLE PAGE
[.1 Results of ANOVA of density of C. maenas and vear and tdal height..............22
1.2 List of replicates that were lost due tostorms. ... 23

I.3 Comparison of density of C. maenas in recruitment panels and in quadrat

SMIP IR 24
2.1 Quadrat sampling dates.......oo 56
2.2 Number of quadrats with only one algal species..........o 60)
2.3 Results of ANOVA of abundance of canopy algae at cach study site....oooo 91

2.4 Results of ANOVA of abundance ot subcanopy algae and substrates at cach study

N | (U 92

2.5 Results of ANOVA of density of S balanoides. M. edulis and C. maenas at cach
ST STl 93

2.6 Results of ANOVA of size distributions ot S, balunoides at cach study site. .94

2.7 Results of ANOVA of size distributions of M. edudis at each study site...........95
2.8 Results of ANOVA of density of Littorinids at each study site.oooo 96
2.9 Results of ANOVA ot size distributions of L. lirtorea at each study site..oo.ooo 97
2.10 Results of ANOV A of size distributions of L. obtusata at each study site..... 98

2.11 Results of ANOVA of size distributions of L. saxatilis at cach study site............99

2.12 Results of regression analyses of C. maenas density versus various physical and

biological factors at cach study Site........... 100
213 Results of ANOVA of size distributions of C. maenas at Ft. Stark. NH....ooooo 101
2. 14 Results of ANOVA of size distributions of C. maenas at Odiorne Park. NH....... 102
2.15 Results of ANOVA of size distributions ot C. maenas at Hilton Park, NH......... 103

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2.16 Results of ANOV A of nonmetric multidimensional scaling scores and location and
tdal Retght. 104

31 aand b Results of ANOVA of overall abundance of Enteromorpha sp. and annual
AlEae BCIWCEN SIS L 207

3.2 Results of ANOV A of abundance of annual algae in each pool between vears......208

4.1 Results of ANOV A of percent change in abundance of organisms between cach
treatment for three sets oFf MICTOCOSM eXPeriments. ... 261

3.1 Results of ANOV A of percent change in abundance of organisms between cach

treatment tor long term microcosm eXperiments. ... e 288

5.2 Results of discriminant analysis of long term microcosm experiments............... 289

3.3 Canonical discriminant functions of long term microcosm experiments............. 289
vi

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



LIST OF FIGURES

FIGURE PAGE
LD Mapofstudy sttes. oo 28
[.2 Density of C. maenas megalopae at Ft. Stark. NH 1997, 26
I.3 Density of C.mmaenas megalopae at Odiorne Park, NH 1997 ... 27
[.4 Density of C. maenas megalopae at Ft. Stark. NH 1998 28
[.5 Denstty of C.omaenas megalopae at Odiorne Park, NH 1998 oo 29
.6 Denstty of Coomaenas megalopae at Fu Stark. NH 1999, 30
i.7 Density ot Comaenas megatopae at Odiorne Park. NH 1999 .00 RY
1.8 Density ot juvenile Comaenas at o Starke NH 1997000 32
1.9 Density ot juventle Comaenas at Odiorne Park, NH 19970 33
L0 Density of juventle Comaenas at Ftu Stark, NH TO98 34
L1 Density of juventle €. maenas at Odiorne Park, NH 1998000 35
.12 Denstty of juvenile Coonaenas at Fr. Stark, NH 19990000 36
L.13 Denstty ot juventle C.omaenas at Odiorne Park. NH 19990000037
.14 Density of all Comaenas at FroStark, NH 199738
.15 Density of all C. maenas at Odiorne Park. NH 1997 ool 39
1.16 Density of alt C. maenas at Ft. Stark, NH 1998 40
1.17 Density of all C. maenas at Odiorne Park. NH 1998, ... 41
.18 Density of all C. maenas at Ft. Stark. NH 199900 42
[.19 Density of all C. maenas at Odiorne Park. NH 1999, 43
[.20 Size of juvenile C. maenas at Ft. Stark, NH 1997 44
[.21 Size of juvenile C. maenas at Odiorne Park. NH 1997 ... 45
Vi

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1.22 Size of juvenile Comaenas at Ft. Stark, NH 1998 46

[.23 Stze of juvenile C. maenas at Odiorne Park. NH 1998, ... 47
1.24 Size of juventle Comaenas at Ft Stark, NH 1999 48
1.25 Size of juventle C. maenas at Odiorne Park. NH 1999, ... 49
2o Map of study SItes 105
2.2 Algal evenness at vanous tidal heights at Fr. Stark. NHoo 106
2.3aand b Spectes richness at various tidal heights at Ft. Stark. NHo 107

2.4 a - ¢ Abundance of canopy algae at vanous tidal heights at Ft. Stark, NH. ... 108-110

2.3 u - ¢ Abundance of subcanopy algue and substrates at various tidal heights at Fu.
StarK . N H FHE-113

2.6 a - ¢ Density of S balanoides and M. eduldis at various tidal herghts at Fr. Stark.,
N [14-116

2.7 a - ¢ Size distributions of S, balanowdes at various tidal heights at Ft. Stark.,
N P17-118

2.8 a - ¢ Size distributions of M. edulis at various tidal heights at Fto Stark. NH... [19-120

29 aand b Density of Vo lapillus and N testudinalis at various tidal heights at Ft. Stark,

N 21
2 10a and b Size distributions of V. lapillus at various tdal herghts at Ft. Stark. NH.. 122

to

.1 a—c¢ Density of Littorinids at various tidal heights at Ft. Stark, NH...... 123-124

2.12 a and b Size distributions of Littorinids at the 0.5 m tidal height at Ft. Stark.
N H 125

2.13 a - ¢ Size distributions of Littorinids at the 1.0 m udal height at Ft. Stark.,

NH 126-127

214 a - ¢ Size distributions of Littorinids at the 2.0 m tidal height at Ft. Stark.

NH e 128-129

2.15 Density of C. maenas at various tidal heights at Ft. Stark. NH.......oo 0 130
viti

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2.16 4 - ¢ Size distributions of C. maenas at various tidal heights at Ft. Stark.

N [31-133
217 Algal evenness at various tidal heights at Odiorne Park, NH.......... . 134
2 18 wand b Species richness at vanous tidal heights at Odiorne Park, NH. ... .. 135

219 a - ¢ Abundance of cunopy algae at various tidal heights at Odiorne Park.

2.20 a = ¢ Abundance of subcanopy algae and substrates at various tidal heights at

Odiorne Park, NH .o [39-141
221 a = ¢ Density ot S balunoides and M. edulis at various tidal herghts at Odiorne Park.
N 142-144
2.22 4 = ¢ Size distributions of S, balanoides at vartous tidal heights at Odiorne Park.

N [45-146
223 aand b Size distributions of M. eduliy at various tidal herghts at Odiorne Park.

N 147
224 aand b Density ot Nolapillus and N testudinalis at various udal heights at Odiorne
Park . N [48
2.25 aand b Size distributions of V. fapillus at various udal heights at Odiorne Park.
N 149
2.26 0 - ¢ Density of Littorimids at various udal heights at Odiorne Park, NH...... 150-151

2.28 a - ¢- Size distributions of Littorinids at the 1.0 m udal height at Odiorne Park.
N 154-155

2.29 a - ¢ Size distributions ot Littorinids at the 2.0 m udal height at Odiorne Park.

NH [56-157

2.30 Density of C. maenas at various tidal heights at Odiorne Park. NH......o 58

2.31 a - ¢ Size distributions of C. maenas at various tidal heights at Odiorne Park.

N H 1539-161

2.32 a and b Density and size distributions ot H. sanguineus at various tidal heights at

Odiorne Park, NH. oo 162
IX

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



[}

.33 Algal evenness at various tidal heights at Hilton Park, NH................... ... 163

2.34 a and b Species richness at various tidal heights at Hilton Park, NH............... 164
2.35 a and b Abundance of canopy algae at various tidal heights at Hilton Park.,
NH 165-166

2.36 a and b Abundance of subcanopy algae and substrates at various tidal heights at
Hilton Park. NH. .o 167-168

2.37 aand b Density of S, balanoides and M. edulis at various tidal heights at Hilton

Park. NH .o 169-170
2.38 aand b Size distributions of 8. halanoides at various tidal heights at Hilton Park.,
NH 171
2.39 aand b Size distributions ot M. edudis at various tdal heights at Hilton Park.

NH 172
240 a and b Denstty and size distributions of V. lapillus and N. testudinalis at the 0.5 m
tidal heightat Hitton Park, NH..oooo 173
241 aand b Density of Littortnids at various tidal herghts at Hilton Park. NH...... 174

242 aand b Size distributions of Littorinids at the 0.5 m udal height at Hilton Park.

N H L 175
243 a - ¢ Size distributions of Littorinids at the 1.0 m tidal height at Hilton Park.

N H 176-177
244 Density of C. maenas at various tdal heights at Hilton Park, NHooo 178

245 aand b Size distributions of C. maenas at various tidal heights at Hilton Park.,
N H 179-180

2.46 a and b Density and size distributions of H. sunguineus at various tidal heights at
Hilton Park. NH. oo [81

247 a - ¢ Results of cluster analysis of community structure at all tidal heights at cach
stte Hilton Park. NH. oo I82-185

2.48 Results of cluster analysis of community structure of all tidal heights at all sites
Hilton Park. NH. oo 186-187

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



249 aand b Results of nonmetric multidimensional scaling ot all tidal heights at all sites

Hilton Park. NH. .. oo [88-191
3 EMap of study SHES .o 209
3.2 4 and b Abundance of algae at cach site between spring and tall.......... e 210-211

3.3 aand b Temporal variation in abundance of annual algae in each pool at Ft. Stark.

3.4 aand b Temporal variation in abundance of all algae in pool 1 at Ft. Stark.

NH 214-215
3.5 aand b Temporal vartation in abundance of all algae in pool 2 at Ft. Stark.
NH. SRR 216-217

Y6 aand b Temporal varnaton in abundance ot all algae in pool 3 at Ft. Stark.,
N 2I8-219

A7 aand b Temporal varniation in abundance of annual algae in cach pool at Newcastle
Commons. NH. .o 22022

3.8 aand b Temporal sanation in abundance of all algae in pool 1 at Newcastle

Commons, NH oo 222.223
39 and b Temporal varation i abundance of all algae in pool 2 at Newcastle
Commons, NH Lo 224:225

210w and b Temporal vartation in abundance ot all algae in pool 3 at Newcastle
Commons, NH . oo 02265227

T aand b Temporal variation in abundance of annual algae in cach pool at Odiorne

XI

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



3.16 a and b Temporal variation in abundance ot all algae in pool | at Hilton Park.

3.17 a and b Temporal variation in abundance of all algae in pool 2 at Hilton Park.
NH 240-241

3.18 a and b Temporal variation in abundance of all algae in pool 3 at Hilton Park.

4.1 Percent change in §. halanoides between treatments for three sets of microcosm
L 40 1113 1| PP PERUNUPRRRPRR o

4.2 Percent change in Spirobis sp. between treatments for three sets of microcosm
1 4 o1 1111 1 | O P ERPIIIL, o

4.3 Percent change in M. edulis between treatments for three sets of microcosm

4.4 Percent change in ephemeral algae between treatments tor three sets of microcosm
4.5 Percent change in crustose algae between treatments for three sets of microcosm

4 0 4 1111 1 1 O USSR 264
4.6 Percent change in bare rock between treatments for three sets of microcosm

4 0 1111 11 264
4.7 Percent change in tucoid algae between treatments tor three sets of microcosm

4.8 Percent change in Mustocarpus/Chondrus between treatments for three sets of
MICTOCOSTI @ XPETIITEIES . ...ttt ettt ettt ettt et et et e et eieeaeaeeneeeeaneneeaeee e 08
4.9 a and b Size trequency distributions of M. edulis before and after the experiments in
field and winter lab microcosm experiments................ooiin, 266-267
5.1 Percent change in S. balanoides between treatments for long term microcosm
T 113 T 1O e 290
5.2 Percent change in Spirobis sp. between treatments for long term microcosm
T a1 1113 1| P PP TSP 291
5.3 Percent change in bare rock between treatments for long term microcosm

Xil

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



5.4 Percent change in crustose algae between treatments tor long term microcosm
CXPETINICNEN Lttt e e e 293

5.5 Percent change in ephemeral algae between treatments tor long term microcosm

5.6 Percent change in fucoid algae between treatments for long term microcosm
S 40T 111 T 1 PP 295

5.7 Percent change in Mastocarpus stellatus between treatments tor long term microcosm
4o 410115 1 PPN 296

5.8 Size frequency distributions of Littorina littorea betore and atter the experiments in
ficld and winter lab microcosm experiments...........o 297

X1t

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



ABSTRACT

IMPACTS OF THE INTRODUCED CRABS. Curcinus maenas and Hemigrapsus
sanguinens, IN NORTHERN NEW ENGLAND

by

Megan Conlon Tyrrell

University of New Hampshire. December, 2002

Two introduced crab species are presently tound in northern New England.
Carcinus maenas. which has been in this region tor over 100 vears. and Hemigrapsus
sanguimens which was tirst reported in New Hampshire in 1998, Carcinus maenas s a
ceneralized predator and its introduction has had negatve eftects on several native
molluse species but the community wide impacts ot its introduction have been relativels
nealected. Hemigrapsus sanguineus s just beginning to establish populations in this
regton. and its ettects on the restdent community are unknown. Both monitoring and
expenmental approaches were used to retroactively infer the impacts of Comaenas and to
predict the impacts ot H. sanguineus on the rocky intertidal community of northern New
England.

The temporal and spatial patterns of C. maenas™ recruitment were documented in
anticipation that this species may decline as H. sanguineus™ population increases.
Microcosm experiments indicated that the two crab spectes had similar consumption
patterns, but that H. san¢uinens caused a significantly greater decline in barnacles than C.

maenas in both short and long term field experiments. Temporal variation in the

XtV
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abundance ot ephemeral algae was documented twice vearly at three coustal and one
estuarine location. These baseline data provide pre-Hemigrapsus variability in
abundance ot Enteromorpha sp. and other annual algae species that can be used o
compare post-invasion levels ot these palatable algal species. Temporal variation i
community structure prior o the establishment of H. sanganens was also documented at
two coastal and one estuarine locatton. Both non-metric multidimensional scaling and
cluster analy sic ot the community data indicated that there was low temporal vanability
between cach tdal herght ata particutar location. Carcinus maenas wis the domenant
crab at all tocattons, but by the end of the study period. H. sanguinens had been tound at
Al three study locations, I H. sanianens exhibits stmular behavior in northern New
Encland as 0did o the mucrocosmis and in southern New England. the rocky interidal
comminity could soon be dommated by a new ™ introduced crab species that has a

Bicher per captta impact than the “old™ introduced crab species.

XV
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GENERAL INTRODUCTION

Introduced species are organisms that are brought by humans to an environment
where the spectes has not historically been present. In many instances. the introduction
of a species has beneticial etfects: many ot the major crop species tn the US are not
native to our continent. However, spectes that are inadvertently introduced otten have
negative eftects. The United States Ottiee of Technology Assessment has estimated 97
billion dollars i cconomie losses trom 79 introduced species and found that they pose a
stenificant threat to the future health ot ecosystems 1OTA Report Summary, 19934 In
addition to the cconomie problems they pose. introduced species are second only to
habitat destruction as a threat to biodiversity ¢ Wilcove et al., 1998).

The Gult of Maine has been particularly susceptible to the negative effects ot
introduced spectes. In tact, some of the most common species within this ccosvstem are
introduced. The most common snatl in New England. Littorina littorea. was introduced
about 160 years ago and since then 1t has displaced a native snail Iivanassa obsoleta
(Brenchley and Carlton. 1983). and driven the transtormation of habitat trom marsh to
cobble beach (Bertness, 1984). The introduced green alga Codium fragile ssp.
tomentosoides has replaced Laminarian Kelp as the dominant canopy torming alga at the

Isles of Shoals (Harris and Tyrrell. 2001). The most common crab in the New England
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intertidal zone. the green crab. Carcinus maenas was introduced to the U.S. Atlantic
coast and has been well established in this region at least since 1954 (Ropes. 1968,
Carcinus maenas is a generalized predator and its introduction has had negative
eftects on several native molluse species. The collapse of the soft shell clam fishery was
blamed on predation by Carcinus (Ropes. 1968) and two common snail species
responded to the increased predation pressure by changing their shell shape « Vermedj.
[982: Seeley. 19861, Despite research into its eftects on these organisms. the community
wide impacts ot the introduction of C. maenays have been relatively unstudied. Recently,
another introduced crab species. Hemigrapsus sanguinens. the Asian shore crab has
become extremely abundant along the U.S. Atlantic coast. The tirst record of £
vannguineus in the USowas in New Jersey in T988 (Wiihams and MceDermott. 1990y and
since that tme. 1t has expanded to become one of the most conspicuous organisms on
rocky shores from Long Island Sound to North Carolina « Lohrer and Whitlatch, 1997
Lohrer. 2000: McDermott, 2000y, Hemigrapsus sanguineus was tound in New
Huampshire in 1998 (MeDermott, 2001 and since that time. has been discovered at a
variety of coastal and estuarine locations (Tyrrell, unpub. datar. Because of its extremehy
high denstties inareas where s already well established (Lohrer. 2000) and omnivorous
feeding habits (Lohrer and Whitlatch. 1997: Tyrrell. 1999: Tyvrrell and Harnis. 2001, H.
sanguineus s likely to have a substantial impact on recipient communities. Various
researchers have noted that where established. the number of H. sanguineus cquals
(McDermott. 2001) or tar exceeds (Lohrer and Whitlatch. 1997: Lohrer, 2000) the

number of C. maenas. In Long Island Sound. Lohrer and Whitlatch (2002) have shown

taJ
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that adult H. sanguineus consume juvenile C. maenas and that H. sanguineus may be
completely displacing the previously introduced C. maenas.

The objectives of this research were to determine the impacts ot the introductions
of C. maenas (the ‘old invader) and H. sanguineus (the ‘new’ invader) on the northern
New England rocky intertidal community. This research butlt on my master’s thesis,
which compared the feeding preterences of both introduced crab species and created a
predictive model of the potential impacts of H. sangumens 18 it became established in
northern New England. Obviously. because C.omaenas has been established in northern
New England tor many vears, my tindings concerning its impact on the rocky imterudal
communty are retroactive. Previous research mto the impacts of Coomaenas has taken a
stngle spectes approach and has been focused on molluses (e.g. Myva arenaria. Glude.
L9350 Ropes, 19680 Nucella Tapidlus. Vermery, 19820 Littorina obtusata. Seeley. TYS6:
Trusselll 19961 My rescarch s distinguished trom that of other authors because T hase
tocused on the interactions of these two introduced predators with the rocky interudal
community as o whole. rather than tocusing on i single prey item. In contrast to my
findings concermng Comaenas” impact on the community, my tindings concerning /1.
vaneuinens are predictive. At the tme that | tound my first H. sanguinens at one ol ny
study sites (Hilton Park. 1999: Chapter ID. it was the second specimen to be found in the
state of New Hampshire. Since that time. there has been a trend of increasing range and
abundance ot H. sanguineus at all of my study sites (Chapter 1. However. at my study
site where H. sanguineus are most abundant. the Hilton Park 1.0 m site. H. sancuinens
was still outnumbered by C. maenas by 3.2:1 in 2001, Clearly. populations ot H.

sanguineus are increasing in northern New' England. but the majority of my data was
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collected prior to the discovery of any H. sanguineus at my study sttes. I have tound a
total of 49 H. sangwinens as compared 10 3825 C. maenas: at the present moment. the
abundance of C. maenas tar exceeds that of H. sanguineus at all of my study sites.

The specific objectives of my dissertation are: (1) to examine the community
structure of the rocky intertidal zone with an emphasis on C. maenas ™ patterns ot habitat
use prior to the establishment ot stgnmiticant populations of H. sang¢uineus (2) to inter
some of the impacts of H. sanguineus and C.omaenas by examining their prey selection in
short and long term microcosm experiments and (3) to examine temporal tluctuations in
the abundance of ephemeral algae in upper intertidal pools prior to the establishment of
H. sanguimens and o4y to determune the temporal and spatial patterns of recruttment ot ¢
maenas. espectally in reterence to a potential tuture decline i this species tollowing the
estabhishment ot H o sanguineus.

The results of this rescarch will contribute to our understanding ot the impacts of
brological invasions, how they attect established communities and the potential
consequences tor brodiversity. Hemigrapsus sanguiens has generated much interest
amony m asion biologists and the general public because it has spread rapidly and has
been so successiul at establishing lurge populations, even displacing a previously
introduced species. The baseline community structure data that was obtained in this
project is essential to gauge future changes in the intertidal zone. The results of the
microcosm experiments not only elucidated some of the changes that likely occurred
with the introduction of the “old™ crab invader. but also those that are likely to occur
with the population expansion of the “new™ crab invader. Information regarding C.

maenas’ recruitment and habitat utilization is important because this introduced crab is a
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major predator in this community (Menge. [983). Finadly. this project is unique in that
1t 1s the tirst tiume that a marine ecologist has anticipated a biological invasion (that ot #.
sanguineus) and conducted both monttoring and manipulative experimental work prior
to the establishment of substantial populations of the invader in order to predict s

impact.
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CHAPTER |

TEMPORAL AND SPATIAL PATTERNS IN THE SETTLEMENT
AND RECRUITMENT OF THE INTRODUCED GREEN CRAB,

Carcinus maenas, IN NORTHERN NEW ENGLAND

ABSTRACT

Many authors huve emphasized the importance ot carly life history stages
(settlement and recruitment) in regulating adult populations and subsequent community
structure (Keough and Downes. 1982 Gaines and Roughgarden. [985: Underwood and
Fairweather. 1989: Menge: 1991: Young, 1994: Harris and Chester. 1996). Although the
European green crab, Carcinus maenas. is abundant in the New England rocky intertidai
zone. the only quantitative studies of recruitment of this spectes is from soft sediment
habitats in northern Europe (Klein Breteler. 1976: Eriksson and Edlund. 1977 Pihl and
Rosenberg, 1982 Beukema. 1991 Thiel and Dernedde. 1994). This study examined the
patterns of settlement and recruttment of C. maenas megalopae and juveniles utilizing

artificial substrates as samplers. Two tactors were investigated: the variation in the
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density and size distributions of crabs by height on shore (spatial patterns) and by the
time of sample collection (temporal patterns). The study was conducted at two locations
for multiple vears to assess whether the observed patterns were consistent from vear to
vear and site to site. Results indicate that the timing of peak settlement ot megalopae was
consistent between vears and sites but that the timing of peak recruitment of juvenite
crabs was more variable between yvears and sites. When recruitment was low, the
differences in density between tidal heights were small. but these ditferences became

more pronounced when overall recruttment levels were very high.

INTRODUCTION

Carcinus maenas was itroduced to the cast coast ot the United States tfrom the
western Adantic in the carty 1800~ and populations of this species have spread
throughout the world since this intial invasion (Cohen ef al. 1995 Grosholz and Ruiz,
[996). Carcinus maenas is a voractous predator in the northwest Atlantc: it s
implicated in the decline of the soft shell clam (Myva arenariay industry (Ropes. 1968)
and has caused raptd morphological changes in at least two spectes of intertidal snails,
Littorina obtusara (Seeley. 1986) and Nucella lapillus (Vermety. 1982). Although it has
been present in northern New England tor approximately 100 years (Glude. 1955), some
important aspects of this predators’ lite history in this environment are unknown.

Many authors have emphasized the importance of carly lite history stages
(settlement and recruitment) in regulating community structure and subsequent adult

populations (Keough and Downes. 1982: Gaines and Roughgarden. 1985: Menge: 1991
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Young. [1994: Harris and Chester. 1996). The majority of information regarding
recruttment ot C. maenas is from soft sediment habitats in northern Europe (Klein
Breteler, 1976: Eriksson and Edlund. 1977: Pihl and Rosenberg. 1982: Beukema. 1991
Thiel and Dernedde. 1994: Moksnes and Wennhage. 2001, There is very little
information regarding temporal or spatial aspects of recruitment of C. maenay on the
rocky shores of the western Atlantic coast. Berrill (1982 tound C. maenas megalopae
from late August to carly October in Maine, but he did not determine densities at his
study sites. Whitle Moksnes and Wennhage (2001 found that artificial settlement
substrates produced retable estimates of C. maenas settlement on the Swedish west
coast. thus tar, there have been no attempts to quantity settlement or recruitment ot €.
maenas i northern New England using artiticial substrates. This rescarch was designed
o deseribe and quantity patterns in the early life history stages ot this crab and use this
imtormaton to draw conclusions regarding some of the impacts ot its introduction.
Information regarding density and size distributions of megalopae and juvenile
crabs by spatial cherght on shore) and temporal (time of cotlection) patterns of settlement
and recruttment is mportant to assess the impacts ot this introduced predator. By
utilizing artiticial substrates. I was able to eliminate vanability assoctated with substrate
selection. This allowed me to directly compare densities between various tidal heights
and locations and consequently. to inter where larval flux is greatest. The spatial
distnibution of newly recrutted C. maenays at various tidal heights may indicate the
relative importance of physical or biological factors intluencing densities of juvenile
crabs. Although the diet of young of the year crabs has a higher proportion of plant

matter than adults (Ropes, 1968). they have been described as micro-carnivores (Eriksson

8
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and Edlund. 1977). The timing of recruitment of C. maenas may impact survival of other
newly recruited prey ce.g. Littorina obtusata. Mytilus edulis) and consequently tavor
carlier recruiting prey species that can achieve a retuge trom predation by their size. The
fite history dynamuces of this important predator have implications tor many other
intertidal species. and may in turn, attect thetr lite histories.

The objective of this study was to investigate the temporal and spatial (tidal
herght patterns of recruitment of C. maenas. This baseline information on C. maencas
recruttment was particularly relevant because it appears that the Astan shore crab, /1.
sanzuinens whibis recruitment ot Comaenas via disproportionate predation on newly
recrutted Coomaenas versus conspecitic recruits (Lohrer and Whitlatch, 2002y, In
southern New Enghand. Hosanemnens appears to have displaced C. maenas from rocky
mtertidal habitats chohrer and Whitlateh, 20020, As populations ot H. sunguimeus
continue to expand monorthern New England. dectines in densities of jusemile C.omaenas
may result. These dataowill provide a valuable baseline against which future compartsons

ot Comaenas recruitment and settlement can be made.

MATERIALS and METHODS

Study sites
Recruitment studies were carried out at two coastal and one estuarine location in
New Hampshire (Fig. 1.1). The two coastal locations were: Fort Stark, Newcastle. NH

(43°03.5IN. 70 42.75W) and Odiorne State Park. Rye. NH (43 02.62N. 70 42.97W),

9
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These are rocky habitats along the coast with little to moderate exposure to wave action.
The two coastal sites were chosen based on their similarity in species composition and
abundance. [n addition, I have been montitoring intertidal community structure at these
two sttes since 1997, Talso examined recruttment at an estuarine location. Hilton Park.
Dover Point. NH (43 07.00N. 70 50.00W). This site is a tidal rapids (fast-moving water
driven by tidal currents) with little exposure to waves. In contrast to the coastal sites.,
Hilton Park has less rock bench substrate. a higher proportion of sand and a lower
abundance ot canopy tucoid algae (Chapter ID it also has a higher number of /.
sanguinens than the two other coastal sites. The panels from the Hilton Park are
currently being processed and analyzed. but a preliminary examination ot panels that
were deployed during peak recruttment at the coestal sites has revealed very low densities
of juventle Coomaenas on the Hitton Park panels.

Artittcral recruntment panels were used to eliminate substrate selection by newly
recrutted crabs. In order to standardize substrates between udal heights and sampling
locations, Tuttlized small preces of artificial grass talso known as Astroturt) as a
substrate. These mats have been successtully used to examine recruitment ot the green
sea urchin. Strongvlocentrotus droebachiensis in the Gult of Maine (Hurris and Chester.
1996: Harris et al.. 2001). Each replicate consisted of two small (approximately 15 cm’)
panels ot artiticial grass that were arranged so that the “grass™ of each piece taced
inwards. creating a sandwich. The two panels were loosely secured to cach other with
cable ties in cach corner. Five of the panel sandwiches were attached to a plasticized

wire grid (sampler).

10
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Field component

Samplers were deploved at three tidal heights (0.5, 1.0 and 2.0 m above mean
lower low water [MLLW ) at both of the coastal locations. Tidal heights were
determined ustng data from Harbormaster «Zihua software Murlborough, CT). A metal
bolt was drilled into the rock bench at cach udal height and the samplers were tastened to
the bolt using cable ties. Cobbles were also placed over all of the samplers to secure and
camoutlage them.

Sampling was inttiated at the coastal sites in 1997: the first set of samplers were
deploved at Ft. Stark on May 24 and on June 2 at Odiorne Park. 1 exchanged the
sandwiches every two weeks. Each sandwich was placed into a quart sized bag and the
contents were preserved with 93¢ ethanol within two hours of collection. The last set of
sandwiches were picked up on September 8. 1997 at Ft. Stark and September 10, 1997 wt
Odiorne Park. Sampling dates tor 1998 were: May 1 to November | at Ft. Stark and
May 12 to October 20 at Odiorne Park. In 1998, the last set of samplers at Odiorne were
feft in the field tor one month (9718 to 10/20). Because of the ditterence in the amount of
time these samplers were deployed. the data from these sets of samplers were excluded
from statistical analyses. In 1999, sampling dates at Ft. Stark were: April 26 to
November 8 and June 8 to October 26 at Odiorne. Only the panels from July 6 to
September T4, 1999 trom Odiorne have been processed and analyzed at this tme. In
addition, in most cases tor the 1999 panels. only three of the five replicates have been

processed and analyzed at this time.
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Laboratory Component

Extraction of organisms on the paneis was accomplished by gently hitting the
panel against a dishpan and rinsing with ethanol until all material was dislodged trom the
pancl. Each pancl was closely inspected in insure that all crabs and amphipods (which
can harbor small crubs or megalopae between their legs) were removed. All material that
was retined on a 200 micron mesh was examined under a dissecting microscope (the
minmmum size of megalopae was 0.8 mm). Numbers of megalopace (settlement stage) and
juventle crabs crecruitment stage) and their sizes were recorded using an ocular
micrometer. Crabs that were over 10 mm were measured using a digital calipers, but
these individuads were notincluded in the analysis because they mayv have been over one
vear old ckrncksson and Edlund. 1977). Size of megalopae was determined between the
cves (the widest part of the body). while carapace width was recorded tor juvenile crabs.
Stze ot the panels was also recorded to determine density of crabs and all densities were

caleudated perm .

Analyses

Ditterences in density and size distributions of megalopae and juvenile crabs were
compared by spatial cheight on shore) and temporal (time of collection) patterns ot settlement
and recruitment. The results from each location were analvzed separately tor each vear.
Dates are reported as Julian day to tactlitate comparisons of results between vears.

Statistical analyses were conducted using Systat 10 (SAS Institute). Densities of
megalopae and juvenile crabs were square root transformed prior to statistical analvses. For

the 1999 samples, a two-way ANOVA was used to determine the etfect ot sampling date.
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tdal height and their interaction on the densities of C. maenas (megalopae plus juvenile €.
maenas) at cach location. For the 1997 und 1998 samples. an ANOV A was used to examine
the influence of date and udal berght on the densities of C. maenas. Several samplers were
lost due to storms 1n 1998 and 1999 ¢ Appendix A). which preciuded testing of the interaction

term ol tide height and date.

RESULTS
Density

The recruitment panels were successtul in attracting both C. maenas megalopae
and juventle crabs at al! trdal herghts but the overall number ot juvenile crabs
outnumbered megalopae by a ratio of 27:1. Only one crab was found that was not (.
maenas and 1t was Likely to be the lady crab. Ovalipes ocellatus. A total of 4161 juvenile
C. maenas (<10 mm CW) were encountered in the paneis: 38 C. maenas were not
included in analyses because their carapace width exceeded 10 mm. Larger crabs were
also otten observed underneath the panels. indicating a possible shortage of shelier for
adult crabs.

At both Ft. Sturk and Odiorne Park. the density of C. maenas megalopae was
highest during mid-August in 1997 (Figs. 1.2 and 1.3) and 1998 (Figs. .4 and 1.5) but
megalopae densities peaked in late Augustin 1999 (Figs. 1.6 and 1.7). In most cases.
megalopae density at Ft. Stark was highest at the 0.5 m tidal height and decreased with
increasing tidal height (Figs. 1.2, 1.6 and 1.7). In the two cases when densities of

megalopae at the Ft. Stark 1.0 m tudal height exceeded those of the 0.5 m tidal height. the
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same number of megalopae were actually encountered on the pancis: the higher densities
at the 1.0 m tudal herght were due to the tact that the average sizes of the panels at the 1.0
m tidal height were slightly smaller than at the 0.5 m tidal height. Throughout the three
vears of sampling. only one C. maenas megalopae was found at the Ft. Stark 2.0 m tidal
height. in late August of 1997 (Fig. 1.2). In contrast to the relatively consistent spatial
pattern at Ft. Stark. the tidal height with the highest density of megalopae at Odiorne
varied between sampling periods (Figs. 130 1.5 and 1.7). The 2.0 m tidal height had the
highest density ot all three tndal heights at Odiorne once during cach vear.

The timing of peak densities of juvenile crabs at Ft. Stark was less variable than at
Odiorne. At Ft. Stark. the highest densities of C. maenas generally occurred trom late
August to late September in 1997 and 1999 (Figs. 1.8 and 1.12). Unfortunately. sampling
tor the year was terminated on September 8. 1997 at Ft. Stark. which was when the
ighest densities of juvenile Comaenas oceurred at both the 0.3 and 1.0 m tidal heights,
In 1998 at Ft. Stark. there appeared to be two periods of high densities: mid May o June
and late September to carly November (Fig. 1101, At Odiorne. the overall recruitment
levels in 1997 were lower than at Ft. Stark and the peak densities occurred carlier cmid to
late August (Fig. 1.9, In 1998, the highest numbers ot juvenile C. maenas at Odiorne
were tound in late May at the 2.0 m height. in mid July at the 1.0 m height and in late
October at the 0.5 m height (Fig. [.11). Densities between the 1.0 and 2.0 m tidal heights
were similar throughout much of the 1998 sampling period at Odiorne Park. However.
many samplers at the 1.0 m hetght were lost due to storms in 1997 and 1998 and
consequently, the results from this tidal height should be interpreted with caution because

of the large amount of missing data. Finally. for the 1999 Odiorne samples. it appears

4
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that crab recruitment levels were stll elevated into mid- September. although the peak for
the 0.5 and 1.0 m tudal heights may have occurred in late August (Fig. 1.13).

Generally. the spatial pattern of decreasing densities with increasing tidal height
that was observed for the megalopae at Ft. Stark was similar for the juvenile crabs at this
site (Figs. 1.8, 110 and 1.12). At Odiorne. there was not a consistent refationship
between densities of crabs and ndal herght. which was the same result that was observed
tor megalopace. In 1998 and 1999, densities at Odiorne were generally tversely related
to tidal herght at tmes when recruitment was highest tFigs. 111 and 11350 However. in
1997 o sharp increase i densities trom mid to Late August at the 2.0 m udal herght
preceded the peak densities at the two lower udal heights (Fig. 1.9y,

When megalopae and juventle crabs are constdered simultancously. the results tor
cach site largels retlect the patterns tor juventle crabs because they strongly outnumbered
megalopae even during peak settlement (Figs. 14 = 1190, The results of the ANOVA
tdicated that the density of juvenile Coomaenas in the panels was significantly intluenced
by tidal herght and sampling date tor all three vears at Ft. Stark and ftor the Odiorne 1998
samples (Table L Because ot the loss of vartous samplers at both locations in 1997
and 1998 (Table 1.2y, T was unable to test tor the interaction of tidal height and sampling
date. In 1999, the interaction term was significant at Ft. Stark and not statistically

signiticant at Odiorne Park (Table 1.1).

The size of C. maenas megalopae was very consistent between individuals (range

0.8 to 1.4 mmy and theretore average size results for megalopae are not depicted

N
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graphically. In 1998 and 1999. the ranges of average sizes of juvenile C. maenas were
more variable at Odiorne Park than at Ft. Stark (Figs. 1.22 10 1.25) but in 1997, the
opposite was true (Figs. 1.20and 1.21). There were six instances when peak recruitment
at a particular tidal height coincided with the lowest average size tor that tidal height (in
1997: Ft. Stark 2.0 m. Odiorne 0.5 and 2.0 m: 1998: Ft. Stark. 1.0 m: 1999: Odiorne. 0.3
and 1.0 m). Unlike the density data. there was no consistent spatial pattern in the size of

crabs occurring at particular tidal heights.

DISCUSSION

In New Hampshire, there is a settlement pulse of Carcinus maenas in mid to late
July that extends to the end of September. with some megalopae settling into the
samplers as late as the first of November. This timing is sheghtly later than that recorded
by Klein Breteler (19761 and Beukema (1991) who report peak numbers of megalopae at
the end of June and the beginning of July in the Dutch Wadden Sea (temperatures are
warmer there than in the Gulf of Maine). In Sweden. where water temperatures are
comparable to those of Maine (Bernill. 1982), Erksson and Edlund (19771 and Pihl and
Rosenberg (1982) report settlement of C. maenas as occurring trom late July to
Scptember.

Morgan et al. (1996) mvestigated the correlation between settlement of
Cullinectes sapidus and water temperature. wind stress. tidal amplitude. and lunar phase.
They determined datly settlement densities tor two vears and found that peak settlement

of C. sapidus coincided with the mmimum amplitude tides tor the month. Tt s likely that
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most megalopae quickly metamorphosed into juveniles in my samplers. and theretore the
megalopae densities reflected settlement in the last day or two betore sampler collection,
The timing of my collection of samplers coincided with neap tides in August in 1997 and
[998 but not in 1999, In 1997 and 1998, I also tound that the peak density of megalopae
coincided with the minimum amplitude tides tor August. However, because my sampling
frequency was only every two weeks. [ do not feel that turther conclusions regarding
lunar or tdal periodicuty in C. maenas settlement are warranted tor this study design.
Beukema (1991 and Thiel and Dernedde (1994 report that C. maenas megalopae
settle i the high intertudal zone of the Wadden Sea. but these authors do not quantity
these reterences to udal height. Thiel and Dernedde (19940 observe that predation
pressure 1s depressed in the high intertidal zone, which may ottset the increased
phystological stress assoctated with this area. The results trom Fu Stark generally
indicate that given the same substrates. densities of megalopace and juvenile crabs are
highest in the lower imtertidal zone. At Odiorne. the same pattern was generally
applicable duning times of peak recruitment in 1998 and 1999 but not in 1997, In
addition. the ratio of Comacenas at the Odrorne 2.0 mosite to the Fr. Stark 2.0 m ~ite could
be as high as 33:10 [t is possible that the ditferences in orientation ot the two sites (Ft.
Stark taces northwest and Odiorne faces northeast) contributed to the differences in
spatial pattern of C. maenas recruitment. Microhabitat difterences between the focations
of the 2.0 m samplers at cach site may also have contributed to the ditferences in results
for the two locations. The samplers were hidden under cobble but at the 2.0 m Odiorne
stte they were also covered by a thick canopy of Ascophvllum nodoswm. while there was

no algal canopy over the samplers at the 2.0 m Ft. Stark site. The algal canopy at the
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Odiorne 2.0 m site may have ameliorated the physical stress enough to account for the
differences in densities between the two locations.

The difterences in timing of peak recruitment between vears and between
locations that was observed in this study testity to the importance of conducting multi-
vear and multi-site investigations. While at Ft. Stark. it generally appeared that densities
of juventle crabs and megalopae were consistently inversely refated to tidal height. this
pattern was pot apparent at Odiorne. [t this research had only been conducted at Odiorne
Park in 1999, there would be no indication that the interaction of tdal height and
sampling date could significantly attect densities ot C. maenas recruits. In contrast, the
mteraction of these two tactors was statistically stgntficant at Ft. Stark in 1999, which
supports the conclusion that there may be important physical or biological tactors that
contribute to the difterences between the two sites. In order to assess the timing or peak
settiement and recruitment for a particular species. a multi-year and mufti-site
investigation is necessary because variable results can be obtained tfrom vear to vear and
site to site because of differences in environmental and biological conditions.

The role of predation by adult C. maenas in influencing the recrintment and
abundance ot intertidal organisms has been documented by several authors
(Cerastoderma edule. Sanchez-Salazar et al.. 1987: Beukema. 1991: C. edule and
Macoma balthica, Richards et al. 1999: various species ot soft sediment macrotauna.
Reise. 1977). However. the teeding behavior of juvenile C. maenas has been
comparatively neglected (Mascaro and Seed. 2001) but see Rangeley and Thomas (1987
The potential of these micro-carnivores to influence the survival of other newly recruited

prey species is considerable. Klein Breteler (1976) estimated that young of the vear and
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I year old C. maenas consumed 3 of the total organic matter produced by the
macrofauna at Balgzand in the Dutch Wadden Sea.

The tming of peak C. maenas recruitment into the rocky intertidal zone appears
to be several months later than that of several ot its prey items. Semibalanus balanoides
settle and recruit in April and May and Nucella lapillus also emerge trom their egg
capsules in spring (Bertness, 19991, Keough (1983 reports recruitment ot Spirorbis sp.
during the Austral summer which could mean that this spectes also recruits during the
summer months in the Guif of Maine. Although they have various lite history strategies
that range trom planktotrophic (Littorina littorea) to non-planktotrophic with
mtracapsular metamorphsis (L. obtusatay to ovoviviparous (L. saxarilis), the timing off
spaw ning of these three species appears to extend from March to November (Reid. 1996).
Peak spawning comncides with favorable temperatures (Reid. 1996) and recruitment ot
Littorimid snanls is hikely to oceur several weeks atter spawning (possibly July and
August). In contrast to the previous organisms, Mytilus edulis appears to have a
prolonged recruitment period. newly recrutted juveniles can be encountered in high
densities at various times of the vear i the Galt of Maine (Harris and Tyrrell, 20000 Tt
interesting to note that several potential prey species (8. balanoides, N. lapillus. Spirorbis
sp.) experience recruitiment peaks months betore that of C. maenas. and the time lapse
between peak recruitment of prey and predator may altow prey to reach some retuge from
crab predation due to their size. However, extenstve experimental work would need to he
performed before causation could be implied between these observations.

There 1s ample evidence that spatial refuges are critical to the survival of carly

benthic stage decapod crustaceans (Wahle and Steneck. 1991: McDonald ct al.. 2001
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and for C. maenas in particular (Thiel and Dernedde. 1994 Moksnes et al.. 1998: Tyrrell.
1999). The artiticial settlement/recruitment samplers used in this study provided much
higher densities of juvenile crabs than naturally exist at the two sites (Chapter I: Table
1.3) which indicates that the structure provided by the turf of the samplers may have
attracted megalopae and juvenile C. maenas or temporarily enhanced their survival. In
order to make this comparison. [ calculated the average density of crabs trom the
samplers tor the two or three samipling periods that encompassed the same dates as when
the quadrat sampling was accomplished. For the Odiorne 1997 recruitment samples. only
one sampling period overlapped with the quadrat sampling dates. so the averages are
based on the averages of tive replicates from 8/26 to 9/9/97. The ratio of density
estimates based on the artificial substrates exceeded naturally occurring densities by as
much as 115.6:1.

Throughout uts life hustory, Carcinus maenas appears to have less specitic habitat
requirements than fHemigrapsus sanguineus. For example, in a short term experiment
designed to investigate recruttment patterns of C. maenas and H. sanguanens in avariety
of habitat types. Lohrer (2000) tound that H. sanguineus megalopae and juvenile crabs
were predominantly tound in rocky intertidal habitats while C.omaenas recruited nto a
variety of habitat types other than the rocky intertidal zone. However. for those €.
maenas that settle in the rocky intertidal zone, they face the threat of cannibalisny as well
as disproportionate predation by adult H. sanguineus (Lohrer and Whitlatch, 2002).
These authors have suggested that signiticant predation on newly recruited C. maenas s
one of the factors responsible for the decline in C. maenas in rocky intertidal habitats ot

southern New England. Hemigrapsus sanguineus are just beginning to become
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established in New Hampshire (Chapter [ and it is possible that declines in the
successtul recrutment of C. maenas will tollow. Tyerell and Harris (20013 predicted that
the establishment of H. sangeuinens would lead to a decline in the abundance and
recruitment of C. maenas in northern New England and that C. maenas would become
rare n the rocky intertidal zone. It may take several vears to test the predictions of that
model but the data provided in this study will provide a valuable basehne against which
future comparisons ot C.maenays settlement and recruitment can be made. Microhabitat
differences between the tidal heights at the three locations appeared to exert a strong
intluence on crab densities in the samplers. and theretore, future comparisons ot €

maenays settlement and recruttment would deally take place at the same locations.
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Table 1.1: ANOVA of the total number of Carcinus maenas (puvenile crabs + megalopae)
on recruitment panels and the vear. tide height and the interaction ot these two tactors.
Testing the interaction ot tide height and vear was only possible in 1999 at cach location
because of the loss of samplers to storms in 1997 and 1998. Values in bold indicate
statistical significance.

i
i

Location Year Factor Fratio df pvalue
| ':
Date 22925 8 0.000
1997 :
Tide height 49.388 2 0.000 ?
Ft. Stark Date 9.467 12 0.000
1998
Tide height [55.387 2 0.000
Date 16,133 2 0.000
1999 Tide height 290044 2 0.000
Date“tide height - 2.966 26 0.000
Date 11.t6l1 6 0.000
1997
Tide herght 2.080 2 0.132
Date 5.950 8 0.000
1998
QOdiorne Tide height 32321 2 0.000
Date 20.767 4 0.000
1999 Tide herght 2431 2 0.105
Date“tude height 833 8 0.381
M
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Table 1.2: List of crab recruitment replicates that were lost due to storms at Ft. Stark and
Odiorne Park. NH in 1997 und 1998.

= i . Replicates
“Location  Year | Date (Julian day) | Tidal Height | missing
S/124 10672 (14410 153) 2 ]-5
’ 6/l to6/16 (16210 167) 0.5 [-5
| 1997
Ft. Stark | 4.5
2 [-3
998 S/3 0 /18 (21510 230y 2 I-3
6/2106/17 (153310 168) ] -5
2 |-3
1997 o/16 10 7/1 116710 182) | -5
S/A2 10826 (224 1o 238) | [-5
S/26 10 9/10 (238 o 253) | 3-5
Odiorne SN2t 526 (1320 146) 0.5 }-5
| |-5
6/10 W 6/23 0161 174 0.5 -5
9N
| RE)
Y99/ I8 (244 t0 261 ] |-3
9718 to 1/20 (261 to 293) | |-3
23
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Table 1.3: Comparison of the average density/m- of juvenile Carcinus maenas in
artificial settlement/recruitment samiplers versus the naturally occurring density/m- at the
same location. The distance separating the quadrat sampling location and the recruitment
sampling location at Odiorne Park 1s several hundred meters. MLLW s meters above
mean lower low water and CW s carapace width. In all cases. all C. maenas with >10
mm CW were excluded from densitv estimates.

[ Tidal Height Quadrat Recruitment
- Location Year (m above MLLW) sampling sampling
i 1997 ).3 2.3 266
1.0 1.3 [43.3
20 ) S
[99N .5 8.1 125
Ft. Stark 1.0 9.5 46.5
2.0 135 S
[VYY 0.3 19.6 177
1.0 13.5 124
2.0 |55 20.3
(097 0.5 12.3 451
1.0 144 337
20 148 274
1O9R N 198 IN4S
QOdiorne Park 1.0 188 174
2.0 8.4 36.5
1999 0.5 291 sS4
1.0 33.2 409 3
2.0 4.3 294
24
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i 1
Figure [.1. Map ot the New Hampshire coast and Great Bay estuary showing study

locations tor Curcinus maenas recruitment and settlement.
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Density of Carcinus maenas megalopae at Ft. Stark. NH 1997
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Freure 1.2: Average density and standard error of C. maenas megalopace inartifical
settlement/recruitment panels deploved at three tudal heights (0.5, 1.0 and 2.0 m above
mean lower low watery at Ft. Stark. NH in 1997,
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Density of Carcinus maenas megalopae at Odiorne Park. NH
1997
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Freure 1.3 Average density and standard error of Comaenas megalopae in artitical
setticment/recruitment pancels deployed at three tidal herghts (0.5 1.0 and 2.0 m above
mean fower low watert at Odrorne Park. NH in 1997,
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Density of Carcinus maenas megalopae at Ft. Stark. NH
1998
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Froure 4 Average density and standard cerror of Coomaenas megalopae inartifical
settlement/recruitment panels deploved at three tdal heights (0.5 1.0 and 2.0 m abosve
mean lower low watery at Fto Stark. NH in 1998,
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Density of Carcinus maenas megalopae at Odiorne Park,

NH 1998
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Figure 1.5 Average density and standard error of Coomaenas megalopae in artifical
settiement/recruitment pancels deploved at three tdal herghts 105, 1.0 and 2.0 m above
mean lower low watery at Odiorne Park. NH in 1998 Astenek indicates that the Tast set
of samplers were deployed for one month rather than the usual interval of two weeks.
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Density ot Carcinus maenas megalopae at Ft. Stark. NH 1999
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Fraure 1.0: Average density and standard error ot Co maenas megalopae in artitical
~ettlement/recruttment panels deployved at three tudal heights (0.5, 1.0 and 2.0 m above
mean lower low watery at Fr. Stark. NH in 1999,
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Densits ot Carcinues maenas megalopae at Odiorne Park. NH 1999
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Firgure 1.7: Average density and standard error of Coomaenas megalopae in artitical
settlement/recruitment panels deploved at three udal heights (050 1.0 and 2.0 m above
mean lower low watery at Odiorne Park. NH in [999.
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Density of juvenile Carcinus maenas at Ft. Stark. NH 1997
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Figure .8 Average density and standard crror of juvenile C.maenas in artitical
settlement/recruitment panels deploved at three tdal heights (0.5 1.0 and 2.0 m above
mican lower low water) at Ft. Stark. NH in 1997,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Density of juvenile Carcinus maenas at Odiorne Park. NH
1997
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Froure 197 Average denstty and standard error of juvenile C.omaenas in artitical
scttlement/recruitment panels deploved at three tdal herghts (0.5, 1.0 and 2.0y m abosve
mean lower low watery at Odiorne Park. NH in 1997,
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Density of juvenile Carcinus maenas at Ft. Stark, NH
1998
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Figure 1.10: Average density and standard error of juvenile C.omaenay i artitical
settiement/recruttment panels deploved at three tdal heights (0.5, 1.0 and 2.0 m above
mean lower low water) at Ft. Stark. NH in 1998.
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Figure [T Average density and standard error of juventle C. macnas in artitical
settlement/recruitment panels deployed at three tidal herghts (0.5 1.0rand 2.0 m above
mean lower low water) at Odiorne Park. NH in 1998, Asterick indicates that the last set
of samplers were deploved tor one month rather than the usual interval of two weeks.
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Density of juvenile Carcinus maenas at Ft Stark. NH 1999
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Freure 1120 Average density and standard error of juvenile C.omaenas i artitical
scttiement/recruitment pancels deployed at three ndal heights (0.5, 1.0 and 2.0 m above
mean fower low watery at Foo Stark. NH in 1999,
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Frgure T30 Average density and standard error of juventle C. maenas i artitical
settlement/recruntment panels deploved at three tidal heights (0.5, 1.0 and 2.0 m above
mean lower low watery at Odiorne Park. NH in 1999,
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Density of all Carcinus maenas at Ft. Stark, NH 1997
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Fraure 14 Average density and standard error of megalopae and juvenile C.omacenas in
artitical settfement/recruttiment panels deployed at three tidal herghts (0.5 1.0 and 2.00m
above mean lower low water) at Ft. Stark. NH in 1997,
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Density of all Carcinus maenas at Odiorne Park, NH
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Froure IS Average density and standard error of megalopac and juvenile Comaenas in
artitical ~settlement/recruitment pancels deploved at three udal heights (0.5, 1.0 and 2.0 m
above mean fower fow watery at Odiorne Park. NHoin 1997,
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Density of all Carcinus maenas at Ft. Stark., NH 1998
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Frgure 1162 Average density and standard error of megalopae and juvenile C.omaenas in
artitical settlement/recruitment panels deployed at three udal heights (0.5 1.0 and 2.0m
above mean lower low water) at Ft. Stark. NH in 1998,
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Froure 1170 Average density and standard error of megalopae and juvenile C.omaenas in
artitical settfement/recruttment panels deploved at three tidal herghts (0.5 1.0 and 2.0m
above mean tfower fow watery at Odrorne Park, NH in 1998, Asterick indicates that the
Last set of samplers were deplosed for one month rather than the usual interval of two

wWechks.
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Density ot all Carcinus maenas at Ft. Stark. NH 1999
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Firgure 118 Average density and standard error of megalopac and juventle Comaenas in
artifical settlement/recruitment panels deploved at three tidal heights (0.5, 1.0 and 2.0 m
above mean lower low water) at Ft. Stark. NH in 1999,
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Density ot all Carcinus maenas at Odiorne Park. NH 1999
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Figure 1 19: Average density and standard error of megalopae and juvenile C. maernas
artifical settlement/recruitment panels deployed at three tidal heights (0.5, 1.0 and 2.0 m
above mean lower low water) at Odiorne Park. NH in 1999,
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Size of Carcinus maenas at Ft. Stark, NH 1997
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Frgure 1.200 Average size and standard crror of juvemile C. mraenas 1n artitical
settlement/recruitment pancls deploved at three tidal heights (0.5, 1.0 and 2.0 m above
mean Jower fow wateriy at Fto Stark. NH in 1997,

+

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Size of Carcinus maenas at Odiorne Park. NH 1997
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Freure .21 Average stze and standard error of juventle Comaenas in artitical
settlement/recrintment panels deployved at three tidal heights (0.5 1O and 2.0 m above
mean lower low watert at Odiorne Park. NH in 1997,
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Size of Carcinus maenas at Ft. Stark, NH 1998
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Froure 1.22: Average size and standard error of juvenile C.omaenas in artitical
settlement/recruttment panels deploved at three tidal heights (0.5, 1.0 and 2.0 m above
mean lower fow water) at Fto Stark. NH in 1998, Asterick indicates that the last set of
samplers were deploved tor one imonth rather than the usual interval ot two weeks.
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Size of Carcinus maenas at Odiorne Park. NH 1998
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Figure 1.23: Average size and standard error of juventle C.omaenas in artifical
settlement/recruitment panels deploved at three tidal heights (0.50 1.0 and 2.0 m above
mean lower low water) at Odiorne Park. NH in 1998,
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Size of Cuarcinus maenas at Ft. Stark. NH 1999
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Figure 1.24: Average size and standard error of juventle Comaenas i artitical
settlement/recruitment panels deploved at three tdal herghts (0.5 1.0 and 2.0 m above
mean lower low water) at Ft. Stark. NH an 1999,
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Size of Carcinus maenas at Odiorne Park. NH 1999
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Frgure 1.25: Average size and standard error of juvenile C.omaenas i artitical
settlement/recruitinent panels deploved at three udal hetghts (0.5, 1.0 and 2.0 m above
mean lower low water) at Odiorne Park. NH in [999.
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CHAPTER I

COMMUNITY STRUCTURE OF THE NEW HAMPSHIRE ROCKY
INTERTIDAL ZONE PRIOR TO THE ESTABLISHMENT OF

Hemigrapsus sanguineus

ABSTRACT

Documentation ot the effects of the establishment of an introduced species in
marine habitats is much less common than tor terrestrial svstems. The Asian shore crab.,
Hemigrapsus sanguineus. was reported on the U.S. Atlantic coast tourteen vears ago but
has already become the numerically dominant crab species in rocky habitats along the
mid-Atlantic coast. Hemigrapsus sanguineus is just beginning to establish populations in
New Hampshire and northern New England. The objective of this research was to obtain
baseline data documenting the temporal variation in community structure within three
New Hampshire locations prior to the establishment of H. sunguineus. After this crab

species becomes abundant at each location, before and after comparisons in community
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structure can be made. While the major focus of this rescarch was to document temporal
variation i community structure within cach location. some between site comparisons
were ialso made to examine the commonality of abundance patterns between locations.
Quantitative community sampling at three tidal heights was imtiated at Ft. Stark and
Odiorne Park in 1997 and continued tor five years. An estuarine tidal rapids site. Hilton
Park. was added in 1999 and data was obtained at two tdal heights for three vears.
Sampling at cach location ook place during the summer. The two coastal sites had very
sinular species composition which diftered from that of the estuarine site. especially tor
algae. Species richness and evenness generally declined with increasing udal height at all
three study sites. The estuarine site had the lowest spectes richness and evenness overall.
The distributions of several organisms appeared to be strongly atfected by udal height.
there were two mollusk and one algal species that were either never or only once
encountered at the highest udal height at the two coastal sites. Both non-metric
muludimensional scaling and cluster analysis of the community data indicated that there
was low temporal variability between cach tidal herght at @ particular location. A
stepwise multipie regression between the density ot C. maenays and several physical and
brological tactors at cach site revealed that only the density of gastropods was
consistently positively related to densities of C.omaenas. Carcinus maenas was the
dominant crab species at all locations. but by the end of the study period. H. sanguineus
had been found at all three study locations. The densities of H. sanguineus were highest
at the estuarine site. but it was still outnumbered by C. maenas by 11 in the tinal year of
the study. Overall. the results of this community structure monitoring indicated that there

were no consistent trends between sites in the abundance of any of the species monitored

N
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tor this study which mmplies that these data will be usetul tor assessing changes that may

oceur atter H. sanguinens becomes more abundant.

INTRODUCTION

Introduced species have the potential to drastically alter the reciprent community.,
although their ettects have rarely been quantitied in marine habitats (Grosholz and Ruiz.
[996) but ~ce Schwindt et al. (2001 on the reet building polychacte. Ficopomatus
cnigmaticus, i Arzentna, Bertness (1984) on the gastropod. Littorina littorea. in New
England and Nichols etal. 1990y on the Astatic clam. Potamocorbula amurensis, i San
Francisco Bay tor important studies.  In the rare instances where pre- and post- invasion
data on the recipient community is avatlable. the ettects of the introduced species have
been substantial. For example. the Astan clam. Potamocorbula amurensis, appeared 1o
cause drastic dechnes in the abundance ot zooplankton in San Francisco Bay shortly atter
s introduction e POS6 cKimmmerer etal., 1994). Nine vears of data on invertebrate and
shorebird abundance were utilized by Grosholz et al. (20001 to examine the impacts of
the introduction of the green crab, Carcinus maenas. in Bodega Harbor, CA. These
authors tound that C. maenas exerted strong top down control on prey. and within three
vears after its arrival. it significantly reduced the abundance of two mollusk and one
grapsid crab species.

The number of introduced species in the Gult of Maine is much lower than

heavily invaded regions such as San Francisco Bay. yet the success of some of the
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species that have been introduced is evident. In fuact. some of the most common species
within the Gult ot Maine ecosystem are introduced. The most common snail in New
England. Littorina littorea, was introduced and has displaced a native snail Hvanassa
obsoleta (Brenchley and Carlton, 1983) and it also transforms habitat from marsh to
cobble beach (Bertness, 19841, The introduced green alga Codium fragile has replaced
Laminarian Kelp as the dominant canopy torming algae at the Isles of Shoals (Harris and
Tyrrell. 2000, Carcinus maenas was also introduced to the U.S. Atlantic coast and was
blamed tor the collapse of Maine's soft shell clam. Mya arenaria. industry (Ropes.,
t963).

Recently. another introduced spectes. the Asian shore crab. Hemigrapsus
sanguinetts, has become extremely abundant along the U.S. Atantie coast. The first
record of H. sanguinens in the US, was in New Jersey in 1988 (Willtams and
MeDermott, 1990y and since that time. it has expanded to become one of the most
conspicuous organisms on rocky shores trom Long [slund Sound to North Carolina
(Lohrer and Whitlateh, 1997: Lohrer. 2000: McDermott. 2001, Hemigrapsus
sanguinens was found in New Hampshire in 1998 (McDermott. 2001 and since that
time. has been discovered at a variety of coastal and estuarine locations (Tyvrrell. unpub.
data). Because of its extremely high densities inareas where it is already well established
(New Jersey. MceDermott, 1998: Long Island Sound. Lohrer, 2000: southern
Massachusetts, Ledesma and O'Connor, 2001) and omnivorous teeding habits (Lohrer
and Whitlatch, 1997: Tyrrell. 1999: Tyrrell and Harris, 2001). H. sanguineus is likely to

have a substantial impact on the recipient community.
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The ongoing range expansion ot Hemigrapsus sanguineus along the Atlantic coast
of the U.S. provided a rare opportunity to determine the effects ot an invasion by
obtatning data on the community before the invasion occurs. In anticipation that .
sanguineus would become established in northern New England. 1 began collecting
quantitative community data at two coastal sites in 1997, Grosholz et al. (2000) used
long term community structure monitoring data in combination with laboratory teeding
experiments to document the impacts of the introduction and establishment of C. maenas
in Bodega Harbor. CAL This is the first study that documents temporal variation in rocky
interttdal community structure in anticipation of the establishment of a marine invader.

Inarecent review, Brown et al. 12001 emphasized the unhty ot long term
expertments i elucidating complex interactions between the fluctuating abundances of
species and variable environmental conditions. By combining my observatons trom this
fong term community structure monitoring data with the results of teeding and
microcosim experiments, [ provide insight into potential changes in the rocky mtertidal

community that may occur as H. sanguineus becomes prominent in the community.

MATERIALS and METHODS

Study_sites
[ conducted long term monitoring of community structure using quadrat sampling
at two coastal and one estuarine site in New Hampshire (Fig. 2.1, Cuarcinus maenas s

abundant at all of the study locations. indicating that each site provides suitable habitat
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tor intertidal crabs. [ selected the coastal sites because these communities had similar
spectes composttion and abundance: Fort Stark. Newcastle, NH (43 03.5IN. 70 42.75W)
and Odiorne State Park. Rve. NH (43 02.62N.70 42.97W). Thesce are rocky habitats
along the coast with [ittle to moderate exposure to wave action. Canopy tormung tucoid
algae dominate both coastal sites. Two years after [ began conducting this rescarch at the
two coastal sites. I added an estuarine site to my sampling regime to increase the scope of
habitat being monitored. [ conducted long term community structure monttoring in these
two difterent habitats (coastal and estuarine) because Hemigrapsus sanguineus can
become established in both tvpes ot habitats (for coastal habitats. Lohrer and Whitlatch.
1997: pers. obs.: for estuarine habitats, Epitanio et al.. 1998: McDermott. 1998, Ledesma
and O Connor. 2001, pers. obs.). The estuarine site. Hilton Park. Dover Point. NH

(43 07.00N. 70 30.00W) 15 a udal rapids with little exposure to waves. In contrast to the
coastal sites, Hilton Park has less rock bench substrate. a higher proportion of sand and a

lower abundance of canopy tucoid algae.

Quadrat sampling

To reduce varnability at a particular site between years, | finished all of the
sampling at a particular site betore I started sampling at another site. The quadrat
sampling was labor intensive and 1t took at least two weeks and up to two months to

complete sampling at cach site. Sampling dates for each site are shown in table 2.1.

W
W
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Table 2.1: Sampling dates tor long term community structure monitoring prior to the
establishment of H. sanguinens in New Hampshire.

Year Ft. Stark Odiorne Park Hilton Park
1997 878 10 /7 Y1410 9730 N/A
1998 7/10 to 8/4 8/13 10 8/27 N/A
1999 6/18 to 8/2 8/5 0 8/27 9210 9/29
2000 6/9 to 7/6 /11 o 7/31 821w 10/21
2001 o/14 10 7/4 7/9 w0 7/31 91010 /23

Using udal data trom Harbormaster (Zihua Sottware. Marlborough, CT). |
established three tidal heights (0.5 m. 1.0 m and 2.0 m) above mean lower low water
(MELW) at both coastal sttes. These tidal heights were used as a reterence point in order
to locate quadrats at the same tidal height on subsequent sampling dates. At Hilton Park.
[ only conducted quadrat sampling at the lower two tidal heights because the substrate at
2.0 mabove MELW was very large boulders which prohibited my samipling design.

Each day. T attached a 30 mtransect Line to the reterence point and used a random
numbers table to determine where each quadrat would be placed. Ten quadrats (.25 m=»
were randomly located atong the transect at cach tidal height. Each quadrat was
positioned so that it was horizontal or nearly horizontal on the substrate.

I collected data on three different aspects of the community: the canopy algae (or
in cases where the canopy was incomplete. the substrate), the understory algae and
substrates. and the animals that occurred within the quadrat. The tvpe of canopy cover
(mostly fucoid algae) was determined under 25 intersections of monotilament line. In

cases where the algal canopy was incomplete. the type of substrate (rock bench. cobble,

‘N
o)
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pebbles. ete.) was recorded. There was a consistently thick algal canopy at Fu. Stark and |
displaced canopy algae outside the quadrat to obtain subcanopy (substrate and understory
algae) data. Odiorne algal canopy cover was patchier than that at Ft. Stark and theretore
separate subcanopy data were not taken at Odiorne in 1997, However. in subsequent
vears. | recorded subcanopy data at cach site. I caretully checked all canopy algae tor the
presence of snails before displacing it outside ot the quadrat.

The subcuanopy data were also obtained under 23 intersections of monotilament

line. The numbers of barnacles (Semibalunus balanoidesy and mussels (Mvtilus eduldis)

were counted in tour (69 cm=) subsections of the quadrat. These subsections were
created by the monotilament line and counts were pertormed in subsections arranged
along a diagonal of the quadrat. The proportions of barnacles and mussels in varying size
classes were also estimated. Gastropods cmostly Littormids and Nucella lapillisy were
counted. and the number i each size class was recorded. These gastropods were
measured from the tp ot the sprre to the end of the siphonal canal using calipers.
Limpets. Notoacmea testudinalis. were not removed nor measured. but they were
counted.

[ collected all crubs trom within the quadrat by overturning all rocks and sittuing
through the softer substrates (shell hash, mud ete.). The carupace width (CW) ot cach
crab was measured using calipers and sex was recorded i 1t could be determined.
Missing chelae and legs were recorded as well as the occurrence of ovigerous females.
Megalopae and very small crabs (less than 2 mm CW) were counted but not measured
due to their extremely small size and tragility. [ noted the presence of amphipods.

isopods and annelids. but I did not count these organisms due to thetr high abundance and

‘N
~
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rapid movement. Finally. I also recorded the number of urchins. Strongviocentrotus
droebachiensis, and the presence of other rare organisms (anemones. nudibranchs).

A total of 261 0.25m" quadrats were analyzed in this study (60 at Hilton Park. 51
at Odiorne and 150 at Ft. Stark). Results trom individual quadrats were averaged trom
cach tdal height at each site tor every vear. To tacilitate analysis, [ ereated several
categories tor algal species that either had similar lite histories tannual or ephemeral
periodicity) or that were encountered as unattached dritt. The ephemeral/dntt algae
category included the drift algae as well as various uncommon ephemeral red and green
algal species. The subcanopy algae category was mostly Mastocarpus stellatus but
Chondrus crispus, crustose algae and vanous ephemeral red and green species also

comprised this category.

Statistical analysis

To examine temporal vanability in community structure. [ested the abundance of
aspecies or substrate type (subcanopy analyvses only) at a particular tdal herght at cach
sampling location. Canopy and subcanopy percent cover datdt were square root aresine
transtormed prior to statistical analysis. Count data (8. balunoides, M. edudis. litorninds
and C. maenas) were also square root transtormied prior to statistical analysis. Atter
transtormation, I examined the data tor normality. If the distribution was heavily skewed
or bimodal. I used the non-parametric Kruskall-Wallis test in place of Analysis of
Variance (ANOVA). To compare size distributions ot potential prey species through the
years, I calculated the percent of the total in cach size class. | then compared the percent

in a particular size class through the sampling period (e.g. percent of L. littorea in the 0-
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10 mmy size class at the 0.5 m tidal height at Ft. Stark from 1997-2001). Post hoc tests
were Tukey s tor ANOVA and Dunn’s test for Kruskall-Wallis. Statstical analyses were
pertormed using Instat version 2.01 (Graphic sottware) and Systat version 9.0 (SAS
Insttute).

Multiple regressions were used to examine relationships between the number of
C. maenas and vanous physical and biological tactors. The physical fuctors consisted of
two categories: udal height (0.5, 1 or 2.0 nu and the sum of the amount of substrate that
was clussitied as either pebble/shell. cobble or large rock tor cach quadrat. The
brological factors were: the abundance of canopy algae. the number of snails (Littorinids.,
N lapdlus and N testucdinalisy, the number of S, balanoides and the number of M. cduldis.

[caleututed the species nichness and Piclou’s J equitability ievenness) at cach
tdal herght at cach site. Tehose these two indices because they are simple to caleutate
vversus other inddicesy and because they ecach emphasize ditferent aspects ot species
diversity crichness and evennessy e Magurran, 1988). For the evenness calculations, |

cvcluded guadrats that had only one algal species (Table 2.2)
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Table 2.2: Number of quadrats with only 1 algal species. Only guadrats that had more
than one algal species were included i evenness calculations.

Tidal height

lLocation Year 0.5 L0 S0
1999 | 3
Hitton Park 2000 3 3
2001 4 3
O K 6 4 S
o {908 N 0 ty
Odiorne 1999 0 | 3
Park 2000 3 0 -
2001 2 | 3
199~ 0 0 2
[9U8 0 4 2
Ft. Stark [949 f) () 3
2000 () A S
2001 ) l }

[ used Shannon-Wiener diversity estimutes tor the algal percent cover data choth canopy

and subcanopy categories combmeds to calculate Pielou’™s Jo Richness was calculated in

two wavs: once when only organisms that were wdentitied to species were included i the
estimate and once when groups of organisms 1those not identitied to species- ¢y

amphipods. sopods. anemones. eteorwere included i the esumate.

To exanune the relationships between the communities at ditterent ndal herghts
cach site. cluster analysis and a torm of ordination Known as nonmetric muitidimensional
scaling (MDS) were performed. MDS calculates coordinates for samples o that the
distances between them retlect thewr dissimifarities as closely as possible. The stress off
an MDS plot. a measure of contidence. reflects the amount of distortion that was required
to compress the distances between the samples into the particular amount of dimensions

(Field et al.. 1982). Stress of an MDS plot always rises as number of dimensions are
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reduced. Stress levels that are between 0.1 and 0.2 generally indicate that the MDS 18
good representation of the data but when stress values approach (0.2, the MDS plotis
better suited for interpreting coarse scale rather than fine scale patterns in the data «Clark

and Warwick. 1994,

Both count and pereent cover data were analyzed in the ordinations
simultancously. so to mmimize the count data tespectally S, balanoides which could
reach densities of thousands per m) relative to the percent cover data (canops and
subcanopy). the data were log transtormed clog,, [1+v]). Following the suggestions of
Clarke and Warwick ¢ 19944, 1 chose to severely transtorm the data rather than to
standardize it because T eonsidered the ditferences in total abundance of species between
sttes to be relevant iformation for discriminating between the sample years and study
locations. There were 28 categories which consisted ot algae and substrates observed in
canopy analysis, algae and substrates observed in subcanopy analy sis, and total number
of: cach molluse species. S. balunoides and C. maenas. The one exception was Odiorne
1997 data: no subcanopy data were taken during this vear so the groups are based on
average values of 19 categories of abundance tor this stte in 1997, The average value tor
all 10 quadrats at a particular tdal herght in a particular vear in cach of the 28 categories
wits utilized tor both the cluster analysis and the MDS. The cluster analvsis utilized
Ward’s minimum variance and Euclidean distances. The cluster analysis was pertormed
tor cach site individually and tor all sites simultancousty. The MDS was performed on a
Bray-Curtis dissimuarity matrix and all sites were examined simultancously tor the MDS.
Finally. I examined the relationship between the scores for cach MDS axis (response

variable) and the year. tidal height and location using analysis of variance tANOV A). |
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checked the distributions of the scores tor normality prior to performing the ANOVAL In
order to have a complete tuctorial design for the ANOVA. Tonly utilized data trom the

0.5 and 1.0 m tidal heights and tor the vears 1999-2001.

RESULTS

Ft. Stark

The evenness of algae at Ft. Stark was very consistent and relativels high at the
0.5 m udal herght throughout the sampling period (Fig. 2.2). Atthe 1O m udal herght.
the algal evenness fluctuated trom 1997 to 2001, Evenness dechined at the 2.0 m tudal
herght from 997 to 1999, held steady tfrom 1999 to 2000, and then declined greatly in
2001, Both methods to estimate richness produced very similar results at Fto Stark:
richness was alwas s lowest at the 2.0 m tudal height and highest at the 0.5 m udal herght
(bigs. 2. 30and by There was a small but steady increase in richness from 1997 to 2000
at both the 0.5 and 1.0 m udal heights and then a shght dechne in 2001 tFigs. 230 and by,

Fucoid algae dominated the rocky intertidal zone at Ft. Stark. Fucus vesiculosus
and Ascophyllum nodosum co-dominated at the 0.5 m tidal hetght and through the vears
the rank order ot abundance of these two species tluctuated (Fig. 2. 4ar. [n 1998, the
abundance of F. vesiculosus at this tdal height was significantly higher than that ot 2001
(Table 2.3). A simular pattern of tluctuating co-dominance occurred at the 2.0 m tidal
height but the fluctuation was between A. nodosum and F. spiralis (Fig. 2.4¢). The peak

abundance of F. vesiculosus at the 2.0 m tidal height in 1998 was significantly higher
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than both 1999 and 2001 (Table 2.3). In contrast to the temporal shifts in relative
abundance of the upper and lower zones. A, nodosum was consistently the most abundant
canopy species at the 1O m udal height (Fig. 2.4b). The ephemeral/dntt algac category
comprised relatively little ot the percent cover at all udal herghts through the vears. This
category was primarily composed of dritt algae with some ephemerat red algal species.

The lower intertidal zone of Ft. Stark was mostly composed ot pebble/shell
substrates (Fig. 2.5, The relative proportion ot soft substrates tmud/~andy in the lower
intertidal zone was signiticantly lower in 1997 as compared to 1999, 2000 and 2001
(Table 241 Mustocarpus stellatus was the most common subcanopy algal species in the
lower mtertidal zone at Ft. Stark and the percent cover ot subcanopy algae categon
showed an increasing. but non-significant trend from 1998 1o 2001 «Table 2.4: Figure
25w The nud interudal zone at Ft. Stark was mostly composed of rock bench substrates
(figs. 2.5by with some cobble and pebble/shell substrates. The subcanopy algac category
at the 1.0 m udal height was composed of a nuxture of M. stellatus and crustose algae.
An increase in the amount of substrate that was categorized as rock bench occurred at the
2.0 m tdal height from 1997 as compared to 1999 and 200! (Table 2.4: Figure 2.5¢). In
contrast, the amount of substrates that were categorized as farge rock was signiticantly
lower tn 1999 and 2000 as compared to 1997 (Table 2.4). There were no subcanopy
algae at the highest udal height throughout the sampling period (Fig. 2.5¢).

There were large fluctuations in the abundance of S. halanoides at Ft. Stark
throughout the sampling period (Figs. 2.6a — ¢). particularly at the 2.0 m tidal height
(Table 2.5). From 1998 to 1999, the density of S. halunoides in the high intertidal zone

dropped by an order of magnitude. but by the tollowing yeur. the density was almost
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double that in 1998 (Fig. 2.6¢) and significantly higher than in 1999 (Table 2.5). The
high volaulity in barnacle densities continued into 2001 and resulted ina signiticant
decline from 2000 to 2001 (Table 2.5, In the mid zone. the densities of S, balanoides
were also highest in 2000 (Fig. 2.6b) and this tidal height had the highest densities ot .
halanoides overall. Similar to the 1.0 and 2.0 m tidal heights, there were also large
fluctuations in the denstty ot 8. balanoides at the 0.5 m tudal height. The peak in
denstties in 1998 at the 0.5 m tdal height was signiticantly higher than densities the
tollowing vear (Table 2.5)

The increase in S, balanoides at the 2.0 m tudal height in 2000 was apparently due
o successtul recruitment event because the proportton of barnacles in the smallest size
cliss was sigmiticantdy higher in 2000 than tin both 1999 and 1998 (Table 2.6: Fig. 2.7¢.
Conversely. the proportion ot 8. balanoides i the fargest size class was signiticantly
fugher i TYUN versus 2000 and 2001 and the 1999 values were also signmiticantly greater
than tn 2000, The largest size class was a smaller proportion of the overall size class
distribution at the 1.0 m udal height than at the 2.0 m udal height. There were no
stgntticant ditterences in the proportions inany of the size classes between any of the
vears at the 1O m adal herght ¢Table 2.6: Fig. 2.7b). Finally. at the 0.5 m udal height. the
proportion of S. balunoides in the smallest size class was signiticantly larger in 1998 than
in 2000 (Table 2.6: Fig. 2.70).

From 1998 to 2001 at Ft. Stark. there appeared to be a general trend of declining
densities of M. edudis at both the fower and mid tidal heights (Fig. 2.6a and by, Densities
were an order of magnitude lower at the 2.0 m tdal height and this species was

completely absent from this tidal height in 3 of the 5 years (Fig. 2.6¢). The size class
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distribution data for M. edulis at the lowest tidal height indicated that larger animals
composed the majority of the population espectally since 1999 (Fig. 2.8a). The
proportion in the 30 = 30 mm size class was signiticantly greater in 1997 and 1998 than
in 2001 and conversely. the proportion in the largest size class (>50 mm) was
stgnificantly less in the fater sampling vears as compared to both 1997 and 1998 (Table
2.7, Smaller M. edulis were more common in the mid to upper intertidal zone (Figs.
2.8band ¢) and a similar pattern of shitts in size class distributtons through the sampling
period was observed at the 1.0 m tidal hetght. There were significantly lower proportions
in the 21 - 30 mm and 31 - 50 mm size classes in 1998 versus 2000 while the proportion
tn the largest size class in 2000 was signiticantly greater than 1998 levels (Table 2.7,
Finally, the proportion of M. edulis inthe 31 = 50 mm size class was signiticantly greater
in 1999 than 2000 at the 1.0 m udal height (Table 2.7,

The densities of V. fapillus and N. testudimalis at FtStark were highest at the 0.5
m tdal herght. dechined greatly at the 1.0 m udal height and netther of these species were
cver tound at the 2.0 m udal height (Fig. 290 and by, The density ot N lapillus was
highestin 1997 in the lower intertidal zone and since that tume densities declined exeept
tor a shight rebound in 1999 (Fig. 2900, In contrast. V. lapillus were not tound in the md
sone in 1999 und densities of this species increased since that tme (Fig. 2.9b). The
majority ot the N fapillus at the 0.5 m udal height were in the largest size class in 1997
and the relative proportion in that size class decreased sharply since that time (Fig.
2.10a). There were no consistent patterns in the size distributions of V. [apillus at the 1.0

m tidal height through the sampling period (Fig. 2.10b).
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Livtorinids. particularly Lirtorina littorea. were much more common at Ft. Stark
than N lapillus or N- testudinalis. In 1998, L. littorea reached peak abundance at the F.
Stark 0.5 m udal height (Fig. 2. and densities were signiticantly higher than the
previous vear (Table 2.8, Littoring obtusata peaked a vear later at the 0.5 m tidal height
(Fig. 2oHae Litorina obtusata declined sinee 1999 at the 0.5 m tdal height but the
densities o L fitorea have fluctuated since 1998, Littoring saxatilis was never found at
the lowest udal herght at FtoStark. There were large tluctuations in the density of L
lirtorea at the 1O m udal height trom 1997 to 2001: the difterence between the vears with
the towestand highest density was seven-told (Fig. 2.1 Tby but there were no statistically
stentticant ditterences clable 2.8 Littorina obtusata increased trom 1997 1o 1999 at the
[.O m tdal herght, but then dechined untill 2001 this s the same pattern that occurred at
the Tower tidal herght ¢Frgs 200 1b The densities of Lo obtusata were significantly lower
1997 s compared to 1999 2000 and 2001 (Table 2.8). The densities ot L. saxatilis
were very low at the 1O m ndal height at Fo Stark and none were found in 1998 (Fig.
2oi b Acthe 2.0 mondal heght, there was atrend of dechiming densiies ot L. lirtorea
trom 1997 1o 2001, with a shight rebound in 2000 (Fig. 2. 11e). Incontrast. the density of
L. obuesata was stentticantly higher than the 1997 densities tfor cach year subsequient to
1997 (Tuble 2.8). The trend ot shightly increasing densities of L. obtusata at the 2.0 m
tudal herght declined tn 2001 (Fig. 2.11¢). There were large tluctuations in the density of
L. saxartlis at the highest tidal height throughout the samphing period and no consistent
patterns (Fig. 2.1 1¢).

The size distributions ot L. lirtoreq in the low intertidal zone were generally

consistent trom 1997 to 2001 (Fig. 2.12a). The two exceptions were a significantly lower
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proportion of snatls in the smallest size class in 1997 versus [999 (Table 2.9) and a non-
stgniticant trend of a decreased proportion of the largest size class in 1997 compared to
subsequent years. In comparison. the size distributions of L. obrusata at the 0.5 m tidal
height were much less consistent throughout the sampling period (Table 2.10: Fig.
2.12b). There was a trend of decreased refative abundance ot the 2-10 mm size class in
1997 and 1998 as compared to subsequent vears and the proportion in the fargest size
class (>10mm) was highly vanable through the sampling period.

Atthe 1.0 m udal height. the proportion of L. lirtorea in the largest size class was
lower m 1997 as compared to 1999, 2000 and 2001 (Table 2.91. Generally the size
distributions were less even and more heavily dominated by smatler size clusses since
1997 ¢Fig. 2013, Atthe 1.0 m tudal herght, the proportion of L obtusara in the 2-10 size
classes was signifrcandy lower in 1997 versus 1999, 2000 and 2001 (Table 2.10: Fig.
2.13by. The low numbers of L. saxarnidis at the O m udal herght make conclustons
regarding therr size class distributions ditticult (Fig. 2.1 3¢,

At the 2.0 m udal height. the proportion of L. littorea in the smallest size class
was consistently high through the samphing period (Fig. 2. 14a and the only statisticalls
stgnificant dittferences were due to a decline in the proportion of the fargest size class in
1997 versus subsequent years (Tuble 291 Littorina obtusata in the smallest size class
were relatively uncommon at the 2.0 m tidal height at Ft. Stark (Fig. 2.14b) and the
proportion of snails in the intermediate and largest size classes were highly varable
throughout the sampling period (Table 2.10). There was a significantly higher proportion

of L. saxatilis in the smallest size class at the 2.0 m udal height in 1997 compared to
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subsequent years (Table 2.1 1 and a trend of increased relative abundance of the largest
stze class (Figure 2. 14¢0.

From 1997 1o 1999, the density of C. maenas increased at all three tidal heights
(Fig. 2.15). Atthe 1.0 m udal height. in particular. the density increased by tourtold trom
1997 to 1998 and the ditterence between densities recorded in 1997 and all subsequent
vears was statisticadly signiticant (Table 2.5)0 At the 0.5 m tidal height. the general
increase mn denstties resulted in stgniticant increases from 1997 levels compared to 1999,
2000 and 2001 as well as a signiticant increase from 1998 to 1999 (Table 2.5). The
stepwise multple regression indicated that the number of C. maenas at Fu. Stark and the
amount of substrate that was categorized as pebble/shell. cobble or large rock. the
number of snatls and the number of' S, balanoides were signiticantly related (p<0.001:
Table 2.12). The only statistically significant changes in proportions in a size class
between yvears occurred between 1997 and subsequent vears for the two smallest size
classes (0 = Sand 6 - 10 mny (Table 2,130 Atall three udal herghts the proportion in the
O~ 1O mm size class was signiticantly lower in 1997 than most ot the subsequent vears
while at the 2.0 m udal herght. the proportion in the ) - 5 mm size class was signiticantly
higher in 1997 than all subsequent years (Table 20130 Fig. 2.[6a - ¢).

Finally. two H. sanguineus were tound at Fu. Stark during the 2001 samphling: one
was at the 2.0 m udal height and one was at the 1.0 m tidal height. Both crabs were less

than 4 mm carapace width (data not shown).
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Odiorne Park

Algal evenness was lowest at the Odiorne 2.0 m tidal height in all years except
1997 and the overall difference in evenness between the highest tidal height and the two
fower udal heights was very large at Odiorne (Fig. 2.17). The overall evenness at the 0.3
and 1.0 m udal heights was much higher in the vears atter 1997, Simular to Ft. Stark.
both methods to estimate richness produced very simular results at Odiorne. Generally.
richness was lowest at the 2.0 m udal herght. but it was also very consistent throughout
the samphing period (Figs 20080 and by, Richness was similar between the two lower tidal
heights from 1997 1o 2001, and 1t peaked in 1999 tor both types of estimates.,

Acophndlion nodosum was the dominant algal canopy species throughout the
mtertidal zone at Odiorne (kg 20190 - ¢ and the only stgmiticant ditterence was between
1997 and 1999 abundance at the 1O m udal height (Table 2.3 Interestingly. both £
vestcudosus and Fosporalie were tound at all udal herghis at Odiorne. but at Ft. Stark. £
spiralis was only tound at the hnghest udal herght. There appears to be more
cphemeral/dntt algae at Odiorne than at FtoStark. In 1999 the abundance ot all three
migor canopy spectes CAnodosum. Fovesiculosus and Foospiralisy peaked in the fow zone
at Odiorne. but otherwise, there were tew strong trends in the abundance of canopy algue
through the tive vear sampling period.

Overall. the substrates throughout the intertidal zone at Odiorne are mostly
composed of large rocks, cobble and pebble/shell (Figs. 2.20a - ¢1. The proportiorn of
substrate that was categorized as large rock at the 0.5 m tidal height was signiticantly
higher in 1999 as compared to 2000 and 2001 (Table 2.4). There was much less rock

bench substrate at Odiorne as compared to Ft. Stark. especially at the 1.0 m tidal height
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and the relative abundance of cach type of substrate was consistent through the vears at

substrate that was categorized as rock bench was signiticantly lower in 2001 as compared
to 1998 and the opposite pattern occurred for pebble/shell substrates (Table 2.4).
Subcanopy algae were encountered at all three tidal heights at Odiorne. but their
abundance was lowest at the 2.0 m udal height (Figs. 2.20a - ¢).

There were large tluctuations in the density ot S. halanoides at Odiorne Park trom

190™ and 1998 the density of S. halanoides at the 0.5 m tidal height was extremely fow
cAo/m o 1998 and densities in the three following vears were signiticantly higher than
m 1998 (Table 2.50 In additon. the peak in 2000 talmost 12.000/m7) was also
steniticantly higher than the 1997 densities (Table 2.550 In contrast, S, balunoides
increased trom 1997 1o 1999 4nthe nud 7one and remained tairls consistent since that
time. In the high zone S. balunordey decreased trom 1997 to 1999 and the difterence in
Jdensities between 1997 and 1999 was stutistically signiticant (Table 2.5y From 1999 1o
2000, there was a~hizht rebound in 8. halunoides densities but they dropped again in
2001, Suntlar to FtoStark, the density of barnucles was generally much higher at the 1.0
m tdal height compuared to the 2.0 m udal height: at Odiorne. the overall average density
was 2 times higher (5.600/m vs, 2.500/m).

At the 0.5 m udal height, there appeiared to be a general trend of declining

62¢ of the S. balanoides were in 0-2 mm the size class. The proportion of 8. balanoides

in the smallest size class in 1997 was significantly greater in 1997 than in 1999 and 2000
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while the proportion in the medium size class (2 = 5 mm) was significantly lower in [997
than in 1999, 2000 and 2001 (Table 2.6). At the .0 m and 2.0 m tdal heights. the size
class distributions were relatively constant through the sampling period (Table 2.6: Figs.
2.22band ¢

Mytiluy edulis were never tound at the 0.5 m tdal height at Odiorne throughout
the five vear sampling period. There was a small dip in densities at the 1.0 m tudal height
in 1999 (Fig. 2.21by and the M. edulis at this tdal height were also usually in the larger
size classes (Fies 20 230, At the 2.0 m tudal height at Odiorne. the density dropped by an

erder of magnitude trom 1997 to 1998, and staved very low except tor aslight rebound in

=

2000 were statistically stgniticant ¢ Table 2.5) for the 2.0 m udal height. There were no

statistically sigmiticant ditterences in the proportions of M. edulis inany of the size

cdulis at the 2.0 m udal height to compare proportions in the vartous stze classes between
vears (Table 2.7 Fig. 2.23b).

The densities ot N lapillus and V. testudinalis were similar between Fu. Stark and
Odiorne Park. Nucella lapillus densities were very consistent at the Odiorne 0.5 m udal
height from 1997 to 2001 but N. testudinalis had a sharp peak in 1998 (Fig. 22400, In the

mid zone. the density of V. lupillus increased from 1997 to 1998, but declined since that

L

was never found at the 2.0 m tidal height and V. lapillus was only tfound at this tidal

height once in 1997 at Odiorne (data not shown). There were big tluctuations in the size
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class distributions ot N fapillus at the low and mud udal heights, but no consistent
patterns through tume (Fig. 2.250 and b).

Littorinids. particularly Littorina littorea. were much more common at Odiorne
than any other snatl species. Littorinag littorea was particularly abundant in the low zone.
The density of this species at the 0.5 m tidal height increased from 1997 1o 2000 (Fig.
2.26a) and the 1997 densities were significantly lower than cich ot the subsequent veirs
(Table 2.8). In 2000, the average density of L. litorea was over 1.100/m” at the 0.5 m
tidal height. In contrast. the density of this species was at its lowest point at the 1.0 m
trom 1998 to 1999 at the 0.5 m tidal height (Fig. 2.26a) and its densities in 1999 were
significantly higher than those of 1997 and 1998 (Table 2.8, Lirtoring saxatilis was
found at the 0.5 m udal height at Odiorne. in contrast to at £t Stark, where 1t never
oceurred i the low zone and was only found in very low densities at the 1.0 m udal
herght. The density of L. saxaridis at the 0.3 m udal height increased steadily tfrom 1998
1998 densities and the 2000 and 2001 denstties (Table 2.8y

The densities of L. lirorea were more consistent at the 1.0 m udal height than at
the 0.5 m udal height (Fig 2.26 a and b). The denstues of L. obtusata increased from
1997 to 2000 at the 1.0 m udal height (Fig 2.26b) and resulted in signiticant ditterences
between the 1997 and 1999, 2000 and 2001 densities (Table 2.8). [n addition. the 1998
densities were also significantly lower than the 1999 and 2000 densities. By the end of
the sampling period. the density of L. obtusata was over four times that recorded in 1997

(133 vs. 32/m7). Overall. the density of L. saxatilis at the 1.0 m tidal height was stightly
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lower in 1997 than in subsequent vears, but the high variability did not result in any
stenificant difterences between the densities in any ot the yvears (Table 2.8).

The peak abundance of L. littorea at the 2.0 m tidal height occurred in 1999, and
the denstties declined shightly since that time (Fig. 2.26¢). The densities of L. obrusata at
the Odiorne 2.0 m udal height were lower than those of L. littorea and they were
consistent through the sampling period (Fig 2.26¢). There was a significant increase in L.

saxatilis density at Odiorne 2.0 m trom 1997 to 1998 (Table 2.8y, it declined shightly tor

The size class distributions of L. littorea at the 0.5 m udal heighe at Odiorne were
very ditterent in 1997 as compared to subsequent vears (Fig, 2.27a). The proportion in
the O = 10 mm and ['1-20 mm size classes were lower in 1997 than in most ot the
subsequent vears and the proportion in the 21 = 30 mm size class was significantly higher
in 1997 than tn 1998, 1999 and 2000 (Table 2.9). In contrast, the size class distributions

of both L. obtusata and L. saxatilis were consistent at this tidal herght through the

At the 1O mudal heighte L. lirrorea had consistent size class distributions (Fig.

2.28a0 . while Lo obtusara and L. saxanilis size class distributions were comparatively less

was significantly lower tn 1997 than in 1999 (Table 2.101. No L. saxatilis in the smallest

s1ze class (<2 mm) have been recorded since 1998 at either the 1.0 m or 2.0 m udal

The proportion of L. littorea in the smallest size class at the 2.0 m tidal height was

stigniticantly lower in 1998 as compared to 2001 (Table 2.9: Fig. 2.29a) while the
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proportion in the 11 - 20 mm size class in 1998 was signiticantly higher than in 2001, In

addition. the proportion of L. littorea in the F1 =20 mm size class signiticantly declined

tidal herght in the middle size class was signiticantly lower in 1997 as compared to every
subsequent year while the proportion in the largest size class was signiticantly higher in
1997 compared to every subsequent vear (Table 2.10: Fig. 2.29b. Finally. L. saxarilis
size class distributions were highly vartable trom 1998 to 2001 at the 2.0 m tudal height
and there were no statistically significant ditferences between any ot the vears (Table
Curcinus maenas was more abundant at Odiorne than at Ft. Stark: the overall
average densities at both the 1.0 and 2.0 m udal heights were higher at Odiorne (87 and
85/m respectivelys than at Ft Stark (30 and 67/my. The density of Comaenas at both
the 0.5 and 1.0 m tdal herghts tollowed simular patterns at Odiorne: both rose trom 1997
to 1999, declined in 2000 and the denstty in the mud zone shightly inereased in 2001 while
in the low zone. it continued to decline shightly (Fig. 2.30). At both the 0.5 mand 1O m
tdal hetghts, the denstties in 1997 were sigmiticantly lower than the 1999 densities while
at the 1.0 m udal height. the density in 1999 was significantly higher than the two
subsequent years (Table 2.5y, In contrast to these fluctuations, the density at the 2.0 m
tidal height was tairly consistent through the five vear sampling period and there were no
statistically signiticant ditferences between the vears (Table 2.5: Fig. 2.30). The stepwise
multiple regression indicated that there was also a signiticant positive relationship
between the number of snails and the number ot C. maenas (p<0.001: Table 2.12) wt

Odiorne.
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There were large changes in the size class distributions of C. maenas at Odiorne
through the sampling period and most of the statistically significant difterences occurred
in the two smallest size classes. The general pattern at all three udal heights was that the
proportion in the O - 5 mm size class in the earlier sampling period (1997-1999) was
signiticantly higher than the last two vears of sampling (Table 2.14: Fig. 2.31a - ¢
Conversely. the proportion in the 6 — 10 mm size class was frequently stgnificantly
higher in 2000 and 2001 than in previous vears (Table 2.14).

Hemigrapsus saneuineus was tirst tound at Odiorne 1n 2000, two individuals were
found in two separate quadrats at the 2.0 m tdal height (Frg. 23200, By 2001, a total of
EX H. sanguineus were found between all three tidal heights. and the highest density was
at the lowest udal herght (kig. 2320y Only two £ sanewineus were tound at the 2.0 m
tidal herght cach vear. but they were much bigger than the individuals of this species that

were found in the nud and lower zone (Fig. 2.32b).

Hilton Park

Algal evenness steadily dectined at the 0.5 m tidal herght at Hilton Park trom
1999 to 2001 (Fig. 2.33). The evenness at the 1.0 m tdal height was highest in 2000, and
at this tme it was cqual to that of the 0.5 m udal height. Overall. evenness was lower at
the 1.0 m udal height. Again. both methods to estimate richness produced very similar
results (Fig. 2.34a and b) and generally. richness was lower at Hilton Park than at the two
coastal sites. There was very little change in richness at the 1.0 m udal height through
the vears. The lowest richness estimates for the 0.5 m udal height occurred in 2000 and

in 2001, the richness was similar between the two tudal heights.

~J
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In contrast to the two coastal sttes. A, nodosum was virtually absent trom the low
intertidal zone at Hilton Park (Fig. 2.350). Fucus vesiculosus was the most abundant
fucotd algae in the low zone at Hilton Park. and because canopy algae were patchy.
Muastocarpus stellatus was also recorded in the analysis of the algal canopy (Fig. 2.350).
At the 1O m udal height. A nodosum was the dominant algal species. but it had relatively
low cover as compared to the same tidal height at the two coastal sites (Fig. 2.35hy.

Algal canopy cover was lowest in 2000 at the 0.5 m tidal height but it was highest at the
1.0 m height in the same vear. There were no statistically signiticant ditterences between
the abundance of either AL nodosum or F.ovesiculosus at either tudal herght between any of
the vears (Table 2.3,

Pebble/shell substrates are the most common tvpe of substrate at both tdal herghts
at Hilton Park tFigs. 2.36a and by but there was a significant decrease i the abundance of
this substrate type trom 2000 to 2001 at the 0.5 m udal height (Table 2.4). The
abunduance of cobble and mud substrates increased significantly from 1999 fevels when
compared to the two tollowing vears (Table 2.4y but both of these categories were a
relatively minor portion of the substrates when compared to pebble/shell category iy
2.36aand b). In the low zone. the abundance of subcanopy algae declined sharply trom
1999 to 2000 resulting in a signiticant difference (Table 2.4 but the abundance ot
subcanopy algae rose slightly in 2001, The majority of this category was composed of
M. stellatus, but in both 1999 and 2001, Ulva luctuca was also common in the lower
intertidal zone of Hilton Park and this species contributed to the subcanopy algac

category.
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The abundance of S. baluncides was similar between the low and mid zone
throughout the sampling period (Fig. 2.37a and by and in general these densities were
similar to the overall average of the 2.0 m tidal heights at both coastal sites (ca. 3000/m").
Semibalanus balunoides fluctuated in the low zone trom 1999 to 2001, and it declined at
the 1.0 m tidal height during this time period but the high overall variabitity did not result
in statistically significant difterences between these tluctuations (Table 2.5y, The size
class distributions tor this spectes at both tidal hetghts revealed very few individuals were
in the smallest size category throughout the sampling period (Fig. 2,384 and by. There
were no statistically significant difterences in the proportion of S, balanoides i any of
the size classes between any of the years (Table 2.6).

Mytilus eduliy was extremely abundant in the low zone at Hhlton Park (Frg. 2370
in fact. much ot the pebble/shell substrates at this tdal hetght were living M. edidis
shells. The density ot this species at the 0.5 m udal in 1999 was sigmiticantly higher than
m the two subsequent vears (Table 2.5y and densities in 2001 were tour tmes lower than
they had beenin 1999 (Fig. 23700 In contrast. the abundance of this species increased
through the sumpling peniod at the 1.0 m udal height (Fig. 2.37by. but its overall densities
were much fower than at the 0.5 m udal height and none of the ditterences between the
vears were statistically significant (Table 2.5). In the low zone. the proportions of M.
edulis inthe 21 - 30 and 31 - 50 mm size classes were significantly higher in 1999 than
in 2000, and the proportion in the largest size class was significantly higher in 2000 than
in 1999 (Table 2.7: Fig. 2.394). Atthe 1.0 m tidal height, most of the M. eduldis were in
the largest size categories (>31 mm) (Fig. 2.39b) and there were no statistically

signiticant differences in size class distributions between yvears (Table 2.7).
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The densities of V. fupillus and V. testudinalis were extremely low in the low
sone at Hilton Park (Fig. 2.40w) and neither of these species were ever found at the 1.0 m
tidal height. Only two N, lupillus were found at the 0.5 m udal height at Hilton Park o
conclustons regarding the size distributions ot this species at this site are not warranted.
The densities of littorinid snails were also relatively low at the Hilton Park 0.5 m tidal
height. and those of L. lirtorea were comparable to those of the Ft. Stark 1.0 m udal
hetght (Fig. 241w, Littorina littorea densities increased slightly through the sampling
period at the 0.5 m udal height (Fig. 2.4 T while at the 1.0 m tidal height. the densities in
2000 wer significantly greater than in 1999 and 2001(Table 2.8: Fig. 2. 41by. Littoring
obtusata densities tluctuated through the samphing period at the 0.5 m udal height and
there was a signiticant ditference between the 2000 and 2001 densities (Table 2.8: Fig.
241ay. Atthe 1O m udal herght, there appeared to be a shight trend of dechining L.
obtusata densities through the sampling period. but there was also high vanability (Fig.
241b. Finally. L. saxarilis was never tound at the 0.5 m tidal height (Fig. 2.4 Tay and
only found in very low densities at the 1.0 m height tFig. 2.41b).

There were very tew L. littorea that fell into the largest size category (>30 mm.
rone were found in the low zone and in the mid zone. they were only recorded in 1999
(Fig. 2.42a and 2.43a). The L. liztorea that were tound in the low zone were mostly small
snatls (0-10 mm) (Fig. 2.42a). There was a stgnificant difterence between the proportion
of L. litorea in the T - 20 mm size category between 2000 and 2001 at the 0.5 m tidal
hetght (Table 2.9). Atthe 1.0 m tidal height. the proportion of L. littorea in the 0 - 10
mm size class was signiticantly lower in 1999 than in 2001, and in the 11 = 20 mm size

class. the proportion significantly decreased from 1999 to 2000 (Table 2.9). Only two L.
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obtusata were tound at the 0.5 m tidal height in 2000, so their size class distributions
were not compared statistically. while at the 1.0 m tudal height. the size class distributions
were similar between 1999 and 2001 (Table 2.10: Figure 2.42b). Finally. there were no
significant differences between the size class distributions of L. savaridlis at the 1.0 m tidal
hetght tn any vear (Table 2.11: Fig. 2.42¢).

The densities of C. maenays at Hilton Park were lower than those of the same udal
heights at the coastal sites. Carcinus maenas densities signiticantly increased from 1999
to 2001 at the 0.5 m tidal height: its density in 2001 (64/m7) was over double that of 1999
(24/m°) (Table 2.5: Fig. 2.44). [n contrast. the density of C. maenay at the 1.0 m udal
height slightly tluctuated from 1999 to 2001 but there were no significant ditterences
between 1999 and 2001 (Table 2.5: Fig. 2.44). The stepwise multiple regression
indicated that the amount of fucoid algae and the number ot snails were both positively
related to the density of C. maenas (p<0.001: Table 2.12) but the restduals appeared to
have a slight positive trend indicating that there may have been underly ing variation that
was not accounted for by the measured variables. The size class distributions of ()
maenas were very consistent at cach tidal height through the sampling period (Table

2.1

()

cFigo 2450 and by, Carcinus maenas in the low zone were smaller than those in the
mid zone.

Hilton Park had the highest densities of H. sunguineus ot all three sampling
locations. The second specimen of H. sanguinens tor the state ot New Hampshire was
found at Hilton Park 1n 1999. More H. sanguineus have been tound at the 1.0 m udal

height than at the 0.5 m udal height (Fig. 2.46a). There were too tew H. suneuineus
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found thus tar to make definitive conclusions regarding temporal shifts in its size
distributions (Fig. 2.46b).

Community _analyses

The results from the cluster analysis at Ft. Stark and Hilton Park both showed that
the community at cach tidal height in each vear was more similar to that in other vears
than to other udal heights (Fig. 2.47a and ¢). At Odiorne. the average values for the
community at the 2.0 m tidal height in 1997 were more similar to the average values tor
the community at the 1.0 m aidal height than to the 2.0 m values for other vears (Fig.
247y Aside from this exception. all of the average vatues tor the communmity clustered
out by tidal herght rather than by year of sampling. When the data from alf locattons
were analyzed simultancously. a siular pattern prevailed. For the most pari. the average
values tor the community at cach tidal herght and location combination were most siular
to cach other between vears (Fig. 2.48), One major group that could be charactenized as
the higher intertidal zone group was composed of the 2.0 m udal height at both Fto Stark
and Odiorne (except 19975 and the 1.0 m tdal height at Hilton Park. The other major
group could be charactenized as the coastal fow to mid-intertidal 7one group. 1t contained:
the Ft. Stark and Odiorne 1.0 m tdal herghts. the 0.5 m udal heights at Fto Stark and
Hilton Park and the 1997 2.0 m udal height at Odiorne. The average values from the
1997 Odiorne 2.0 m udal hetght appeared to be anomalous when all locations were
constdered simultancously. just as they had been when the Odiorne values were
cexamined separately.

Finally. the multidimensional scaling was also used to examine the relationships

between the average values for the varnious location. tidal height and yveuar combinations.
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[n this analysis. the Odiorne 0.5 1998 sumples appeared to be an outlier (Fig. 2.49a).
This was likely due to the tact that only one S, halanoides was tound in all ten quadrats
for that vear. The stress vatue of 0.1 3 indicated that this was a tairly good ordination of
the quadrat data. When the analysis was repeated without the Odiorne 0.5 1998 samples,
the distinction between both Hilton Park samples ¢particularly the 0.5 m udal heighty
from the rest of the coastal samples became clear. but the coastal sites remained strongly
intermixed (Fig. 2.49b). The stress value rose slightly tor the MDS when the Odiorne 0.5
1998 samples were excluded. but the stress value was sull low enough to be considered a
good ordinaton. An ANOVA indicated that there was a signiticant ditterence in the
MDS scores between the locations, tidal heights and the interaction of these two tactors
(Table 2.16). However. there was no significant ditterence i MDS scores tor the vear

that sampling took place.

DISCUSSION

The objective of this study was to document the community structure at three
rocky intertidal sites prior to the establishment ot a predator, H. sanguinens. The tact that
H. sunguineus was tound at all three sites by the last vear of the study indicates not only
that the study sites provide suitable habitat tor this introduced crab but also that turther
increases in the abundance and range ot H. sanguineus are likely in northern New
England.

Overall. the results of this community structure monitoring indicated that there

were no consistent between site trends in the abundance of any of the species monitored
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tor this study. This result imiplies that these data will be usetul tor assessing changes that
may oceur atter H. sanguineus becomes abundant because these communities both have
relatively stable composition and are independent of cach other (following
rccommendations of a BACT design: Stewart-Oaten et al. [1986]). The one exception to
this observation was the sharp decline in S, balunoides at the 2.0 m tudal herght that
occurred 1n 1999 at both Ft. Stark and Odiorne.

The community structure monttoring was pertormed at physically detined tudal
heights in order to insure that the results were comparable both between study sites and
over along time seale. For exampled itertidal ecologists otten subjectively detine upper.
mid and fower intertidal zones based on the abundance of species that are charactensue
of cach of these zones. Naturaliy. these subjective detinitions vary between researchers
thereby making generalizations ditticult. In addition, the distribution and abundance of
these characternistic species can shift over time because of changing physical and
brological conditions (Ballantine, 1961). By using physically defined tudal heighis, |
avoided some of these potential problems encountered by other ccologists, however. the
study sttes varied in other attributes. The most obvious ditterence between the study sites
ts that Hilton Park 1~ an estuarine tidal rapids while Fr. Stark and Odiorne are both
coastal. The aspect of the sites also varied which affects both desiccation stress and
exposure to storms (most large storms in this region come from the northeasty. The
Odiorne site taced northeast. the Ft. Stark site was northwest tacing and the Hilton Park
site faced southeast. These difterences in the orientation of my study sites may have
accounted tor the tact that A. nodosten dominated up to the 2.0 m tdal height at Odiorne

but at Ft. Stark. this tudal height was a mixture ot F. spiralis and A. nodosum. When the
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whole community wis considered simultancously. the cluster analysis showed that the
highest tdal heights at cach site (2.0 at Odiorne and Ft. Stark and 1.0 at Hilton Park)
were most similar to cach other, along with the 0.5 m udal height at Odiorne. However.
within this group. the 0.5 m Odiorne cluster was most dissimilar trom the three other
aroups.

The distributions ot several organisms. especially. N restdinalis and N lapillus
appeared to have been strongly aftected by tidal height. Notoacmea testudinalis was
never found at the 2.0 m ndal height and V. fapillus was only tound there once. In
addinion, the red alga. M. sredlars was never encountered at the 2.0 m udal height. The
relative abundance ot M. edulis decreases with increasing tidal height at all three sies but
at the estuarine site, s highest at the 0.5 mondal herght while peak densities are found at
the mtermediate tdal height at the two coastal locations,

Hemigrapsus saneuineuws has vanously been reported to be both an upper
intertidal species (Fukui, 1988 Tukada and Kituchi, 1991 Takada. 1999 and a lower
intertidal species thighest densities between the low water marks)(Siagusa and
Kawagove, [997)an Japan. In its invaded range. vartous researchers have found the
highest densities ot H. sanguinens in the lower intertidul zone (Long Island Sound.
Lohrer and Whitlatch, 1997; southeastern Massachusetts: Lesdesma and O Connor.
2001y, Although the deasities are comparatively much lower at my study sites. | tound
H. sunguineus in the upper or mid zone first at every site and the densities are highest in
the upper and mid zone. The contlicting observations regarding the tidal height
distribution of this species may result from size specific habitat utilization, competition

for shelter with other species or a combination of both tactors. Fukui ( [988) stacked
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cobble and boulders across the width of the intertidal zone in Japan and tound that in the
summer. higher densities of juvenile (8 mm CW) H. sanguineus were tound in the upper
intertidal zone. Athis study sites. H. sangianeus co-existed with up to 7 other grapsid
crab species and its presence in the high intertidal zone may be the result of competitive
interactions. Because C. maenas is the only other crab species commonly tound in the
rocky intertidal zone inits invaded range. the competitive interactions between the two
spectes are presumably less intense tor H. sanguinens than inits native range. 1t is
possible that when populations ot H. sanguineus are very low. as they currently are in
New Hampshire. the crabs mnitially colonize the upper intertidal zone. The majority of
the H. sanguinens that [ have tound are juventles (<10 mm CW, and these individuals
may migrate lower in the mtertidal zone as they grow larger. much like the subudal
migration C. maenas undergo when they reach 30-35 mm CW cEdwards, 1938 Warman
ctal., 1993),

[n an carly investigation into the tactors responsible tor the structure of the miud o
high New England rocky intertidal community. Menge (1976) judged Nucella «(Thais)
laptllus to be to be the only important predator in the mid to high intertidal zone based on
its density . The highest density of C. maenas that he tound was only #/m- at Canoe
Beach Cove., MAL In contrast. the average density (over all study sites and vears) ot C.
maends Wis over tifteen times greater in this study than in Menge's study. The large
discrepancies in density estimates for the two studies is intriguing and could be due to
several factors such as inherent difterences in habitat quality or regional increases in C.
maenas populations coincident with increasing water temperatures in the last several

decades (Glude. 1955). However. the most likely reason for the disparity in density
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estimates was probubly due to the tact that [ looked under cobble and sitted through
gravel and soft substrates while Menge apparently only counted C. maenas that were
directly encountered under the algal canopy. The differences in the search technigques
could largely account tor the ditterences in densities, especially since the vast majority
(>85) of the C. maenas that [ tound were seeking refuge under rocks (rather than just
under the algal canopy) or were buried in the substrate.

The most important factor determining the density ot intertidal crabs may be the
avatlabtlity ot shelter. In a previous study. [ tound a signiticant refationship between the
density of Coomaenas and the amount of substrate that was categorized as large rock.
cobble. or pebble/shell call were a priori judged to provide suttable shelter tor crabsy at
Ft. Stark (0= 0.51, p<.03: Tyvrrell. 1999). Lesdesma and O Connor 12001 also found a
stgnificant relatonship between the density of . sangineus and the amount of shelter
providing rocks (r'= 0.53, p<0.03) in southeastern Massachusetts. Lohrer et al. 12000)
studied the vertical zonation and habitat complexity of H. sanguinens and other crabs in
Japan. They tound that while /. sanguineus had higher densities in the upper intertidal
sone prior to manipulation ot shelter providing rocks. this species also responded
posttively to addition of rocks., espectally in the upper intertidal zone (Lohrer et al..
2000). Takada (1999) also tound that H. sanguineus responded positively to the addition
of cobble tor shelter. as well as to the addition of artifical shades. Surprisingly. the
multiple regressions between the density of C. maenas and various physical and
biological tactors in this study only revealed a signiticant relationship between the
abundance of these shelter-providing substrates and the denstty of C. maenas at the Ft.

Stark site.
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One of the species that may not have been adequately sampled in this study was
Mytilus eduldis. 10 ditficult to quantity both the number and size distributions of M.
cduliy without physically removing the animals trom the substrate. In particular. juvenile
M. edulis are often nestled at the base of adults and are theretore obscured from overhead
view. [Cis likely that my data on size distributions of M. edulis is theretore heavily
brased toward larger individuals. Because the goal of this study was long term
monttoring. | did not remove M. edulis in order to remove this bias.

The statistical analyses ot density and size distributions of the most abundant
animals at the study sites often revealed stanstcally signiticant diftferences between the
first year of sampling (1997 at the coastal sites and 1999 at the estuarine site) and
subsequent vears. These results are most likely due to my enhanced search image and
increasing familiarity with the behavior of the organisms and with the community 1n
general after the tirst year of sampling. Minimizing variability due to sampling technigue
or observer is critical in a monitoring program. and the high proportion of statistically
significant differences between my tirst year of sampling and subscequent years highlights
the importance of having a single. well trained observer rather than several noviee
observers in a monitoring etffort. Despite the statistically sigmitficant ditterences between
the 1997 values and those of subsequent vears for some groups ot organisms, the overall
community structure was relatively stable. The results from both the cluster analvsis and
the ANOVA of MDS scores support this assertion. The average values tor the
community at cach tidal height tor cach year clustered together texcept tor the 1997
Odiorne 0.5 m values) and the ANOVA of MDS scores indicated that the vear of

sampling was the only fuctor that did not have a signiticant influence on MDS scores.
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Both methods indicate that the background temporal variability in community structure
was relatively fow. thus the impacts of high densities of H. sanguineus may be detectable
once this crab reaches high densites in these communities.

Ditterences in sampling dates at cach site between years also poses a potential
problem tor the interpretation ot temporal changes in abundance. For example.,
concurrent recruitment studies ot C.maenas indicate that there is a strong peak in
recruitment of this species that starts at the end ot July and continues through September.
The higher density of C.omaenas at Odiorne versus Ft. Stark may be due to the tact that
the Odiorne sites were sampled later than the Ftu Stark sites. The sampling dates at both
Odiorne and Hilton Park were relatively consistent through the years. while the sampling
dates at Fr. Stark were much later in 1997 and 1998 than in the three tollowing vears.
Because of the shitt in sampling period at Fto Stark. the analvsis of temporal shitis in
spectes” abundance should be interpreted with this potential contounding tactor in mind.
particularty tor the smallest size classes of animals and tor algal species with short lite
sSpans.

Overall. the spectes composttion and relative abundance was more similur
between the two coastal sites than between either coastal stte and the estuarine site. The
Hilton Park site 1s a udal rapids. and the high current speeds at this site may restrict the
abundance of some species that cannot tolerate these conditions. In addition, the
estuarine site is likely to experience highly variable salinities as compared to the coastal
sttes. [Uis interesting. and perhaps surprising. that this estuarine rapids site has the
highest density of H. sanguineus of my three sites. It the range expansion of H.

sanguinens 1s taking place mainly via larval dispersal trom the south (where H.
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sanguinens already has substantial populations), then it seems more likely that the coastal
sttes, particularly Odiorne, would have the highest densities of this new invader.
However. the Hilton Park site s very near an electrical power plant that often has large
ships docked ncarby. [Uis possible that ballast water trom these ships was the vector that
was inttially responsible for the appearance of H. sanguineus at Hilton Park. [n addition,
the electrical plant may have a warm water discharge that attects the thermal conditions
in adjacent communities. Although the exact mechanismes) by which H. sanguinens tiest
appeared 1in northern New England are not clear, the likelihood that this species will
continue to expand its range and abundince tn northern New England 1s high. Several
spectmens of Hsang¢uineus have been reported for various locations in Maine. including
Casco Bay (Richardson. 2001,

All ot the major algal and animai species that were quantitied in this study are
potential prey tor fHLosangimens. {n particular, H. sanguineus was shown to cause
stgnificant declines in A nodosum. F. vesiculosus, F.ospiralis and M. stellatus in
faboratory feeding rate experiments (Tyrrell and Harnis, 2001, Although 1t was
originally reported to be primarily herbivorous (Depledge. 1984, H. sanguineus readily
consumes a variety ol animal prey items and all of the animal species quantitied in this
study are potential prey items tor Ao sanguineus (for molluses: Tyrrell, 1999: Tyrrell and
Harns, 2001: tor 8. balanoides. Chapters IV and V). In particular, the high teeding rate
of H. sanguineus on S. balanoides may lead to severely reduced abundance of this
species as H. sanguineus increases its population density at these study sites and in
northern New England 1n general. [nterestingly. the site that has the highest density of H.

sunguinens. the Hilton Park 1.0 m site, has had a dechine in the density of S. balanoides
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from {999 to 2001. Further monttoring will be required to determine whether the trend
of declining 8. balanoides with increasing H. sanguinens continues at this and other sites.
Recently. there has been much research interest generated into the biology and
impacts of H. sanguinens. This species has reached very high densities in Long Island
Sound (ca. 70/m. Lohrer. 20001 and it even appears that H. sanguineus could be
replactng C. maenas in the rocky intertidal zone. Lohrer (2000) found that adult £.
sanguineus selectively consume newly recruited C.omaenas over conspecitic recruits. At
various locations i Long Island Sound. there has been a decline in the relative
abundance of C.omaenas as H. sanguineus has increased (Lohrer, 20008 It this trend
continues i northern New England. the rocky intertidal zone could be dominated by a
ditterent introduced crustacean predator that has a higher teeding rate (Chapters 1V and
Vo DeGraat and Tyrrelll in prepy than the previously introduced crab species. The
imphications ot the increase in abundance of intertidal crabs and the potential replacement
ot C.omaenay by Hosangumens were illustrated by Tyerell and Harnis (2001, Because
both spectes are generalized predators, it is unlikely that any prey species would be
driven to local extinction with the inttial increase in the abundance of H. sancuinens.
However. because H. sangeuineas has more herbivorous tendencies than C. maenas and
because ot its higher teeding rate. 1t is hikely that the per capita impact of the crab guild
could be greater it H. sanguineus eventually replaces C. maenas. In addition, a decrease
in the abundance of algae could be expected because of the difterences in the teeding
habits of the two crab species (C. maenas appears to be less omnivorous than H.
sanguineus. tor C. maenas. Ropes. 1968, P.A. Madigan. unpub. data: tor H. sunguineus.

Tyrrell. 1999). The indirect impacts of an increase in H. sanguineus on the rest of the
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community could be substantial. including potential increased desiceation stress and
potential competition tor tood with gastropods ¢ Tyvrrell and Harris, 20011,

In conclusion. this pre-Hemigrapsus sanguinens community structure monitoring
data were primartly intended to be used as a baseline for comparison atter the crab
becomes abundant in this region. It seems likely that this “new’ crab invader will
continue to increase tn northern New England. It so. this data will be valuable tor manine
ccologists to compare the changes in the abundance of both potential prey of A,
sanguinens talgae. mollusks. barnacles. juvenile C. maenas) and potential competitors
tadult C. maenas). Long term community monttoring data is unusual, particularly i the
marine environment. because 1t is both ditficult and expensive to obtain. However. this
type of data is also invaluable to discern the impacts of introduced species and in this

case. 1t s likely that “after”™ comparisons can be made within a short tune trame.

90

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table 2.3 Results of ANOVA (F) or Kruskall Wallis (KW and post hoe tests (Tukeyv's
for ANOVA. Dunn’s tor KW) of the comparison ot percent cover ot cach canopy algal
species in cach year of sampling. The results from cach spectes at cach udal height were
tested separately. *=p<0.08, **=p<().0]. ***=p<().001.

Location Tidal herght Ascophyllum Fucus vesiculosus | Fucus spiralis
nodosum
Ft. Stark 05m F=1.9240 F=2.9614 N/A
p=0.1228 p=0.0296
98>01*
1.0m KW=0.1339 KW=0.2380 N/A
pP=0.9603 p=0.9032
20m F=0.3783 KW=13.660 F=1.1947
p=0.822Y p=0.0085 p=0.3262
98599
98>0 1~
Odiorne 0.3 m F=2.9637 F=1.7113 N/A
p=0.0295 p=0.1641
all p>0.03
|.0m ['=2.5637 KW=4.4306 N/A
p=0.0507 p=0.3509
Y7<01*
20m F=0.1982 KW=4 8828 N/A
p=0.9380 p=0.2995
Hilton Park 0.3m N/A F=2.7288 N/A
p=0.0833
1.0m F=1.1798 F=1.9858 N/A
p=0.3227 p=0.1568
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Table 2.4 Results of ANOVA (F) or Kruskall Wallis (KW) and post hoc tests (Tukey's for ANOVA, Dunn’s tor KW) of the
comparison of percent cover of cach substrate type or subcanopy algae in cach year of sampling. The results from each category at
cach tidal height were tested separately. RB=Rock bench, LR=Large rock, CB=Cobble, PS=Pcbble/shell, *=p<0.05, **=p<0.01,
Fokk -

=p<0.001.

‘uoissiwiad noypm panqiyosd uononpoidal Jayung “Joumo ybuAdos ayi o uoissiwiad yum peonpoidsay

Location | Tidal height Rock bench Large rock Cobble Pebble/shell Mud/sand Subcanopy post hoc
alpae
Ft. Stark 05m KW=6.8545 F=1.7250 | F=1.0316 | F=1.2030 F=3.8411 KW=2.2770 | mud 97<Y9*
p=0.1438 p=0.1616 p=0.4017 p=0.3231 p=0.0092 p=0.6850 97<00*
97<()]**
1.Om F=0.5120 KW=23668 [ I'=0.9069 | F=0.432] KW=2.5658 | F=0.5507
p=0.7272 p=0.6686 | p=0.4681 | p=0.7847 p=0.6329 p=0.6995
20m KW=4.1915 | KW=14.206 | I'=2.3603 | F=1.7084 KW=6.63606 RB 97<99*
p=0.0058 p=0.0067 p=0.0679 | p=0.1652 p=0.1564 97<O+*
LR 97>99*+
97>00*
Odiorne 0.5m FF=5.5231 F=1.8960 | F=1.2450 KW=42087 | KW=0.06606 | LR 99>(})*
p=0.0035 p=0.1495 | p=0.3092 p=0.2398 p=0.9955 YOO+
1.Om KW=32674 | F=01917 | F=02726 [F=0.6999  |F=08729  |[KwW=27664 |
p=0).3522 p=0.9013 | p=0.8447 | p=0.5584 p=0.4647 p=0.4291
20m KW=9.4725 | 1=0.6124 | F=14635 [F=29527 | KW=3000 |KW=3000 [RB9s>01+
p=0.0236 p=0.6114 | p=0.2408 | p=0.0455 p=0.3916 p=0.3910 PS 98<01*
Hilton 0.5m FF=1.3641 KW=4.1379 [ F'=5.2901 | F=44978 F=9.5408 KW=14.012 [ CB 99<00*
Park p=0.2717 p=0.1263 p=0.0115 | p=0.0206 p=0.0007 p=0.0009 Y9<O1*
PS  00>01*
mud 99<00*+
QOO
S bbb Jalgac 9900v e
FOm F=0.9466 F=0.7649 | 1=04504 | F=0.5995 F=0.107% F=2.2500 -
p=0.4006 p=0.4752 p=0.6383 [ p=().5562 p=0.7405 p=0.1248




Table 2.5 Results of ANOVA (F) or Kruskall Wallis tKW) and post hoc tests (Tukey's

for ANOVA. Dunn’s tor KW) of the comparison ot density of cach species in cach vear

of sampling. The results tfrom each species at cach tidal height were tested separately.
#=p<0.05, **=p<0.01, ***=p<0.001.

[ Location Tidal height ¢ Semibalanus ‘; ;
| ' balanoides L Mytilus eduliy  Carcinus maenas
FuSark [ 0.Sm F=25153 | F=0.8667 F=i1.440 h
| | L p=0.0545 ' p=0.4907 ' p<0.0001
| | 98599 * i 97<99
{ | ;; 9T
| | | 97<0 <~
| i ! | 98<yy
] .Om "F=2.0708 - F=1.1523 F=6.2883
| | ' p=0.1005 =034 =0.0004
, | A \ 97<YN * -
! ()7<()() el e
: | Q7<) -
: , Y7<0] =
20m TF=43438 TN/A TF=1.4200 N
': p=0.0036 ‘ p=0).2428
| | 99<00* ;
; | 00501 5 ‘
- Odiorne 0.5 m CKW=35384 T N/A F=4.2189
‘ | p<0.0001 | - p=0.0055
L 97<007 Y7<Yy =+
98<YY*
9R<(H) "<+
98<0] = ‘
1.Om i F=1.6148 i F=0.4085 =4 8671
i p=0.1866 - p=0.8016 - p=0.0023
] 9Ty ==
| | 9900 -
| 9950 =
2.0m F=3.3124 KW=16.054 - F=0.8636
| p=0.0184 ' p=0.0029 p=0.4931
97>99 * 97>98* ;
97>99* |
9750 * |
Hilton Park | 0.5 m F=1.8898 F=14.362 | F=3.4840
| p=0.1713 p<0.0001 ' p=0.0451
! 99500 ** | 99<01 *
99> *#x |
L.Om F=0.9538 F=0.1007 F=2.1932
p=0.3979 p=.9045 p=0.1310 3
.
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Tabie 2.6 Results of ANOVA (Fy or Kruskall Wallis (KW) and post hoc tests (Tukey s

for ANOVA. Dunn’s for KW) of the comparison of size classes of Semibalanus
balunoides in cach year of sampling. SB= Semibalanus balanoides. *=p<0.03.
=x=p<0.01. ***=p<0.001.

Location | Tidal height SB<2 SB 2-5 SB>S
Ft. Stark 035m F=3.9921 F=2.5898 KW=14.2593
p=0.0081 p=0.0511 p=0.3721
98>00 * all p>0.05
1.0m F=0.2879 F=0.5179 KW=3.8975
p=0.8842 p=0.7229 p=0.4201
20m KW=13.167 F=34214 KW=17.136
p=0.0105 p=0.0191 p=0.0018
98<(X) * all p>0.03 98>00) *
99<() = 8> =
99>(H) *
Odiorne 0.5m KW=10.601 F=10.639 KW=9.7229
p=0.0141 p<0.0001 p=0.0446
97>99 * 97<9Y **= all p>0.05
97500 * 9T<) =+
97<01 ***
1.Om KW=10.139 F=0.1930 KW=9.7229
p=0.0382 p=0.9004 p=0.0446
all p>0.03 all p>0.05
20m F=2.0894 F=0.8877 KW=4.3060
p=0.0997 p=0.4799 p=0.3662
Hilton Park 03m KW=3.5154 F=1.2316 F=1.0289
p=0.1724 p=0.3083 p=0.3715
1.Om KW=36127 F=0.5190 KW=1.8394
p=0.16423 p=0.6014 p=0).3986
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Table 2.7 Results of ANOVA (F) or Kruskall Wallis (KW) and post hoc tests (Tukey's
for ANOVA. Dunn’s tor KW) of the comparison ol size classes of Mytilus edulis in cach

vear of sampling. ME=Mvrilus edulis. *=p<0.05. **=p<0.01. ***=p<0.001.
Location | Tidal ME 0-10 ME [1-20 ME 21-30 ME 31-50 ME >50
height
Ft. Stark | 0.5 m | KW=2.3695 | KW=10.345 KW=10.025 KW=[7.39] F=7.1743
p=0.6682 p=0.0350 p=0.0400 p=0.0016 p=0.006G5
all p>0.035 all p>0.05 97>01 - 97<99 *
9R>01 -~ QT7<(H) ~=
O8<Y9 -
O8<(X) -
98<0} -
1.0m { KW=32057 | KW=6.6792 KW=9 2935 F=4.0184 KW={3772
p=0.2668 p=0.1538 p=0.0542 p=0.0092 p=0.0081
98>0 = Y¥>(X) ~ OX<(N) =~
YU>(H) -
20m | NA N/A N/A N/A N/A
Odiorne | 0.5 m | VA N/A N/A N/A N/A
1.OmMm | N/A KW=6.6667 KW=48236 F=1 5932 f=t) 1353
p=0.1546 p=0.3059 p=0.2192 p=0.8503
20m | N/A N/A NA N/A NA
Hilton 0.5m | MA N/A KW=11.58 | KW=[1.077 KW={29]14
Park p=0.0030 p=0.0039 p=0.0016
QY>(K) ** YY) =~ QI<(H) =
1.Om | VA N/A KW=3.000 KW=1.7781 KW=l 3349
p=0.223] p=0.4110 p=0.4642
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Table 2.8 Results of ANOVA (F) or Kruskall Wallis (KW) and post hoe tests (Tukey's
for ANOV A, Dunn’s tor KW) of the comparison of density of cach littorinid species in
ciach vear of sampling. The results trom each littorintd species at cach tidal height were
tested separately. “=p<0.03, **=p<().01. ***=p<0.001.

Location Tidal height | Lirtorina littorea | Littorina obtusata | Littorina saxarilis

Ft. Stark 0.5m F=2.8081 F=1.8999 N/A
p=0.0365 p=0.1269
97< 9§ *

LOm F=1.6485 F=6.9332 KW=2.565%
p=0.1787 p=0.0002 p<0.6329
9T7<y9 **=
QT7<(N) **=
97<0t =
J0m | F=0.7330 F=8 6344 F=09332 B
p=0.5737 p<0.0001 p=0.4424
97<Yyg =
9YT<yy =+
Q7<) *¥=
97<O0l ="

Odiorne 0.5m F=13.435 F=3.5694 F=5.3001
p<0.0001 p=0.0130 p=0.0014
9T<YR =+~ 97«9y Q7<) -
Y7<9y = O8<YY = 97<0} -
D7<N) **+* O8N -
97<0] v~ Y8<| -

LOm F=0.7580 F=11.937 F=1.4944
p=0.3580 p<0.0001 p=0.2195
9Y7<9y ===
9T <(N) ==+
97<O] <=~
UR<Yy ==
OB<(K) **
20m F=1.4371 F=2.429 F=2.5317
p=0.2373 p=0.0563 p=0.0533
97<98
Hilton Park 05m F=1.2040 F=5.3677 N/A
p=0.3156 p=0.0109
00<01 **
L.Om F=4.7359 F=0.4427 F=0.0929
p=0.0173 p=0.6469 p=0.9115
99<00 *
00>01 *
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Table 2.9 Results of ANOVA (Fy or Kruskall Wallis (KW and post hoe tests (Tukey's
tor ANOV A, Dunn’s for KW) of the comparison of size classes of Littorinag littorea in
cach vear of sampling. LL=L. lirtorea= *=p<0.05. **=p<0.01. *=*=p<0.001.

Location Tidal LL O-10 LL 1t-20 LL21-30 LLL >30
height
Ft. Stark 0.5m =2.8225 F=0.6530 F=1.4713 KW=39714
p=0.0358 p=0.627% p=0.2267 p=0.4099
97 <Yy *
1L.Om | KW=3.3140 KW=2.556 KW=2.7808 KW=14.575
p=0.5067 p=0.6347 p=0.5951 p=0.0057
97<Yy~
97 <())*
97<0] =
2.0m | KW=7.3861 KW=39044 KW=6.7760 KW=28.619
p=0.1168 p=0.4184 p=0.1482 p<0.0001
9798
QT >94 7 -
SYNUIEEE
97>0] =~
Odiorne 0.5m | F=4.893Y F=4.8637 KWw=[6Y\2 N/A
p=0.0023 p=0.0024 p=0.0019
Y7<H8™ 97<YR* Y7>98~
97 <Y 9T <(H) Y7 >99 ™
97 <(H)* 97<0)]* Q7 >(H)r~
1.Om | F=1.4321 F=0.1850 F=0.9237 N/A
p:().2385 p:().‘)JS() p:().4534
20m | F=26841 F=39357 KW=3.3962 N/A
p=0.0436 p=0.0081 p=0.4938
Y8<O 1 * 98>0] ~
)>01~
Hilton 05m | F=2.4132 F=4.1680 KW=23 8854 N/A
Park p=0.1086 p=0.0265 p=0.1433
00>01*
[O0m | F=4.6214 F=12.394 F=2.4317 N/A
p=0.0188 p=0.0002 p=0.106Y
99<0 | * YOS()* *
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Tuble 2.10 Results of ANOVA (F)y or Kruskall Wallis (KW and post hoc tests (Tukes '~
for ANOVA. Dunn’s tor KW) of the comparison of size classes of Littorina obtusata in

cach vear of sampling. LO=Littorina obtusatu, *=p<0.05, **=p<().01. ***“=p<).001.
Location | Tidal height LO <2 LO 2-10 LO>10
Ft. Stark 05m KW=5.442¢ F=8.5069 F=16.503
p=1).2448 p<0.0001 p<0.0001
9T7<Y9g** YT<Y8**-
97<O0*** Y7 <YY<
Y8<HY* 97<01] "
9% <00 98599 + -
98<0 1| Y8 >(N) =™
Y8>0 >
1.Om KW=4.6058 F=24.146 KW=7.1263
p=0.3302 p<0.0001 p=0.1294
97<Yyy*=*
97<O0* =~
97<01*~
2.0m KW=[ 5353 KW=26.007 KW=[8.3%2
p=0.8204 p<0.0001 p=0.0089
Q7 <Y == U8 >99*
97 <(}] ==~ 8>~
Y8 >HYY*
98>0 ] =*
Odiorne 0.5m KW=3.2970 F=1.4801 F=0.4192
p=0.5094 p=0.2274 p=0.7938
1.Om KW=9 8160 F=4.7286 F=1.6251
p=0.0436 p=0.0029 p=0.1849
all p>0.05 YT<YY* **
2.0m KW=4.5895 F=7.2652 F=6.0u41
p=0.332] p=0.0001 p=0.0006
YT <Y8** Y7>98"
97 <99 === 9T >99 =~
Y7<00** 97>(00~
97<O*** 97> ] €=~
Hilton Park 0.5m N/A N/A N/A
1.0Om KW=38197 F=0.0279 KW=0.0027
p=0.1481 p=0.9861 p=0.9987
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Table 2.1'1 Results of ANOVA (F) or Kruskall Wallis (KW) and post hoe tests (Tukey's
tor ANOV A, Dunn’s for KW) of the comparison of size classes of Littorina saxatilis in
cach vear of sampling. LS=Littorina suxatilis, *=p<0.05, **=p<0.01, “**=p<0.001.

Location | Tidal height LS <2 LS 2-10 [.S>10
Ft. Stark 0.5m N/A N/A N/A
1.0m N/A N/A N/A
20m KW=13.270 KW=7.8790 KW=5.7822
p=0.0100 p=0.0961 p=0.2160
Y7>Y8*
97599+
OT>(0)*
97>01] «
Odiorne 05 m N/A KW=6.5323 KW=] 8841
p=0.1628 p=0.7571
F.Om KW=3400 KW=6.5323 KW=9.7336
p=0.4932 p=0.1628 p=0.0452
all p>0.05
20m KW=2.500 KW=7 3377 KW=59430
p=0.6446 p=0.1191 p=0.2034
Hilton Park 0.5m N/A N/A N/A
1.0m N/A KW=3_1852 KW=5 K852
p=0.0638 p=0.0638
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Table 2.12: Signiticant regressions of various physical and biological parameters versus
density of C. maenas at each of the three New Hampshire study sites.

Location  Adj. multiple Shelter  Canopy algae  Barnacles  Gastropods (+)

S 2 3 R o
Ft. Stark 0.30 p=0.008 - p=0.001 p<0.001
Odiorne 0.19 - - - p<0.001
Hilton Park 0.38 - p<0.001 - p<0.00
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Table 2.13 Results of ANOVA (F) or Kruskall Wallis (KW) and post hoe tests (Tukey's tor ANOVAL Dunn’s for KW) of the
comparison of size classes of Carcinus maenas in cach year of sumpling.

Location Tidal height 0-5 6-10 I-15 16 -20 21-25 >25
Ft. Stark 0.5m KW=5.2444 '=9.1969 =1.5105 KW=6.8261 KW=(0.9429 KW=7.6384
p=0.2631 P<0.0001 p=0.2512 p=0.1453 p=0.9183 p=0.1058
OT<YR +4+
()7<()() 44
QT <(N) **
~{ur<01 i+ |
1.0 m KW=2.4895 F=4.2744 KW=1.8156 KW=7.8350 KW=4.5451 KW=2.4295
p=0.64065 p=0.0054 p=0.7696 p=0.0978 p=0.3372 p=0.6573
97T<YR *
l)7<()() * 4
) 07<0] * -
2.0m KW=19.727 F=145.991 | KW=1.73%0 | KW=69172 | KW=3.0161 [ KW=18884
p=0.0006 p<0.0001 p=0.7838 p=0.1403 p=0.5551 p=0.7563
97>98 * OT<Yy *+
()7)()() 4t ()7(()() koA
O7>()) *+ QT <(H) +*+
97>01 * 97<()] ++t
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Table 2.15 Results of ANOVA (F) or Kruskall Walhs (KW and post hoe tests ¢Tukey's tor ANOVA Dunn’s tor KWy of the
comparison of size classes of Carcinus maenas in cach year of sampling.

Location | Tidal height 0-5 0-10 - 15 16-20 21-25 >25
Hilton Park 0.5m F=0.3878 f'=0.4444 KW=1.5735 KW=0.5560 KW=2.0000 KW=1.0379
p=0.6822 p=0.0458 p=0.4553 p=0.7573 p=0.3679 p=0.5951
1.Om F=1.7653 F=0.4803 KW=42191 | KW=1.6283 KW=1.0379 KW=3.9917
p=0.1903 p=0.6184 p=0.1213 p=0.4430 p=0.5951 p=0.1359

t01




Table 2.16. ANOV A of axis scores from nonmetric multidimensional scaling ¢MDS) and
the vear. location. tidal height and the interaction of location and udal height for
quantitative community analysis prior to the establishment of Hemigrapsus sanguineus.
Vilues in bold indicate statistical stgniticance.

) F -ratio dr p

MDS axis score 1
Location 115929 2 <0.001
Tidal height 146.259 ! <0.001
Year 0.598 2 ().569
Location=udal height S84 2 <0.001

MDS axis score 2
[.ocation 21.726 2 <0.001
Tidal herght 7.136 | 0.023
Year 1175 2 0.348
Location“udal herght 32.769 2 <0.001

(04
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Frgure 2.1 Map of New Hampshire coast and Great Bay estuary showing study locations

for community structure monitoring prior to the establishment ot H. sanguineus.
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Algal evenness at Ft. Stark., NH
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Figure 2.2 Average algal evenness and standard error tor ditterent tidal herghts at Fr

Stark. NH from 1997 to 2001 calculated using Piclou’s J index for equrtability.
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A. Richness of all groups at Ft. Stark, NH 1997-2001
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Frgure 2.3a Average richness and standard error tor ditferent udal heights at Ft. Stark.
NH tfrom 1997 to 2001 calculated by including groups of species in the richness estimate.
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B. Species richness at Ft. Stark, NH 1997-2001
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Figure 2.3b. Average richness and standard error tor different tidal heights at Ft. Stark.
NH trom 1997 to 2001 calculated only including organisms identified to species in the

estimate.
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A. Canopy algae at Ft. Stark, NH 0.5 m 1997-2001
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Frgure 2.4a Average percent cover and standard error ot algae observed in the canopy
anadysis at 0.5 m above MLLW tmean lower low watery at Ft. Stark. NH from [997 -
2001, Cover types represent major algal canopy species: dritt and ephemeral algae were
not identitied to species because of their highly variable composition and abundance.
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B. Canopy algae at Ft. Stark, NH 1.0 m 1997-2001
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Figure 2.4b Average percent cover and standard error of algae observed in the canopy
analysis at 1.0 mabove MLLW at Ft. Stark. NH from [997 - 2001, Cover tvpes
represent major algal canopy species: dritt and ephemeral algace were not identitied to
species because of their highly variable composition and abundance.
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C. Canopy algae at Ft. Stark. NH 2.0 m 1997-2001

—@— 1 odosum
——F prradin
Fooevicuionn

Ephemeral. Dot Aleac

Percent cover

1] —_

1997 19X 1999 2000 2001

Year

Figure 2.4¢ Average percent cover and standard error of algae observed in the canopy
analysis at 2.0 m above MLLW at Ft. Stark. NH trom 1997 - 2001. Cover types
represent major algal canopy species: drift and ephemeral algae were not identitied 1o
spectes because ot their highly variable composition and abundance.
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A. Subcanopy at Ft. Stark. NH 0.5 m 1997-2001
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Freure 230 Average pereent cover and standard error of substrates and subcanopy algae
observed i subcanopy analysis at 0.5 m above MLLW (mean lower low water) at Fr.
Stark. NH trom 1997 - 2001, The majority of the subcanopy algae category was M.
stellatis.
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B. Subcanopy at Ft. Stark. NH L0 m 1997-2001

——R <k Bonen
—a— 1! aree Rvk

\ -— . bbie
\ - Pebble Sheii
_ V —a— \Mad Sond
- — N0y s

Percent cover

VYN LU OOy NETH NEY)

Year

Freure 2.5b Average percent cover and standard error of substrates and subcanopy algace
observed in subcanopy analvsis at 1.O mabove MLLW at Ft. Stark. NH tfrom 1997 -
2001, The majority of the subcanopy algae category was M. stellutus and crustose

corathne algae.
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C. Subcanopy at Ft. Stark, 2.0 m 1997-2001
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Froure 2.5¢ Average pereent cover and standard error ot substrates observed n
subcanopy analbysis at 2.0 mabove MLLW at Ft. Stark, NH trom 1997 - 2001,
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A. Density of S.balanoides and M.edulis at Ft. Stark, NH 0.5 m
1997.2001
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Figure 2.6a Average density/m and standard error of M. edulis and 8. balanotdes at 0.5
m above MLLW tmean lower low watery at Ft. Stark. NH trom 1997 - 2001,
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B. Density of S. balanoides and M. edulis at Ft. Stark. NH 1.0 m
1997-2001
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Figure 2.6b Average density/me and standard crror of M. eduldis and S. balanoides at 1.0
m above MLLW at Ft. Stark. NH trom 1997 - 2001.
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C. Density of S. balanoides and M. edulis at Ft. Stark, NH 2.0 m
1997-2001
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Figure 2.6¢ Average density/m and standard error of M. edudis and S. balanoides at 2.0
m above MLLW at Ft. Stark. NH trom 1997 - 2001,
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A. Size distributions of S.balanoides at Ft. Stark. NH
0.5 m 1997-2001
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Figure 2.7a Estimated size class distribution of 8. balanoides at 0.5 m above MLLW

tmean lower low water) at Ft. Stark. NH trom 1997 - 2001,

B. Size distributions of S. balanoides at Ft. Stark. NH
1.0 m 1997-2001
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Figure 2.7b Estimated size class distribution ot S. halunoides at 1.0 m above MLLW
Ft. Stark. NH from 1997 - 2001.
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C. Size distributions of S. balanoides at Ft. Stark, 2.0
m 1997-2001
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Figure 2.7¢ Estimated size class distribution of S, balunoides at 2.0 m above MLLW
Ft. Stark. NH trom 1997 - 2001.
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A. Size distributions of M. edulis at Ft. Stark, NH
0.5 m 1997-2001
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Freure 2.8a Estimated size class distribution of M. edulis at 0.5 m above MLLW (mean
lower low water) at Ft. Stark. NH from 1997 - 2001.

B. Size distributions of M. ¢duliv  at Ft. Stark, NH
1.0 m 1997-2001
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Figure 2.8b Estimated size class distribution of M. edudis at 1.0 m above MLLW at Ft.
Stark. NH from 1997 - 2001.
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C. Size distributions of M. edulis  at Ft. Stark. 2.0 m 1997-2001
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Frgure 2.8¢ Esumated size class distribution of M. edudis at 2.0 m above MLLW at Ft.
Stark. NH trom 1997 - 2001, No M. edudis were present at this tdal height in 1997, 1999
and 2001.
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A. Density of Nucella lapillus and Notoacmea testudinalis at
Ft. Stark. NH 0.5 m 1997-2001
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Figure 2.9a Average density/m” and standard error of N fapillus and N. testudinalis at 0.5
m above MLLW tmean lower fow watery at Ft. Stark. NH trom 1997 - 2001,

B. Density of Nucella lapillus and Notoacmea testudinalis at
Ft. Stark. NH 1.0 m 1997-2001
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Figure 2.9b Average density/m™ and standard error of N. lapillus and N. testudinalis at 1.0

m above MLLW at Ft. Stark. NH trom 1997 - 2001.
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A. Size distributions of Nucella lapillus at Ft. Stark, NH
0.5 m 1997-2001
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Figure 2.10a Average size distributions and standard error of V. fapillus at 0.5 m above
MLLW mean lower low waten) at Ft. Stark. NH from 1997 - 2001,

B. Size distributions of Nucella lapillus at Ft. Stark, NH
1.0 m 1997-2001
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Figure 2.10b Average size distributions and standard error of V. lapillus at 1.0 m above
MLLW at Fu. Stark. NH trom 1997 - 2001.
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A. Density of littorinids at Ft. Stark, NH 0.5 m
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Figure 2.1 Ta Average density/m” and standard error of Littorinid snails at 0.5 m above
MLLW tmean lower low water) at Ft. Stark., NH from 1997 - 2001

B. Density of littorinids at Ft. Stark, NH 1.0 m
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Figure 2.11b Average density/m™ and standard error of Littorinid snails at 1.0 m above
MLLW at Fu. Stark. NH from 1997 - 2001. LL s Littorina littorea and LO 1 L. obtusata.
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e

Density of littorinids at Ft. Stark. NH 2.0 m
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Fig. 2. 11¢ Average density/m and standard error of Littorinid snails at 2.0 m above
MLLW at Bt Stark. NH trom [997 - 2001, LS is Littorina suxatilis and LO s L.
obtusata.
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A. Size distribution of L. littorea at Ft. Stark. NH 0.5 m

1997-2001
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Figure 2.1 2a Average size distributions and standard error of L. littorea at 0.5 m above
MLLW (tmean lower low water) at Ft. Stark, NH tfrom [997 - 2001.

B. Size distribution of [.. obtusata at Ft. Stark. NH 0.5 m
1997-2001
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Figure 2.12b Average size distributions and standard error of L. obtusata at 0.5 m above
MLLW at Ft. Stark. NH trom 1997 - 2001.
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A. Size distributions of L. littorea at Ft. Stark. NH 1.0 m

1997-.2001
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Frgure 2130 Average size distributions and standard error of L. littorea at 1.0 m above

MLLW cmean lower low water) at Ft. Stark. NH from 1997 - 2001.

B. Size distributions of I. obtusata at Ft. Stark, N\H 1.0 m
1997-2001
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Figure 2.13b Average size distributions and standard error of L. obtusara at 1.0 m above
MLLW at Ft. Stark. NH trom 1997 - 2001.
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C. Size distributions of L saxatilis at Ft. Stark. NH 1.0 m
1997-2001
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Froure 2.1 3¢ Average size distributions and standard error of L. saxatilis at 1.0 m above
MELW at Bt Starks NH trom 1997 - 2001, There were no L. saxatilis present at this
udal herght in TYUS.

127

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



A. Size distributions of L littorea at Ft. Stark. NH 2.0 m

1997-.2001
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Froure 2oE4a Average size distnbutions and standard error of L. littorea at 2.0 m abose
MEEW rmean lower low water) at Bt Stark, NH trom 1997 - 2001,

B. Size distributions of [, obtusata at Ft. Stark, NH 2.0 m
1997-2001
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Figure 2.14b Average size distributions and standard error of L. obtusata at 2.0 m above

MLLW at Ft. Stark. NH tfrom 1997 - 2001.
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C. Size distribution of . saxatilis at Ft. Stark. NH 2.0 m

1997-2001
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Figure 2. 14¢ Average size distributions and standard error of L. saxarilis at 2.0 m above
MLLW at Fu Stark., NH from 1997 - 2001.
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Density of Carcinus maenas at Ft. Stark, NH 1997-2001
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Figure 2.15 Average density/m” and standard error of C. maenas at Ft. Stark. NH tfrom
1997 - 2001.
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A. Size distributions of Carcinus maenas at Ft.
Stark, NH 0.5 m 1997-2001
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Freure 2.16a Average size distributions and standard error of C. maenas at 0.5 m above
MLLW cmean fower low water) at Ft. Stark. NH from 1997 - 2001.
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B. Size distributions of Carcinus maenas at Ft.
Stark, NH 1.0 m 1997-2001
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Figure 2.16b Average size distributions and standard error ot Co maenas at 1.0 mabose
MLLW tmean lower fow watery at Ft. Stark. NH from 1997 - 2001.
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C. Size distributions of Carcinus maenas at Ft.
Stark, NH 2.0 m 1997-2001
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Figure 2.16¢ Average size distributions and standard error of C.omaenas at 2.0 m above
MLLW tmean lower low water) at Ft. Stark. NH from 1997 - 2001.
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Algal evenness at Odiorne Park, NH
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Froure 2017 Averaze algal evenness and standard error at ditterent tdal heights at
Odiorne Park. NH from 1997 1o 2061 caleulated using Pielou’s Jindex tor equitabihity .
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A. Richness of all groups at Odiorne Park, NH 1997-2001
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Froure 2 18a Average richness and standard error at ditterent tidal herghts at Odiorne
Park. NH trom 1997 1o 2001 caleulated by mcluding groups of species in the richness

ostmate.
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Figure 2.18b. Average species richness and standard error at ditterent tudal heights at
Odiorne Park. NH from 1997 to 2001 calculated only including organisms identitied to
species in the estimate.
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\. Canopy algae at Odiorne Park. NH 0.5 m 1997-2001
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Froure 20090 Average pereent cover and standard error of algae observed in the canopy
analvsis at 0.5 mabove MLLW cmean lower low watery at Odiorne Park. NH trom 1997

2001 Cover types represent major algal canopy species: dritt and ephemeral algae
were not wdentitied to species because of therr highly variable composttion and
abundance.
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B. Canopy algae at Odiorne Park, 1.0 m 1997-2001
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Froure 2019 Avcrage percent cover and standard error ot algae observed in the canopy
analysis at 1O m above MLEW at Odiorne Park. NH tfrom 1997 - 2001, Cover types
represent magor algal canopy species: dnitt and ephemeral algae were not identtied to

spectes because ot therr tughly vanable composition and abundance.
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C. Canopy algae at Odiorne Park. NH 2.0 m 1997-2001
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Figure 2.19¢ Average percent cover and standard error of algae observed in the canopy
analysis at 2.0 m above MLLW at Odiorne Park. NH from 1997 - 2001, Cover tvpes
represent major algal canopy spectes: dritt and ephemeral algae were not identitied to
species because of their highly varable composition and abundance.
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A. Subcanopy at Odiorne Park. NH 0.5 m 1998-2001
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Frgure 2.20a Average percent cover and standard error of substrates and subcanopy algae
observed in subcanopy analy sts at 0.5 mabove MLEW (mean lower low water) at
Odiorne Park. NH trom 1997 - 2001, The majority of the subcanopy algae category was

Mo stellarus with some crustose coratline algae.
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B. Subcanopy at Odiorne Park. NH 1.0 m 1998-2001
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Freure 2200 Average percent cover and standard error of substrates and subcanopy algae
observed o subcanopy analysis at 1O m above MLLW at Odiorne Park. NH trom 1997 -
2001 The majortty ot the subcanopy algae category was Mo stellats with some crustose

coraihine algae.
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C. Subcanopy at Odiorne Park. NH 2.0 m 1998-2001
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Figure 2.20¢ Average pereent cover and standard error ot substrates and subcanopy algae
observed in subcanopy analysis at 2.0 m above MLLW at Odiorne Park. NH from 1997 -
2001. The subcanopy algae category was crustose coralline algae.
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A. Density of 8. balanoides at Odiorne Park, NH 0.5 m 1997-
2001
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Figure 2.21a Average density/m™ and standard error of S, balanoides at 0.5 m above
MLLW tmean lower low watery at Odiorne Park. NH trom 1997 - 2001. There were
never any M. edudis tound at this tidal herght throughout the sampling period.
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B. Density of S. balanoides and M. edulis at Odiorne Park, NH
1.0 m 1997-2001
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Figure 2.21h Average density/m and standard error of M. edulis and S, balanoides at 1.0
m above MLLW at Odiorne Park. NH from 1997 - 2001,
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C. Density of S. balanoides and M. edulis at Odiorne Park, NH
2.0 m 1997-2001
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Figure 2.21¢ Average density/m- and standard error of M. edulis and 8. balanoides at 2.0
m above MLLW at Odiorne Park. NH from 1997 - 2001.
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A. Size distributions of S. balanoides at Odiorne Park, NH 0.5 m
1997-2001
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Frgure 2.22a Estmated size class distribution of S, halanoides at 0.5 m above MLLW

tmean lower low watery at Odiorne Park. NH trom 1997 - 2001.

B. Size distributions of S. balanoides at Odiorne Park, NH LO m
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Figure 2.22b Estimated size class distribution of S. balanoides at 1.0 m above MLLW at
Odiorne Park. NH from 1997 - 2001.
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C. Size distributions of S. balanoides at Odiorne Park. NH 2.0 m
1997-2001
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Figure 2.22¢ Estimated size class distribution of 8. balanoides at 2.0 m above MLLW at

Odiorne Park. NH from 1997 - 2001.

146

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



A. Size distributions of M. edulis at Odiorne Park. NH 1.0 m

1997.2001

1306 p— —— N

1200 ¢ ;

Hose ®8>30mm

i

£ 1000 all-30mm
= 90 ! a21-30mm
¥ 80% @l -20mm
00 ! 80-10mm
=600
£S04
E i
£ 409
.d
- 3%

2000 T l
100 i l
0 - ¥ X

1997 1998 1999 2000 2001

Year

Figure 2.23a Estmated size class distribution of M. edudis at 1.0 m above MLLW (mean
lower low water) at Odiorne Park. NH from 1997 - 2001.

B. Size distributions of M. edulis at Odiorne Park, NH 2.0 m
1997-2001
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Figure 2.23b Estimated size class distribution of M. edulis at 2.0 m above MLLW at
Odiorne Park. NH from 1997 - 2001.
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AL Density of N, lapillus and N. testudinalis at Odiorne Park,
NH 0.5 m 1997-2001
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Figure 2.24a Average density/m and standard error of N lapillus and N. testudinalis at
0.5 m above MLLW tmean lower low watery at Odiorne Park. NH from 1997 - 2001.

B. Density of V. lapillus and .N. testudinalis at Odiorne Park,
NH 1.0 m 1997-2001
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Figure 2.24b Average density/m” and standard error of N. lapillus and N. restudinalis at
1.0 m above MLLW at Odiorne Park. NH from 1997 - 2001.
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A. Size distributions of V. lapillus at Odiorne Park. 0.5 m 1997.
2001
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Figure 2.25a Average size distributions and standard error ot N. lapillus at 0.5 m above
MLLW tmean lower fow water) at Odiorne Park. NH from 1997 - 2001.

B. Size distributions of N. lapillus at Odiorne Park. NH 1.0 m

1997-2001
1406 —
: T
12000 ‘l‘ -
§ F
2 00 ]—
= ;
:: RO : e + a >30mm
-~ ¢ i ->
‘7 ‘ '[ 021-30 mm
£ : 220
= 60 all nmm
s J- ao-10 mm
g 404
— 13 T
204 |
(¢
1997 | QU8 1999 2000 2001
Year

Figure 2.25b Average size distributions and standard error ot V. lapillus at 1.0 m above
MLLW at Odiorne Park. NH from 1997 — 2001.
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A. Density of littorinids at Odiorne Park. NH 0.5 m 1997-
2001
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Figure 2.26a Average density/m” and standard error of Littorinid snatls at 0.5 m above
MELLW cmean lower low water) at Odiorne Park. NH from 1997 - 2001, LL i~ Littorina
litorea and LO S L. obtusata.

B. Density of littorinids at Odiorne Park. NH L0 m 1997-
2001
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Figure 2.26b Average density/m” and standard error of Littorinid snails at 1.0 m above
MLLW at Odiorne Park. NH from 1997 — 2001. LL s Littorina littorea and LO i~ L.
obtusata.
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C. Density of littorinids at Odiorne Park, NH 2.0 m 1997-

2001
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Figure 2.26¢ Average density/m” and standard error of Littorinid snaibs at 2.0 m above
MLLW at Odiorne Park., NH from 1997 - 2001, LL 1~ Livtorina littorea and LO s L
obtusata.
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A. Size distributions of L. littorea at Odiorne Park. N\H 0.5 m
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Freure 2.27a Average size distributions and standard error ot L. littorea at 0.5 m above
MLLW tmean lower low water) at Odiorne Park. NH from 1997 - 2001.

B. Size distributions of L. obtusata at Qdiorne Park. NH 0.5 m
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Figure 2.27b Average size distributions and standard error of L. obtusata at 0.5 m above
MLLW at Odiorne Park. NH trom 1997 - 2001.
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C. Size distributions of L. saxatilis at Odiorne Park, NH
0.5 m 1997-200¢
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Figure 2.27¢ Average size distributions and standard error ot L. saxatifis at 0.5 m above
MLLW at Odiorne Park. NH trom 1997 - 2001, There were no L. saxatifis tound at this
ndal height in 1997,
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A. Size distributions of L. littorea at Odiorne Park, NH 1.0 m
1997-2001
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Figure 2.284 Average size distributions and standard error of L. littorea at 1.O m above
MLLW (mean lower low water) at Odiorne Park. NH from 1997 - 2001.

B. Size distributions of L. obtusata at Odiorne Park, NH 1.0 m
1997-.2001
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Figure 2.28b Average size distributions and standard error of L. obtusara at 1.0 m above
MLLW at Odiorne Park. NH from 1997 - 2001.
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C. Size distributions of L . saxatilis at Odiorne Park, NH
1.0 m 1997-2001
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Figure 2.28¢ Average size distributions and standard error of L. saxaridlis at 1.0 m above
MLLW at Odiorne Park NH from 1997 - 2001, There were no L. saxatilis present at this
tdal height in 1997,
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A. Size distributions of I. . littorea at Odiorne Park, NH
2.0 m 1997-2001
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Freure 2.29a Average size distributtons and standard error of L. littorea at 2.0 m above
MLEW tmean lower low watery at Odiorne Park. NH from 1997 - 2001.

B. Size distributions of I.. obtusata at Odiorne Park. NH
2.0 m 1997-2001
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Figure 2.29b Average size distributions and standard error of L. obtusata at 2.0 m above
MLLW at Odiorne Park. NH from 1997 - 2001.
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C. Size distributions of [.. saxatilis at Odiorne Park, NH
2.0 m 1997-2001
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Figure 2.29¢ Average size distributions and standard error of L. saxarilis at 2.0 m above
MW at Odiorne Park. NH trom [997 - 2001, There were no L. saxatilis present at this
tdal herght in 1997,
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Density of Carcinus maenas at Odiorne Park. NH 1997-2001
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Figure 2.30 Average density/m' and standard error of C.maenays at Odiorne Park. NH
trom 1997 - 2001.
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A. Size distributions of Carcinus maenas at
Odiorne. NH 0.5 m 1997-2001
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Froure 2.3 1a Average size distributions and standard error of Comaenas at 0.5 m above
MLEW (mean fower Tow water) at Odiorne Park, NH from 1997 - 2001,
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B. Size distributions of Carcinus maenas at
Odiorne, NH 1.0 m 1997-2001
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Figure 2.31b Average size distributions and standard error of C. maenas at 1.0 m above
MLLW tmecan lower low water) at Odiorne Park. NH trom 1997 - 2001.
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C. Size distributions of Carcinus maenas at
Odiorne, NH 2.0 m 1997-2001
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Figure 2.31¢ Average size distributions and standard error of C.omaenas at 2.0 m above
MLLW cmean lower low water) at Odiorne Park. NH tfrom 1997 - 2001.
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A. Density of Hemigrapsus sanguineus at Odiorne Park. NH
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Figure 2.32a Average density/m and standard error of H. sanguineus at Odiorne Park.
NH trom [997 - 2001. There were no . saneuineus found at this site from 1997-1999.

B. Size of Hemigrapsus sanguineus at Qdiorne Park. NH 2000-
2001
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Figure 2.32b Average size and standard error of H. sanguineus at Odiorne Park, NH from
2000 - 2001.
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Algal evenness at Hilten Park, NH
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Figure 2.33 Average algal evenness and standard error at different udal herghts at Hilton
Park. NH trom 1999 to 2001 calculated using Piclou’s J index tor equitability.
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A. Richness of all groups at Hilton Park, NH 1999-2001
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Figure 2.34a Average richness and standard error at ditferent tdal herghts at Hilton Park.
NH tfrom 1999 to 2001 calculated by including groups ot species in the richness estimate.

B. Species richness at Hilton Park, NH 1999-2001
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Figure 2.34b. Average species richness and standard error at difterent tidal heights at
Hilton Park. NH from 1999 to 2001 calculated only including organisms identitied to
species in the estimate.
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A. Canopy algae at Hilton Park. NH 0.5 m 1997-2001
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Figure 2.35a Average percent cover and standard error of algae observed in the canops
analysts at 0.5 m above MLLW (mean lower low water) at Hilton Park. NH trom 1999 -
2001. Cover types represent major algal canopy species: ephemeral algae were not
tdentified to species because of their highly vartable composition and abundance.
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B. Canopy algae at Hilton Park, NH 1.0 m 1997-2001
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Figure 2.35b Average pereent cover and standard error ot algae observed in the canopy
analysis at 1.0 m above MELW at Hilton Park. NH trom 1999 - 2001. Cover types
represent major algal canopy species.
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A. Subcanopy at Hilton Park. NH 0.5m 1999-2001
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Figure 2.36a Average percent cover and standard error ot substrates and subcanopy algac
observed in subcanopy analysis at 0.5 m above MLLW (mean lower low water) at Hilton
Park. NH trom 1999 - 2001, The majority of the subcanopy algae categony was M.
viellatus and Chondrus crispus with some crustose coralline algae.
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B. Subcanopy at Hilton Park, 1.0 m 1999-2001
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Figure 2.36b Average percent cover and standard error of substrates and subcanopy algace
observed in subcanopy analvsis at 1O m above MLLW at Hilton Park. NH trom 1999 -
2001. The majority of the subcanopy algae category was M. stellatus.
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A. Density of S. balanoides and M. edulis at Hilton Park, NH
0.5 m 1999-2001
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Figure 2.37a Average density/me and standard error of S, balanoides and M. edulis at 0.3
m above MLLW tmean lower low water) at Hilton Park. NH trom 1999 - 2001,
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B. Density of S. balanoides and M. edulis at Hilton Park, NH
1.0 m 1999-2001
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Figure 2.37b Average density/me and standard error of M. edulis and S, balanordes at 1.0
m above MELW at Hifton Park. NH from 1999 - 2001.
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A. Size distributions of S. balanoides at Hilton Park, NH 0.5 m
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Figure 2.38u Estimated size class distribution of' S. balanoides at 0.5 m abose MW
(mean lower low water) at Hilton Park. NH tfrom 1999 - 2001

B. Size distributions of 8. palanoides at Hilton Park, NH 1.0 m
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Figure 2.38b Estimated size class distribution of S. balanoides at 1.0 m above MLLW at
Hilton Purk, NH trom 1999 - 2001.
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A. Size distributions of M. edulis at Hilton Park, NH 0.5 m
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Figure 2.39a Estimated size class distribution ot M. edudis at 0.5 mabove MLLW cmean
fower low water) at Hilton Park. NH from [999 - 2001.

B. Size distributions of M. edulis at Hilton Park, NH 1.0 m
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Figure 2.39b Estimated size class distribution of M. edulis at 1.0 m above MLLW at
Hilton Park. NH trom 1999 - 2001.
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A. Density of N. lapillus and N. testudinalis at Hilton Park,
NH 0.5 m 1999-2001
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Figure 2,404 Average density/m” and standard error of N, lapillus and N testudinalis at

0.3 m above MLLW (mean lower low water) at Hilton Park. NH trom 1999 - 2001,

B. Size distribution of V. lapillus at Hilton Park. NH 0.3 m
1999-2001
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Figure 2.40b Average size distributions of N. lapillus at 0.5 m above MLLW at Hilton
Park. NH trom 1999 - 2001.
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AL Density of littorinids at Hilton Park. NH 0.5 m 1999-2001
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Figure 2.41a Average density/m” and standard error of Littorinid snails at 0.5 m above
MLLW tmean lower low water) at Hilton Park. NH from 1999 - 2001, No L. saxatilis
were ever found at this udal height throughout the sampling period.

B. Density of littorinids at Hilton Park, NH 1.0 m 1999-2001
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Figure 2.41b Average density/m” and standard error of Littorinid snails at 1.0 m above
MLLW at Hilton Park. NH from 1999 - 2001. LO is Littorina obtusata and LS is L.
saxatilis.
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A. Size distribution of L. littorea at Hilton Park. NH 0.5 m
1999.2001
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Figure 2.42a Average size distributions and standard error of L. lirtorea at 0.5 m above
MLLW tmean lower low watery at Hilton Park. NH from 1999 - 2001.

B. Size distribution of L. obtusata at Hilton Park. NH 0.5 m
1999.2001
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Figure 2.42b Average size distributions and standard error of L. obtusata at 0.5 m above
MLLW at Hilton Park. NH from 1999 - 2001.
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A. Size distribution of 1. littorea at Hilton Park. NH 1.0 m
1999.2001
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Frgure 2.43a Average size distributions and standard error of L. fittorea at 1.0 m above
MLLW tmean lower low water) at Hilton Park. NH trom 1999 - 2001.

B. Size distribution of L. obtusata at Hilton Park. NH 1.0 m
1999-2001
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Figure 2.43b Average size distributions and standard error of L. obtiesata at 1.0 m above

MLLW at Hilton Park. NH trom 1999 - 2001.
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C. Size distribution of . saxatilis at Hilton Park, NH 1.0 m
1999.2001
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Figure 2.43¢ Average size distributions and standard error ot L. saxarilis at 1.0 m above
MLLW at Hilton Park. NH from 1999 - 2001.

177

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Density of Carcinus maenas at Hilton Park, NH 1999-2001
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Figure 2.44 Average density/m and standard error of C. maenas at Hilton Park., NH from
1999 = 2001.
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A. Size distributions of Carcinus maenas at
Hilton Park, NH 0.5 m 1997-2001
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Figure 2,454 Average size distributions and standard error of C. maenas at 0.5 m above
MLLW tmean lower low watery at Hilton Park. NH trom 1997 - 2001.
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B. Size distributions of Carcinus maenas at
Hilton Park. NH 1.0 m 1997-2001
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Figure 2.45h Average size distributions and standard error of C. maenas at 1.0-m above
MLLW (mean lower fow waten) at Hilton Park. NH trom 1997 - 2001,
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A. Density of Hemigrapsus sanguineus at Hilton Park. NH
1999.2001
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Figure 2.46u Average density/me and standard error of H. sanguineus at Hilton Park., NH
from 1999 - 2001,

B. Size of Hemigrapsus sanguineus at Hilton Park, NH 1999.
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Figure 2.46b Average size and standard error of H. sanguinens at Hilton Park. NH trom
1999 — 2001.
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Figure 2.47a Cluster analysis depicting the relationships between tidal heights and
sampling vears at Fto Stark. Each group is composed of the average value of 28
categories of abundance at cach tidal height for cach year. Codes tor cach group are as
tollows: the first two letters are for the site, the tirst two digits represent the tidal height
and the last two digits represent the vear the data were obtained.

Figure 2.47b Cluster analysis depicting the relationships between tidal herghts and
sampling years at Odiorne Park. Each group is composed of the average value of 28
categories of abundance at each tidal height for cach year. except for the Odiorne 1997
groups. Subcanopy data was not taken in this vear. theretore there are only 19 categories
for 1997 data. Codes tor cach group are as follows: the first two letters are tor the site, the
first two digits represent the tdal height and the last two digits represent the vear the data
were obtained.
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Fieure 2.47¢ Cluster analysis depicting the relationships between tidal heights and
sampling vears at Hilton Park. Each group is composed of the average value of 28
categories of abundance at cach tdal height tor each vear. Codes for cach group are as
totlows: the first two letters are tor the site. the first two digits represent the tdal height
and the last two digits represent the vear the data were obtained.
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Figure 248 Cluster analysis depicting the relationships between tidal heights and
sampling vears at all locations. Each group 1s composed of the average value of 28
categories of abundance at cach tdal height for each vear. except tor the Odiorne 1997
groups. Subcanopy data was not taken n this vear. therefore there are only 19 categories
tor Odiorne 1997 data. Codes tor cach group are as tollows: the first two letters are tor
the site. the tirst two digits represent the tudal height and the last two digits represent the
vear the data were obtained.
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Figure 2.49a Nonmetric multidimensional scaling based on Bray -Curtis dissimilarity
matrix of the relationships between tidal heights and sampling vears at all locations. Each
group is compaosed ot the average value of 28 categories of abundance at cach tidal height
for cach vear, except tor the Odiorne 1997 groups. Subcanopy data was not taken i this
vear. theretore there are only 19 categortes tor Odiorne 1997 data. Codes tor cach group
are as tollows: the first two letters are for the site. the tirst two digits represent the tidal
height and the last two digits represent the yvear the data were obtained.
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Figure 2.49b Noametric multidimensional scaling based on Bray-Curtis dissimilarity
matrix ot the relationships between tidal heights and sampling vears at all locations
except Odiorne 0.3 m tdal height in 1998, Each group is composed ot the average value
of 28 categories of abundance at cach tidal hetght for cach vear. except tor the Odiorne
1997 groups. Subcanopy data was not taken in this year. theretore there are only 19
catcgories for Odiorne 1997 data. Codes for each group are as totlows: the tirst two
letters are tor the site. the tirst two digits represent the tidal height and the last two digits
represent the vear the data were obtained.
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B. Multidimensional scaling
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CHAPTER 111

ABUNDANCE OF EPHEMERAL ALGAE IN UPPER
INTERTIDAL POOLS PRIOR TO THE ESTABLISHMENT

OF Hemigrapsus sanguineus

ABSTRACT

When herbivore densities are low, upper intertidal pools in rocky shores of
northern New England are often dominated by short lived. palatable algae. such as
Enteromorpha sp. In its native range in Asta. Hemigrapsus sanguineus 1s an omnivorous
crab that occuptes the nud to upper zone of rocky shores. Populations of this spectes are
just beginning to become apparent in northern New England. This crub species readily
consumes algae and prefers Enteromorpha sp. to tour perennial algal species in lub
teeding trials. The range expansion and population growth ot this introduced crab in
northern New England could lead to a decline in the abundance of ephemeral algace in
upper intertidal pools. In this study. survevs of ephemeral algal cover in the upper
intertidal zone of four New Hampshire locations were conducted twice a vear for five
vears at the three coastal sites and for three vears at the estuarine site. Relative
homogeneity among substrates and overall percent cover of annual algae was observed
among the four sampling locations. There was high availability of large rocks. cobble

and pebbles in the pools: these substrates provide good shelter for crabs. The overall
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average abundance of all ephemeral algal species varied from 89.4¢ to 14.65 1n spring
and 8149 10 13.9% 1in tall at the coastal locations. At Hilton Park. an estuarine tidal
rapids. the overall abundance ot all anpual algae varied from 32% to 19.5% in spring and
trom 15.53¢% to 44 in tall. Although there were some significant differences in the
abundance ot ephemeral algae within a pool between yvears, tor the most part the overall
temporal vartation within the pools was low. These baseline data will provide pre-
invaston vartability in cover of Enteromorpha sp. and other annual algae species that can

be used to compare post-invaston percent cover of these palatable algal species.

INTRODUCTION

Biological myastons are gamning attention in the scientitic community and among
the general public because of the dramatic ecological and economie impact that
sometimes tollows aninvasion. Recent introductions, such as those ot zebra mussels
(Dressina polvmorpha) and purple loosestrite (Lythrum salicariay have caused drastic
changes i communities where these organisms have successtully invaded ¢ Vitousek et
al. 19961 Clearing pipes clogged by zebra mussels s estimated to cost mithions of
dollars cach vear (Ensenink. 1999) and an introduced “superbug™ (Bemisia tabact)y was
projected to cause S200 million worth of damage to crops in Calitornia’s Impenal Valley
(Culotta. 1991). The New Englund rocky intertidal zone has been influenced by many
introduced species. including the common periwinkle., Littorina littorea, and the
European green crab, Carcinus maenas. Littorinag littorea 1s now the most common
intertidal snail in New England. but was introduced less than 160 vears ago (Bertness.,
1999). In 1998, another introduced crab species, Hemigrapsus sanguineus, joined C.

maenas and L. lirtorea in the northern New England rocky intertidal zone.
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The ettects of an invasion by H. sanguineus are beginning to be addressed by
martne ecologists n the nud-Atlantce and southeastern New England (e.g. Lohrer and
Whitlach. 1997: Gerard et al.. 1999: Lesdesma and O'Connor. 2001) but in northern New
England (north of Cape Cod. MA). this species is just beginning to become established.
The first 7. sanguinens tor New Hampshire was found in North Hampton, NH in 1998
(McDermott, 20010, Since that time. [ have found it at Ft. Stark in Newcastle. NH.
Odiorne Park in Rye. NH and Hilton Park in Dover Point. NH (my major study sites:
Chapter ID and at vartous other focations in New Hampshire and Maine. Based on its
mvasion history.atis likely that the abundance of this crab will continue to expand. and it
may soon become a conspicuous member of the northern New England intertidal
community.

Quantitication of the tmpacts of marine introductions is extremely valuable
cGirosholz and Ruiz. 1996) but unfortunately the opportunity to do so is limited because
the location and tming of species invastons are often unpredictable. This study was
unusuitl because the mvasion of H. sanguineus in northern New England was anticipated
and a concentrated effort was made to gather data on the community prior to its
establishment. Accidental introductions of non-native species in marine systems are
regrettable and inevitable. but they offer the opportunity to assess changes in interspecitic
interactions that may occur following the addition of the invasive species. One of the
quantifiable changes that may occur tollowing an invasion by H. sangumneus may include
reduced algal abundance due to increased herbivory.

Algal/herbivore interactions in the rocky intertidal zone are of great interest o
ccologists. The abundance of grazers. specifically limpets and littorintds. may intluence
algal species composition. recolonization, and abundance in the upper intertidal zone
(Lubchenco. 1978: Cubit. 1984: Dye. 1993). In New England tide pools the ephemeral
alga. Enteromorpha sp. is a competitively superior species but is kept from dominating

by the grazing of L. littorea (Lubchenco. 1978). However. on emergent surtaces in the
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mud intertidal zone. perennial algae are competitively dommant and snail grazing on
cphemeral spectes actually reduces algal diversity (Lubchenco. 19781, Additionally. the
presence ot herbivores may hmit the lower distributions of preterred ephemeral algace
(Enteromorpha compressa and Ulva lactucay. even though these species are capable of
withstanding more benign subtidal conditions (Einav et al., 1995y, Hemigrapsus
sanguineus was initially reported to be a primarily herbivorous crab (Depledge. 1984:
McDermott. 1992). but evidence of an omnivorous diet was tound through gut content
examnations (Lohrer and Whitlatch, 1997: Tverell and Harris. 2001, Wolcott and
O'Connor ¢ 1992) report that predation and cannibalism are common among crabs that are
reported to be primarily herbivorous, this carnivory may serve to supplement a plant diet.

The objective of this study was to quantity the cover of ephemeral algae mn the
upper mtertidal zone and to monitor its seasonal tluctuations prior to the predicted
establishment ot H san¢winens. Lohrer and Whitlateh £1997) tound lowest abundance ot
Hosangumens in the upper intertidal zone during August and December in Long Iskand
Sound and consequently . [ eonducted surveys in the spring and tall. The eftects of
herbivory in upper intertidai pools should be limited to the times of vear when
environmental conditions are relatively benign and herbivores are most active (during
winter on the Pucttic coast. Cubit, 1984). T did not conduct surveys during winter or
summer because environmental conditions in the pools during these seasons are probably
too harsh tor crabs or other grazing herbivores.

Due to its already observed rapid range expansion. it is expected that H.
sanguineus will continue to increase in abundance on northern New England rocky coasts
within a few vears. This pre-tnvasion data on cover of Enteromorpha sp. and other
cphemeral algae will be valuable for comparisons of post-invasion cover ot these highly

palatable algal species.
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MATERIALS and METHODS

Four sites in New Hampshire were monitored tor this project: Ft. Stark and
Newcastle Commons in Newceastle. NH and Odiorne State Park in Rve. NH and Hilton
Park. in Dover Point. NH (Fig. 3.1 Alb sampling locations were relatively sheltered
from wave action. and the presence ot Carcinus maenas indicated that there was suitable
habitat tor crabs. Transects were selecuvely placed in arcas with high cover of
cphemeral algae in the upper intertidal zone. Some of the arcas surveved were a section
of shore that had occastonal depressions filled with water and others were tidal pools in
rock bench substrates. At the Hilton Park site. the pools were in the nud o lower
itertidal zone because there were no pools in the upper intertidal zone. In contrast to the
coastal sites, Hilton Park has less rock bench substrate, a higher proportion of sand and a
fower abundance ot canopy fucoid algae. Three transects (6.7 to 184 m long) were
located in different arcas ateach stte. Surveys to monitor cover of ephemeral algae were
conducted in the <pring. April and May tone survey conducted on June 1. and tall.
October and November tone survey conducted on September 223, Survess were intiated
in the tall of 1996 at the three coustal sites and the estuarine Hilton Park site was added in
the spring of 1999, Fall 2001 was the tinal sampling period.

Five quadrats (0.25 m’) were rundomly distributed along cach transect using a
random numbers table to dictate quadrat placement. In addition. three quadrats were
selectively placed in arcas with high ephemeral algal cover. For both random and
selective placement. identical methods were used to estimate percent cover. Cover type
(algal species, substrate. diatom film. ete.) was determined at 25 evenly spaced
intersections of monotilament line. Substrate underlying each quadrat (cobble. rock

bench with cobble. ete.) was also recorded. Descriptive data. including the presence of
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grazing herbivores (Littorina spp.). drift algae. and C. maenas were noted in cach
quadrat.

Algae were identified to species when possible. with the exception of juvenile
fucoids (Fucus spiralis and Fucus vesiculosus), which were recorded as fucoid.
Questionable identitications were taken back to the [aboratory for examination under
dissecting and compound microscopes. Species identitications were made using
Villalard-Bohnsack. (1995) and with the assistance of Drs. AL Mathieson and S.
Chavanich. Dritt algae were not identified to species because both its species
composition and presence in the sampling locations was highly varable.

There were numerous algal species that occurred infrequently or in low
abundance in the surveys: theretore. they were grouped into an ephemeral algae category.
The majority of spectes that were placed in this category had annual lite histories but
some were perennials. The ephemeral algae category at Hilton Park consisted of:
Scvtosiphon simplicissimus. Monostroma grevellei, Dumontia contorta and Ulva lactuca.
Cladophora sericea. Scyvtosiphon simplicissimus, Polvsiphona lanosa, Ulva lactuca.
Chactomorpha ~sp.. and Pseudendoctonium submaririton comprised the ephemeral algae
category at Newcastle Commons. At Odiorne. this category was made up of: vy
lactuca and Scvtosiphon simplicissimus and at Ft. Stark. Cladophora sericea. Sevtosiphon
simplicissimus., Sphacelaria sp. and Polvsiphonia lanosa were included in the ephemeral
algae category. Finally. a crustose algae category was created that was mostly composed
of crustose coralline algae (e.g. Phvmarolithon sp.) as well as Ralfsia sp.

Statistical analyses were performed using Systat version [0 (SAS Institute).
Percent cover data were square root aresine transformed prior to being subjected to
analysis of vanance (ANOVA). Post hoc comparisons were performed using Tukey's
test. The overall ditferences in the abundance ot Enteromorpha sp. and all annual species
(the sum ot Enteromorpha sp.. diatoms and ephemeral algac) were compared between

locations using ANOVA. ANOVA was used to compare the overall (regardless of season
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and year) abundance of Enteromorpha sp. between locations. An additional ANOV A was
used to compare the overall abundance of all annual species (the sum of Enteromorpha
sp.. diatoms and ephemeral algae) between locations.  The difterence in the total
abundance of annual species 1n cach pool between seasons was also compared using
ANOVA. Finally. the presence of littorinids in cach pool during cach season was
compared with the cuntranstormed) percent cover of the ephemeral algae category using

point-bisertal correlations.

RESULTS

Atotal of 903 guadrats were analyvzed for the surveys. of these 385 were
randomly placed and used in cover analysis of Enteromorpha sp. and other ephemeral
algae. Selecuvely placed quadrats were not included in statistical analyses and the results

that are depicted graphically only include random quadrats.

Sclecuvely placed guadrats

Selective placement of the quadrat 1n areas with high cover ot Enteromorpha sp.
resulted tnan overall average percent cover of 30-36¢ at the three coastal sites.
However. there was very little Enteromorpha sp. at Hilton Park. the estuarine site. and
selective plucement of the quadrat resulted in an overall average of 1.5 € cover of
Enteromorpha sp. When all of the ephemeral algae. Enteromorpha sp. and diatoms were
grouped. the overall average percent cover of all quadrats at Ft. Stark was 64 At
Odiorne and Newcastle Commons., this category encompassed 42 and 44 cover in all of
the quadrats respectively. Finally. at Hilton Park. the majority ot the ephemeral algace
category was composed of Ulva lactuca and when this was combined with Enteromorpha

sp. and diatoms. the average cover in all quadrats was 39%.
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Random quadrats

When the abundance ot all algae tboth perennials and annuals) was compared. the
overall abundance in spring was higher than in tall. although this result varied between
tocations (Fig 3.2a). Cover of Enteromorpha sp. varied inconsistently among sampling
locations in spring and tall. but the overall percent cover of this species was slightly
higher during the spring surveys (Figs. 3.4a- 3.6b: 3.8a- 3.10b: 3.12a- 3.13b: 3.17b and
3.18by. Cover of Enteromorpha ~sp. was not significantly difterent between the three
coastal locations (Table 3. 1) indicating that the overall abundance ot this species was
similar between these sites. However. the abundance of Enteromorpha sp. was
stgniticanty ditterent betw een the Hilton Park site and cach ot the three coastal locations
(Table 3. L.

Diatom film on rock substrate constituted a substantial part ot the community at
Fort Stark and Newcastle Commons (Figs. 3.4a and b, 350 and b and 3.8 and by
Diatom film may replace recently grazed Enteromorpha sp.: both types ot flora were
otten found in close assocration. For example. small strands of the tfilamentous alga
trequently were found among the diatom tilm and gquadrats that had high cover of
Enteromorpha ~p. otten had diatom tilm under the canopy. Because of this close
assoctation, diatom film was regarded as a potential tood source and was placed in the
annual algae category. wlong with Enteromorpha sp.in Figs. 3.3aand b. 3.7a and b, 3.1 1a
and b and 3,15 a and b. In all of the other tigures. diatoms and Enteromorpha sp. were
listed separately from ephemeral algac to tllustrate their importance within the pools.

The vast majority of the algae that made up the ephemeral algue category n this
study were reported to be highly palatable to Lirtorina littorea by Lubchenco (1978,
Lubchenco reported that Enteromorpha sp. was highly preferred by L. lirtorea in
laboratory preterence trails and Tyrrell and Harris (2001) also found that H. sanguineus
preterred Enteromorpha intestinalis to tour perennial algal species. Because the majority

of species in the ephemeral algae category were highly palatable and because I judged
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that it was unlikely that H. sanguineus would discriminate between many of these
species. | grouped the ephemeral algae category with Enteromorpha sp. and diatoms ¢the
annual algae category) to determine the total abundance of palatable species in cach pool
(Figs. 3.3aand b: 3. 70 and b: 3. 11a and b: 3.15a and by. The one apparent disparity
between Lubchenco’™s results for L lirtorea teeding preterences and my observations of
H. sanguineus was with Chaetomorpha sp.. Lubchenco (1978) reported that
Chactomorpha spp. were a low preterence tood ttem tor L. littorea while my personal
observations indicated Chaetomorpha sp. are readily consumed by H. sanguineus.
Methodological problems with Lubchenco’s preterence experiment may contribute to the
discrepancy: she only had one or two replicates. Chordu filum and Desmarestia viridis
were both encountered at Odiorne Park and both of these species were listed as low
preterence by Lubchenco t1978). [ have not observed H. sanguinews teeding on erther ot
these species and theretore Tdid not include them in the ephemeral algae category. Only
one point with 1. viridiy underneath it was recorded at Odiorne. while C. filum composed
F14 cover of pool 3 at Odiorne Park in spring of 1997,

When the abundance of all annual algae (Enteromorpha sp.. diatoms and the
cphemeral algae category) was compared between the sampling locations, Ftu Stark was
stgniticantly difterent from all other sites. and Newcastle Commons and Hilton Park were
also stegnificanty difterent trom cach other (Table 3.1b). The total abundance in the
annual algae category was higher in the spring (Fig. 3.2b) at all locations except Odiorne.
and annual algae was more abundant in the spring overall. At Odiorne. ephemeral algae
other than Enteromorpha sp. were only present in the spring (Fig. 3.12b and 3.14b). The
overall average abundance of all annual algal species varied from 89,4 to 14.6% in
spring and 81.4S% to 13.9% in fall at the coastal locations. At Hilton Park, the estuarine
tidai rapids. the overall abundance of all annual species varied from 5.5 1o 4 in tull
and from 32% to 19.5% in spring. ANOVA was used to compare the percent cover of

the annual species in cach pool between vears. Separate analyses were performed tor
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cach pool and tor fall and spring surveys. Results are listed in Table 3.2, Although there
were some significant ditterences in the abundance of all annual species within a pool
between vears (particularly in pool two at Odiorne). the overall temporal variation within
cach pool was relatively low.

Substrate type attects both the percent cover of algae and the amount of retuge tor
crabs., theretore the presence of farge rocks. cobble. pebble/shell hash was noted in cach
quadrat. All of the quadrats at Hilton Park had large rock. cobble or pebble/shell hash
substrates. Newcastle Commons had the next highest proportion ot quadrats that had
good substrates for crabs: over 855 of the quadrats had at least one of these three v pes
ot substrates in them. Odiorne Park ranked third in its proportion of quadrats with good
crab retuge: 774 of the quadrats had large rocks. cobble or pebble/shell substrates. Fr
Stark had the feast amount ot substrates that provide refuge tor crabs, only 63¢¢ ot the
quadrats had etther large rocks, cobble or pebble/shell hash substrates. Carcinus maenas
were only rarcly spotted within the quadraes: a total of erght crabs were observed among
the 385 random quadrats. [t is unlikely that this data accurately reflects the abundance of
crabs, because both the algal canopy and the non-rock bench substrates could have casily
obscured crabs tfrom view. However, the fact that C. maenas were tound within these
high intertidal pools indicates that other crab species. such as H. sancuineus. are also
likely to be able to tolerate the conditions within the pools.

Littorinids consume ephemeral algae and may compete with Hemigrapsus
sanguineus tor tood. The majority of Littorinids in the pools were L. littorea. and some
L. saxatilis. were also observed. Littorinids were present in 36 of the random quadrats
at Ft. Stark. in 619 at Newcastle Commons. and in 36 of the random quadrats at
Odiorne. In contrast. only 2 ot the randomly placed quadrats at Hilton Park did not
have littorinids present in them. No other herbivores (1.e. Notoacmea testudinalis) were

observed. None of the point biserial correlations indicated that there was a signiticant
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correlation between cover of annual algae and the presence of Littorinids (data not

shown).

DISCUSSION

All three coastal locations. and the pools nested within them. were deliberately
chosen tor these surveys because they initially had high cover of Enteromaorpha sp.. The
Hilton Park estuarine site was added three vears after the coastal survevs began, when it
became apparent that H. sanguineus could also readily colonize estuaries. Aside trom
therr locanion 1o an estuarnne tidal raptds. the pools at Hilton Park diftered substantially
trom the coastal pools because they were lower in the intertidal zone and had httle cover
by Enteromorpha sp. The location of the pools in the low, rather than high zone at Hilton
Park. probably contributes greatly to the ditterences in algal composttion between these
pools and that of the pools at the coastal sites. Interestingly, the highest density of £,
saneumens was also tound at Hilton Park (Chapter ID. although their densities are sull
very low overall. Large ditferences in the algal composition between the estuarine site
and the coastal sites prohibits using the Hilton Park pools as references tor the coustal
pools. However. it is likely that pools in the lower intertidal zone at the coastal sites also
lack Enteromorpha sp. because of the very high densities of herbivores. especially L.
littorea (Chapter 1.

The focus ot this project was to monitor variation in cover by Enteromorpha sp.
and other ephemeral algal species prior to the predicted establishment of H. sanguineus.
Laboratory feeding preference studies have shown that in multichoice teeding trials /.
sanguineus signiticantly preters Enteromorpha sp. to three tucoids (Ascophyllum
nodosum, F. vesiculosus and F. spiralis) and Mastocarpus stellarus (Tyrrell and Harns,

2001). Drift algae were common in the stomachs of H. sanguineus collected from
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Quissett, MA (41 327N 70 39°W) (Tyvrrell. 1999: Tyrrell and Harris, 2001 indicating
that dritt algae could also be an important tood tem tor H. sanguineus in northern New
England. However. because the abundance of drift algae is highly variable (both
temporally and by specific locations). a potential dechine following the establishment ot
H. sunguineus may be ditticult to detect.

As previously stated. the location of each transect was dictated by presence of
ephemeral algae and suitability as habitat for crabs (i.e. exposed sites were avorded). The
relative homogeneity among sites tor substrate and cover types is probably due to the tact
that cach site had an entire transect or part ot a transect that encompassed a cobble tield.
[t was surprising that Enteromorpha sp. was attached both to cobble and to rock benches
In pools: many spectes of algae are not so flexible in the Kinds of substrate that they can
colonize. However. Enteromorpha sp. are opportunistic and can quickly colontze open
space and occupy a vartety of substrate types (Lubchenco. 1978). Ephemeral green algae
in general are very tolerant to a wide range of environmental conditions, including
fluctuations in temperature and salinity as well as desiccation stress (Einav et al.. 19935y
Dominance by ephemeral algae can be indicative of a frequently disturbed habitat or of
the absence of herbivores (Lubchenco. 1978: Sousa. 1980). There was a combination ot
these conditions at all sampling locations. Although none of the sites were in locations
that were likely to have high exposure to wave action. when storm swells oceur. the
cobble could shift and create unsuitable conditions both for long lived algae and slow
moving herbivores. In addition to providing substrate tor ephemeral algae. cobble and
pebbles provide refuge for crabs. In quantitative community analyses. Tyerell (1999)
found that 51% of the variation in C. maenas density at Ft. Stark was explained by the
amount of substrate that was classified as large rock. cobble or pebble/shell.
Hemigrapsus sunguineus may tlourish in these upper intertidal pools that support both a

rich growth of annual algal species and that provide refuges.
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The indirect effect of crabs in maintaining a canopy of ephemeral algae
(Enteromorpha intestinalis) has been documented tor the New England rocky intertidal
sone tLubchenco, 1978). She reports that juventle Carcinus macenas utilize dense stands
of Enteromorpha sp. as protection from gull predation and they manntain the canopy by
consuming juventle Littorina littorea as they recunt in trom the plankton (they will not cat
medium or large L. linroreay (Lubchenco, 1978). The presence of C. maenas theretore
factlitates the existence of the highly palatable Enteromorpha sp. in udal pools. In
contrast. H. sanguwimens (which may have a shightly more herbivorous diet than €
maenas: Lohrer and Whitlatch, 1997: Tyrrell. 1999, but see Chapter IV and Vi may
conswme Enteromorpha sp. and other ephemeral algae rather than L littorea. In addition.
adult H. sanguineus may consume the juventle C. maenas (Lohrer, 2000 and pers. obs))
that seek retuge in these tdepools, exacerbating the decline in cover of ephemeral algae.
it is unclear whether H. sanguineus will consume juvenile L. littorea, laboratory
preterence tests idicate that this species is fowest on the preterence hierarchy tor both €.
maenas and H. sancumens (Tyrrell and Harris, 2001, although C. maenays have been
reported to readily consume small L. littorea i the lub (Lubchenco, 1978y, The
establishment ot H. sunguineus could have a farge tmpact on algae in upper tide pools
both because . sangumeus readily consumes algae. but also because H. saneudnens nmay
consume both juventle L. littorea or C. maenas.

The lack of signiticant correlations between the cover of annual algae and
Littorinids is likely due to the coarse nature of presence/absence diata. The objective of
these surveys was to obtain baseline data on the temporal fluctuations in annual algac and
quantitving the density of Littorinids or other herbivores tamphipods. isopods. ete) would
have vastly increased the amount of time that cach survey required. It is possible that the
presence of an algal canopy may indicate that snatls have not had time (or are not in high

enough density ) to suppress rapidly growing algae.
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As previously stated. temporal variability in cover of ephemeral algace was
relatively low at the study sites. potentially tacthtating detection of changes due to
establishment ot H. sanguineus. Itis expected that H. sanguineus would be most active
during spring and tall in the upper intertidal zone (when environmental conditions are
more benign) and could noticeably suppress the abundance of ephemeral algac.
Environmental conditions in the upper intertidal zone during summer and winter are
fikely to limut herbivore activity. Mortality of limpets in the upper intertidal zone due to
desiccation stress was highest during the summer in Oregon (Cubit. [9%4). Freeszing
temperatures and trequent storms are also likely to limit consumers in the upper intertidal
sone during the winter in New England.

Hemigrapsus sanguinens” chelae are particularly well suited to serape algae oft of
rocks (Depledge. 1984 and it is likely that they will readily consume diatom film.
Fucoid algae are also readily consumed by A, sanguineus calthough they are lower on the
preference hierarchy than Enteromorpha intestinalis: Tyerell, 19999 but they collecuvels
constitute a relatively minor part of the community in upper intertidal pools (Figs, 3.4a -
3.6b: 3.9a -3.10b: 3,120 =3.14b: 3.16a - 3.18b). Lubchenco ¢ 1978) tound that high
densities of L. lirtorea in upper intertidal pools tavored Chondrues crispus because this
species is very low in thetr preterence hierarchy. Although H. sangranens™ preterences
are similar it is likely these crabs could cause a decline in even unpalatable algae such as
C. crispus (pers. obs.) through their comparatively high per capita teeding rate. It /.
sanguineus is able to uttlize all of the algae in these pools as predicted. these pools may
be able to support high densities of this gregarious crab because of the availability ot both
food and shelter.

The sites sampled in this study should continue to be monitored to determine it
there are declines in the abundance ot ephemeral algae tollowing the establishment of H.
sanguineus. Itis necessary to have baseline data on the natural temporal variation of

cphemeral algal cover in order to make any conclusions about the eftect of an additional
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consumer on algal abundance. One method to assess the impact of an introduced species
would be through the use of a Betore-Atter-Control-Impact (tBACDH design that was
developed by Stewart-Oaten et al. (19861, The sampling protocol of these survess were
destgned so that they fit the requirements of the BACT design as closely as possible (e,
high number ot pools. sumpling cttort tocused on assessing the abundance of a particular
group of spectes, long time series of sampling prior to the proposed impact). However.
the BACT design was aimed at assessing temporally predictable impacts (e g. ettluents
trom power plants) and the establishment of an introduced species at a particuiar tocation
i~ o highly unpredictable process in comparison. The best solution to the problem of
assessing the impacts ot an introduced species s to combine monitoring ettorts (this
study. Chapter Iy with manipulative experiments conducted both under controlled 1 laby
and natural conditions.

In concluston. it appears from these spring and tall surveys that these pools
predictably harbor ephemeral algae that could be a reliable tood source tor £,
sanguineus. The potential impact of H. sanguinens on rocky shores will not be liniated o
these upper intertidal pools. However. because ot H. sangunews” preterence tor
Enteromorpha intestinalis. their ability to reach high densities (70/me, Lohrer, 2000, and
their high feeding rate «Chapters IV and Vo it s possible that the abundance ot palatable
algal species may decline in these upper intertidal pools tollowing the establishment ot

this introduced crub.
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Table 3.1a: ANOVA and Tukey's post hoc comparison of the abundance (square root, arc sine transtormed) of Enteromorpha sp.
between sampling locations. Values in bold indicate statistical significance (p<0.05).

Enteromorpha sp. Overall model  p=0.000
k. Stark Newcastle Odiorne
Commons
Newcastle Commons 0.654
Odiorne 0).998 ().752
Hilton Park =0,000 p=0.000 p=0.000

Table 3.1b: ANOVA and Tukey's post hoc comparison of the abundance (square root, arc sme transtormed) of all annual algae
between sampling locations. Values in bold indicate statistical signiticance (p<0.05).

All annual algae Overall model — p=0.000

Ft. Stark Newcastle Odiorne
Commons
Newcastle Commons  p=0.000
Odiorne p=0.000 0.265
Hilton Park p=0.000 p=0.000 0.0065
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Figure 3.1: Map ot sampling locations tor algal surveys: Ft. Stark and Newcastle
Commons are located in Newcastle. NH. Odiorne State Park 1s located in Rye. NH and
Hilton Park is located in Dover Point, NH.
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Abundance of all algae at all sites

aSpring
akali

Percent cover

Ft. Stark Neweastle Odiome Park - Hilton Park Ohverall
Commons Jverage

L.ocation

Figure 3.2a: Average percent cover and standard error of all algal species (perennial and
annualy in upper intertidal pools at tour New Hampshire locations between tall and
spring. 1996 to 2001 (Hilton Park 1999 to 2001).
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Abundance of all annual algae at all sites

aSpring
akull

Percent cover

Ft. Stark Neweastle Odiomne Park - Hilton Park Overall
Commons anerage

L.ocation

Figure 3.2b: Average pereent cover and standard error of all algae in the annual alyae
category at all tour New Hampshire locations between tall and spring 1996 1o 2001
(Hilton Park 1999 to 2001).
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Abundance of annual algae at Ft. Stark, NH
pools 1-3 Fall 1996-2001
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Figure 3.3a: Temporal varnation in average percent cover tand standard errory of the
annual algae category in all three pools at Fto Stark, NH trom Fall 1996 to Fall 2001.
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Abundance of annual algae at Ft. Stark, NH
pools 1-3, Spring 1997-2001
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Fieure 3.3b: Temporal variation in average pereent cover tand standard errory of the
annual algae category in all three pools at Fto Stark. NH tfrom Spring 997 to Spring
hl

2001,
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Algal composition of pool #1, Ft. Stark, NH
Fall 1996-2001

—— Lnreromorpha sp.
—&— Diatom
Fucond algue
Ephemeral algae
—— Dnft algae
—0—Crustose algae

Percent cover

Year

Figure 3.4a: Temporal variation in average percent cover (and standard error) ot various
aroups of algae in an upper interttdal pool at Ft. Stark. NH from Fall 1996 to Fall 2001,
The overall mean percent cover ot Enteromorpha sp. in tall is also shown,
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Algal composition of pool #1, Ft. Stark, NH
Spring 1997-2001
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Figure 3.4b: Temporal variation in average percent cover tand standard errory ot various
groups of algie in an upper intertidal pool at Bt Stark. NH trom Spring 1997 1o Spring
2001, The overall mean percent cover of Enteromorpha sp.in spring is also shown,
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Algal composition of pool #2, Ft. Stark, NH
Fall 1996-2001

——Fnteromorpha p.
—&— Diatom
Fucond algae
Ephemeral alguc
—— Dt algae

Percent cover

Freure 3,30 Temporal vanation in average percent cover (and standard error) of various
aroups ot algae v an upper intertidal pool at Ft. Stark. NH from Fall 1996 to Fall 2001,
The overall mean percent cover ot Enteromorpha sp.in tall is also shown.
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Algal composition of pool #2, Ft. Stark, NH
Spring 1997-2001
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Figure 3.5b: Temporal vanation in average percent cover (and standard error) of various
group- ot algae in an upper intertidal pool at Ft. Stark. NH trom Spring 1997 to Spring
2001, The overall mean percent cover of Enreromorpha sp. in spring is also shown.
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Algal composition of pool #3 Ft. Stark, NH
Fall 1996-2001

o) | - —
. 30 ‘
2 10 ~— Lnteromorpha sp.
< —8— Diatom
= W0 Fucoid algae
s £
20 —x— Dnttalgae
-
= 1o
0 e -
(&) \ - o N N -~
SRS N S AN S
N N N N NN N
B O O SN BN\ BN N
N N N N N* NG >
&
o\
Year

Freure 3.6a: Temporal vanation in average pereent cover tand standard erron of vanous
croups of algae mnan upper intertidal pool at Ft. Stark. NH from Fall 1996 to Fall 2001,
The overall mean percent cover ot Enteromorpha sp. in tall is also shown.
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Algal composition of pool #3, Ft. Stark, NH
Spring 1997-2001
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Figure 3.6b: Temporal vartation in average percent cover cand standard errory of various
aroups of algae i an upper intertidal pool at Ft. Stark. NH trom Spring 1997 to Spring
2001, The overall mean percent cover of Enteromorpha sp. in spring is afso shown.
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Abundance of annual algae at Newcastle
Commons, NH pools 1-3, fall 1996-2001
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F1gure 2. 7a: Temporal variation in average percent cover (and standard error) of the
annual algae category in all three pools at Newceastle Commons, NH trom Fall 1996 to
Fall 2001,
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Abundance of annual algae at Newcastle
Commons, NH pools 1-3, spring 1997-2001

(31

S0 - I
’ - |
40 -—
L ——Poul |

—&—Poo] 2

- Poot 3

Ay

Percent cover

20

I

0 —
Spring 1997 Spring 1998 Spring 1999 Spring 260 Spring 2001

Year

Figure 3.7b: Temporal variation in average percent cover (and standard error of the
annual algae category in all three pools at Newcastle Commons. NH trom Spring [997 o
Spring 2001,
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Algal composition of poel #1. Newcastle Commons, NH
Fall 1996-2001
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Figure 3.8a: Temporal varnation in average percent cover tand standard error) ot various
groups of algae v an upper interttdal pool at Newcastle Commons, NH trom Fall 1996 to
Fall 2001, The overall mean percent cover of Enteromorpha sp.an tall is also shown,
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Algal composition of pool #1. Newcastle Commons, \NH
Spring 1997-2001
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Figure 3.8b: Temporal variation in average percent cover (and standard error) of various
groups of algae in an upper intertidal pool at Newcastle Commons, NH trom Spring 1997
to Spring 2001, The overall mean percent cover of Enteromorpha sp. in spring is also
shown.
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Algal composition of pool #2, Newcastle Commons, NH
Fall 1997-2001
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Figure 3.9a: Temporal vanation i average percent cover tand standard error) of vartous
aroups of algae 1nan upper intertidal pool at New castle Commons, NH trom Fall 1996 1o
Fall 2001, The overall mean percent cover of Enteromorpha ~sp. in fall is also shown.
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Algal composition of pool #2, Newcastle Commons, NH
Spring 1997.2001
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Figure 3.9b: Temporal vanation in average percent cover tand standard error) ot various
groups ot algae in an upper intertidal pool at Newcastle Commons, NH trom Spring 1997
to Spring 2001, The overall mean percent cover of Enteromaorpha sp. i spring is also
shown.
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Algal composition of pool #3 Newcastle Commons, NH
Falt 1997-2001
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Figure 3.10a: Temporal vanation in average pereent cover and standard errory ot various
groups of algae i an upper intertidal pooi at Newcastle Commons. NH from Fall 1996 10
Fall 2001, The overall mean percent cover of Enteromorpha sp. in fall is also shown,
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Algal composition of pool #3 Newcastle Commons, NH
Spring 1997-2001
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Frgure 3.10b: Temporal variation in average percent cover cand standard errory ot various
groups ot algae in an upper intertidal pool at Newcastle Commons, NH trom Spring 1997
to Spring 2001, The overall mean percent cover of Enteromorpha sp.inspring s also
shown.
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Abundance of annual algae at Odiorne Park,
NH pools 1-3, fall 1996-2001
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Figure 3.1 La: Temporal variation in average percent cover tand standard errory ot the
annual algae category in all three pools at Odiorne Park. NH trom Fall 1996 to Fall 2001.
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Abundance of annual algae at Odiorne Park.
NH pools 1-3, spring 1997-2001
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Frgure 3.01h: Temporal vanation in average percent cover (and standard errory of the
annual alyae category i all three pools at Odiorne Park. NH trom Spring 1997 to Spring
2001,
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Algal composition of pool #1. Odiorne Park, NH
Fall 1996-2001
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Frgure 3.1 20 Temporal variation in average percent cover tand standard error) ot vartous
croups of algae i an upper itertidal pool at Odiorne Park. NH trom Fall 1996 to Fall
2001, The overall mean percent cover ot Enteromorpha sp.an tall is also shown.
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Algal composition of pool #1, Odiorne Park, NH
Spring 1997- 2001
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Figure 3.12b: Temporal variation in average pereent cover tand standard crror) of various
groups ot algae inan upper itertidal pool at Odiorne Park. NH from Spring 1997 o
Spring 2001,
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Algal composition of pool #2, Odiorne Park. NH
Fall 1996-2001
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Frgure 3.13a: Temporal variation in average pereent cover (and standard errory of various
groups of algace in an upper intertidal pool at Odiorne Park. NH from Fall 1996 to Fall
2001, The overall mean percent cover of Enteromorpha sp. in tall s also shown,
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Algal composition of pool #2, Odiorne Park, NH
Spring 1997-2001
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Fraure 3.13b: Temporal varation in average percent cover (and standard erron of various
groups of algace i an upper intertidal pool at Odiorne Park. NH trom Spring (997 to
Spring 2001, The overall mean percent cover of Enteromaorpha sp. in spring s also
shown,
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Algal composition of pool #3 at Odiorne Park, NH
Fall 1996-2001
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Figure 3. 14u: Temporal variation tn average percent cover (and standard errory ot various
groups of algac in an upper intertidal pool at Odiorne Park. NH from Fall 1996 1o Fall
2001, The overall mean percent cover ot Enteromorpha sp.in tall is also shown.
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Algal compeosition of pool #3, Odiorne Park, NH
Spring 1997-2001
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Froure 3 14b: Temporal vanation in average percent cover tand standard errory of various
aroups o algae e an upper intertidal pool at Odiorne Park. NH trom Spring 1997 to
Spring 2001, The overall mean percent cover of Enteromorpha sp. in spring is also
shown.
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Abundance of annual algae at Hilton Park. NH
pools 1-3, fall 1999-2001
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Figure 3.15a: Temporal variation in average pereent cover tand standard errory of the
annual algae category i all three pools at Hilton Park, NH from Fall 1996 to Fall 2001,
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Abundance of annual algae at Hilton Park. NH
pools 1-3, spring 1999-2001
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Froure 3.15b: Temporal varation in average percent cover (and standard errory ot the
annual algae category i all three pools at Hilton Park. NH trom Spring 1997 to Spring
2001,
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Algal composition of pool #1, Hilton Park. NH
Fall 1999-2001

NI : -
0
Hid
-
z .
z Fucord alyeae
- VErE
" —I—MS/CC

—&—tphemeral algae

e Crustose dlvae

Percent

Fall foun I all 2000 Fall 2eudd Orerall

aerage

Yeur

Freure 3 1oa: Temporal varation in average pereent cover tand standard errory ot various
aroups of aleae man mtertidal pool at Hilton Park. NH trom Fall 1999 w0 Fall 2001, The
overall mean percent cover of Enteromorpha sp. in fall is also shown, MS/CC s ML
svicllaties and Chondrus crispus.
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Algal composition of pool #1, Hilton Park, NH
Spring 1999-2001
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Figure 3.16b: Temporal variation in average percent cover (and standard error) of various
groups ot algae inan intertidal pool at Hilton Park. NH from Spring 1999 to Spring 2001,
The overall mean percent cover of Enteromorpha sp. in spring is also shown. MS/CC s
M. stellarus and Chondrus crispus.
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Algal composition of pool #2 Hilton Park.
Fall 1999-2001
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Figure 3.17a: Temporal vanation in average percent cover (and standard errory of various
groups of algae nan intertidal pool at Hilton Park. NH from Fall 1999 1o Fall 2001, The
overall mean percent cover of Enteromorpha sp. in tall is also shown. MS/CC s M.
stellatus and Chondrus crispus.
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Algal composition of pool #2. Hilton Park,
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Figure 3.17b: Temporal variation m average pereent cover (and standard error) of
vartous groups of algace i an intertidal pool at Hilton Park. NH trom Spring 1999 (o
Spring 2001, The overall mean percent cover ot Enteromorpha sp. in spring is also

shown. MS/CC s M. stellatus and Chondrus crispus.
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Freure S 18a Temporal vanation in average percent cover tand standard error) of various
aroups ot algae m an mtertidal pool at Hilton Park. NH trom Fall 1999 to Fall 2001. The
overall mean percent cover of Enteromorpha sp.an tall is also shown, MS/CC s M.

stellares and Chondrus crispus.
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Algal composition of pool #3 Hilton Park.
Spring 1999-2001
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Figure 3.18b: Temporal vanation m average percent cover cand standard errory ot vartous
groups of algae n anintertidal pool at Hilton Park. NH trom Spring 1999 to Spring 2001
The overall mean percent cover of Enteromorpha sp.in spring s also shown, MS/CC s
M. stellatus and Chondrus crispus.
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CHAPTERIV

EFFECTS OF PREDATION BY TWO SPECIES OF INTRODUCED
CRABS: INFERENCES FROM SHORT TERM MICROCOSM

EXPERIMENTS

ABSTRACT

Two mtroduced crab species are currently established in northern New England.
Carconus maenas and Hemigrapsus sanguineus. Carcints maenas has been in this region
tor at feast 3O vears, while Hosangranens was tirst found in New Hampshire in 1998, [n
other regions where Comaenas has invaded. there has been speculation regarding the
community -wide impacts of its introduction. In contrast. research into the impacts ot €
macnas in northern New England has thus tar been on a species by species basis. Based
on the high densities of /. sanguineus in southern New England. where they are already
well established. it is fikely that the continued population growth of this crab in northern
New England will have substantial consequences tor potential competitors and prey.
Microcosms of the rocky intertidal communtity were utilized to examine which organisms
were consumed when cach crab species was presented with a naturally occurring
assemblage. The two crab species consumed similar prey including: Semibalanus
balanoides. Mytilus edulis. Spirorbis sp. and various species of ephemeral algae.
Interestingly. the teeding rate of H. sunguineus on S. balanoides was significantly higher

than that of C. maenas. As populations of H. sunguineus continue to increase in northern
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New England. these and other prey species are expected to decline due to increased £,

vanguinens predation as they likely did following the establishment ot C. maenas.

INTRODUCTION

Introduced species are being recognized as important components of marine
communities due to their increasing abundance and roles 1n moditying these communities
(Carlton, 1989 Carlton and Geller, 1993: Hedgepeth, 1993 Ruiz et al.. 1997: 1999). The
consequences of brological invasions are vartous and widespread: the homogenization off
the planet’s brota s considered by ecologists to be a major threat to ecosystem function
tBaskin, 1996

Introduced species can displace other species feading to a loss in brodiversity .
numertcally reduce native species. or even transtorm physical aspects of therr new
habrtat. Several authors have speculated that the introduction of the European green crab.
Carcoues macnas has the potenual to cause a decline 1in brodiversity because of s
predatory actviues v the Pacitic: Cohen et al.. 1995: Grosholz and Ruiz. 1995:
Grosholz et al.. 20002 South Africa: Le Roux et al., 1990). The Asan clam,
Potamocorbula amurensis, underwent a population exploston during a prolonged dry
period i San Francisco which prevented recolonization by estuartne species (Nichols et
al.. 1990y, In northern Calitornia estuaries. Byers (1999) documented declines of the
native snail Cerithideda californica due to the establishment ot the Asian mud snatl.
Batillaria attramentaria. Changes in the physical environment are other dramatic
impacts of introduced species. The seagrass Zostera japonica colonizes mudtlats in
Orcgon (Carlton, 1989) and grazing by the introduced snail Littoring littorea can
transtorm marsh habitat to cobble beach in New England (Bertness, 1984). The impucts

of an introduced species can even be so profound as to contribute to the collapse of an
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entire tishery. The ctenophore Mnuemiopsis leidvi, introduced to the Azov and Black
Scas. consumes farval fish and contributed to the collapse of the anchovy fishery
(Zaitsev, 1992y,

The United States Office of Technology Assessment concluded that the increasing
frequency of introduced species and their cumulative impacts are creating a substantial
ceononue and environmental burden for this country. Their estimates on economic fosses
trom 79 non-indigenous species were 97 billion dollars trom 1901 to 1991 tOTA Repornt
Summury. 1993),

The northern New England (north of Cape Cod. MA) rocky intertidal zone 18
particudarly suited to eluctdate the community-wide impacts of introduced species
because ot its relatively low biological diversity. Guilds ot higher trophic levels are
composed ot only T or 2 species in this region (Menge. 19761, Because there are tew
spectes to mteract wath cach other, the community structure is relatively simple and
theretore this habrtat has been a model system for understanding community processes
Menye 1976 Lubchenco and Menge., 1978: Leonard et al.. 1998). This habitat has
already been impacted by several consprcuous introductions including, C.omaenas ithe
European green craby and Lirtorina littorea (the common peniwinkle). The impacts of
these two spectes on the rocky intertidal community have been considerable. Littorma
liztorea 1> the most abundant interudal herbivore in the New England rocky intertidal
sone with the ability to alter algal dominance patterns in this habitat (Lubchenco. 1978).
Predation pressure by C.omaenas has been implicated in the decline ot the sott shell clam,
Mya arenaria. tishery (Ropes. 1968) and has caused morphological changes in at least
two species ot intertidal snails. Lirtorina obtusata (Seeley. 1986) and Nucella lapilluy
(Vermeij, 1982).

While there is considerable information regarding the impacts of the
establishment of C. maenas on selected individual species in northern New England. its

broader impacts on the community have been comparatively neglected. In contrast.
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vartous authors have speculated on the possible impacts on community structure in other
arcas where Comaenas has been introduced «South Africa: Le Roux et. al. 1990, and the
Pacitic coast of the Umited States: Cohen et al.. 1995: Grosholz and Ruiz, 1995: 1996:
Grosholz etal, 20001 The omnivorous feeding habits of C.omaenas (Ropes. 1968 P.A.
Madigan, unpub. datw) and its high densities in the rocky intertidal zone of this region
e, T3/mAL Tyrerells 19991 suggest that it has an important ecological influence on the
community

Another mtroduced crab species has joined C. maenas i the northern New
Encland rocky mtertudal zone. Hemigrapsus sanguinens, the Asian shore crab
CMeDermott, 1999 Hemigrapsus sanguineus has recently been introduced to the
\thantic coast ot the Umited States and has undergone rapid range extension e MceDermot.
FOONT This species was tirst recorded in New Hampshire in October. 1998 ¢ MceDermott,
toovr and since that tme.at feast 30 idividuals have been tound at a vaniety ot locations
m the state «Pyrrellunpub. data. Both of these introduced crab spectes are general
predators ctor Comaenas: Ropes. 1968 for H. sanguineus: Lohrer and Whatlatch. 1997,
Fyreell, 1999 Because ot thetr high trophie position, both species have the potential o
cvert top down control on prey populations which may result in cascading indirect ettects
on lower trophice levels.

Caging experiments have been used to determine the eftects of predation by €.
maenas on sottsediment organisms (Retse, 1977 Thrush, 1986: Rattaelli et al., 1989;
Fernandes et al.. 1999 and Richards et al.. 1999) but comparatively little of this type off
research has been done in hard substrate habitats. This study used a combination ot
laboratory and tield experiments to investigate the feeding patterns ot H. sanguinens and
C. maenas on rocky mtertidal assemblages. Microcosm experiments were conducted in
the laboratory in the summer ot 1999 and the winter of 2000. and field experiments were
pertormed in the summer ot 2000. There were three treatments: one consisting only of C.

maenas, another consisting of H. sanguineus, and controls that did not have crabs. The
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results were used to extrapolate the potential community-wide impacts ot both the “new™.
H. sanguineus, and “old™. C.maenas. invader in the northern New England rocky

imtertidal zone.

MATERIALS and METHODS

Cobble covered by a characteristic assemblage of rocky intertidal organisms were
used inall microcosmis. Each replicate consisted of one cobble and the appropriate
treatment. These rocks, large enough to contain a representative sample ot the
communtty but small enough to be transported to the lub, were selected from the nud to
lower mtertidal zone of B Stark. Newcastle, NH (43 03.5IN70 42.75W)0 A hnuted
number of rocks that were used in the summer laboratory expeniments were also taken
trom a nearby location, Odiorne State Park. Rye. NH (43 02.62N.70 42.97W). Both of
these sttes are wave sheltered and have similar spectes composition and abundance

tTyrrell 1999,

Laboriatory Microcosims

There were two sets of laboratory microcosm experiments. One set was
conducted during the summer from July 5. 1999 to September 3. 1999 and the other set
during the winter trom February 2. 2000 to February 25, 2000, A total of 38 rocks (10
controls. 14 Hemigrapsus sanguineus and 14 Carcinus maenas treatments) were
examined tor the summier microcosms and a total of 23 rocks were examined in winter
{12 controls. 6 H. sangeuinens and 5 C. maenas). The rocks used in summer microcosm
experiments ranged in size trom 7.5 to I8 em long and 5 to 12.5 em wide (minimum to
maximum dimenstons). while the rocks used in winter microcosm experiments ranged in

size trom 12 to 28 cm long t0 9.5 to 19.5 cm wide. The time between collection ot the
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rochs from the ticld and initiation ot the experiments was less than 24 hours to limit
changes due to snail grazing or other intrinsie factors.

Atter the rochs were collected. organisms on the sides and bottoms were removed
by ~craping. The rocks were rinsed to remove highly mobile species such as amphipods
and sopads, which are ditficult to quanuty. and to ensure that observed changes were
Jue onty to consumption by the experimental crabs. All remaining animals, te.
Semibalaniy balanowdes charmnactesy and Spirorbis sp. (the coiled worm)., were counted
betore and atter the experimental period. The number and shell length ot Myvrilus edulis
cmusselsand Lrtonmids osnanlsy were recorded. Molluses that were less than 2 mm shell
tenath were not mcluded i the analysis of results. The percent cover of sessile species
cmosthy tohose and encrusting algaet was also determuned either by stretching a
transparency or placmg pleniglass with random points €135 points/49 ¢m™y over a
contamner. The species tor bare rocky under each point was recorded. A sketeh and
photosiaph were made o cach rock o that it could be arranged in the same manner tor
percent convet analysis atter the experiment. thus reducing error assoctated with this
method.

Fhe expernmmients were mitiated by placing cach rock into a contamner (38 L glass
aquarta with a laver ot sand and approvimately 13 Lot scawater for summer microcosn
cxpertments and a FE L dishpan filled with seawater tor winter microcosmsi. along with
1ts assoctated molluses. Two similarly stzed crabs that had been starved at least 48 hours
were added to the expertmental containers. The size range of H. sanguineus tor the
laboratory microcosm experiments was 13 - 27.9 mm carapace width, and C. maenas
ranged in size from [4.2 - 47.6 mm carapace width. Control treatiments did not have
crabs added to the containers. There were Each container was covered with translucent
plexiglass so that all of the organisms experienced a natural day/night cyvele. Forty cight
hours later. the crabs, rocks and associated organisms were removed and the previous

analysis of the rocks was repeated.
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Field Microcosms

Ten sets of field microcosm experiments were conducted at the Ft. Stark site at
0.5 m above mean fower low water. The first set of tield microcosm experiments was
initiated on August 8. 2000 and the last set was completed on September 30, 2000. Each
set of experiments consisted of three rocks: a control treatment (no crabs). a H.
sanguinens treatment and a C. maenas treatment. The tield component of the
cxperiments fasted tor two days.

The enclosures were made tfrom a 17 L translucent plastic storage bin (dimensions
412 em long X 287 em wide x 25,3 em highy with a removable cover. The sides and
bottom ot the bin were cut out and plastic mesh (3 mm square) was glued over the
openings. The bins were placed upside down (cover on the bottonn and they were
seeured to the substrate using tent stakes and bricks. Each bin was filled with coarse sand
to S cmdepth. A total of sixobins were deploved.

Rocks used in tield microcosm experiments were collected from the mid to fower
itertidal zone of Fuo Stark. Al analysis of prey assemblages on the rocks was done in
the Laboratory in the same manner used in the laboratory microcosm experiments, (same
selection and preparation procedures). In some cases. the number of barnacles was very
large estimated at over 10001, and some barnacles were randomly scraped off ot the
rocks to tacilitate counting them. The size range of rocks used in field microcosm
experiments ranged trom i mintmum i each dimension of {3 e¢m long. 12 cm wide and 7
c¢m high and a maximum in cach dimension of 29 cm long. 22 ¢m wide and 14 ¢m high.

The experiments were initiated during low tide by placing a rock and its
associated organisms into one of the tield enclosures. After several minutes. five
similarly sized. starved. adult male crabs (either C. maenas or H. sanguineus) were

placed into experimental enclosures. The stocking density of crabs corresponded to a
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density of 42 crabs per m=. which is similar to ambient densities of C. maenas at this tidal
herght at this site ¢ Tyvrrell. unpub. data). The stze range of H. sanguineus was 13.7 - 37
mm carapace width and the size range of Comaenas was 14.2 - 36.9 mm carapace width,
The microcosms were checked daily and any dritt algae that accumulated on the outside
were removed. The experiment was concluded during low tide two days later, w hen the
rocks. assoctated organisms and crabs were removed from the enclosures. The rocks and
their associated organisms were returned to the laboratory for analysis. while the crabs
were trozen and then transterred to alcohol. Once the cobble was transported to the lab.
the pereent cover analysis was repeated. the number of S, balunoides and Spirorbiy sp.
was determined and Littorinids and M. eduldis were counted and measured. Other

changes that had occurred during the experimental time period were also noted.
Analysis

After the experiments were completed. some algal species were combined into
categories to tacilitate the analysis ot results. Phvinatolithon sp. and Lithothamniom
eluciale were combined to torm a crustose algae category. In addition. a non-perennial.
fleshy algae category chencetorth ephemeral algae) \\';l‘,\ created that included the species:
Sevtosiphon simplicissimus. Rhizoclonium tortuosum. Chactomorpha sp.. Ulothrix flacca.
Cladophora ~p.. Enteromorpha sp.. Porphyra sp.. Dumontia contorta and diatoms. The
algae comprising the ephemeral algae category (with the exception of Chaetomorpha sp.)
were poorly represented between treatments and replicates. A tucoid algae category was
also created: it was composed of Fucus vesiculosus and Ascophyllum nodosum.

The percent change in the abundance of all species after the experiment was
determined to compare changes that occurred in the crab versus control treatments. In
some cases. the percent changes were positive. This was due to some species (such as

encrusting algae) being exposed as the crabs consumed foliose algae that had previously

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



obscured it. The percent change was calculated for both count data and for percent cover
data. The size trequency distributions of molluses betore and atter the experiment were
analyzed with Chi Square tests in Instat version 2.01 (Graphic sottware).

Results of the percent change data were analyzed using univariate ANOVA |
Tukey's multiple compartson m Systat version 9.0 (SAS Institute). All data were
checked for normality and homoscedasticity prior to analysis of variance tANOVA). In
several cases, isummer lab: 8. balunoides. Spirorbis sp. crustose algae: winter lab: .
balunoides. M. edulis. bare rock. crustose algae, ephemeral algae: field: M. eduliy.
cphemeral algae. tucord algae). the vartance appeared to be heteroscedastic and so the
data were square root are sine transtormed. For these cases. the results are reported tor
transtormed data. Because several univariate ANOVA'S were pertormed tor cach

experiment, a sequential Bonteronni correction was used.

RESULTS

Both species ot crabs consumed organisms on or assoctated with the rocks and the
patterns of consumption were similar regardless of where (tield or aboratory) or when
(summer or winter) the nucrocosms were pertormed. Large changes were observed in
the abundance of Senmbalunus balunoides, Mytilus edulis. Sprirobis sp. and ephemeral
algae in the microcosms that had crabs in them. [t appeared that Hemigrapsus
sanguinens had hgher consumption rates than Carcinus maenas. because the absolute
value ot the percent change in the abundance of organisms was often higher in the H.
sanguineus treatment than in the C. maenas treatments in each set ot experiments. There
were relatively few changes associated with control microcosms. with the exception that
some organisms were lost during handling (i.e. some 8. balanoides were accidently

crushed during handling). Some primary consumers were eaten by crabs in experimental
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treatments. but did not occur in large enough numbers to be included in statistical
analysis. These organisms included the impet Notoacmea testudinalis. and the snails
Littorina obtusata and Lacuna vincta.

The most noticeable difterence between control and crab treatments in all of the
microcosm experiments was the decline in 8. balanoides (Table 4.1: Fig. 4.1). In the
ficld microcosms, the decline ot S. balanoides in the H. sangeuineus treatments was
significant when compared to both control and C. maenas treatments (Table 4.1: Fig.
4.0 Addinonally. both Comaenas and H. sanguinens caused signiticant declines in 8.
balanoides as compared to controls in both sets of lab experiments (Table 4.1: Fig. 4.1,
Fhe reduction in the number of Spirobis sp.in both crab treatments was signitficantly
difterent from that ot the controls in the summer lab experiments. Spirorbis sp. also
dechned in both crab treatments in the field experiments but the ditference was not
statstrcally signiticant tfrom that ot the controls (Table 4.1 Frg. 4.2).0 There were not
cnough Sprrorbis sp.n the winter fab experiments to undergo this type of analysis,
Although Mo edulis dechined in experimental treatments. this decline was not statistically
stenticant moany of the experiments where this type of compartson was possible 1 Table
4.1 Frg 430 The changes in the abundance of ephemeral algae were vartable between
cyperiments and between crab spectes. [tappeared that both spectes ot crabs caused big
dechnes inephemeral algae in the summer lab experiments. but these ditterences were
not statisticallv signiticant atter the Bonteronni correction (Table 4.1 Fig. 4.4).
However. the amount of ephemeral algae significantly increased in both crab treatments
as compared to the controls in the winter lab experiments (Table 4.1 Fig. 4.4y, In the
ficld experiments, the changes in ephemeral algae were relatively minor (Table 4.1: Fig.
4.4, The significant ditterence between the H. sanguinews and control treatment in the
crustose algae category tn the summier lab expeniments was due to the increased amount
of algal crust that was exposed as the crabs consumed organisms that had previously

obscured it (Table 4.1: Fig. 4.5). Similar to the crustose algae category. the amount of

to
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bare rock that was exposed increased in the crab treatments tor lab experiments (Fig.
4.6, but in the ficld experiments. the changes n the bare rock category were mixed
between crab treatments. and generally small in magnitude (Fig. 4.6). Finally. tor both
tucord algae and the Mastocarpus/Chondrus category. the differences between the crab
and control treatments were varable both between experiments and between species of

crab (Figs. 4.7 and 4.8).

Stze treguency

Figure 4.9 shows the size trequency distribution tor M. edudis i the tield and
winter lab experniments. Myveilus edulis and L. littorea were the only two animal species
that occurred m high enough densities to have thetr size trequency distributions
compared. There were relatively low numbers of both spectes in the Larger stze classes.
Theretore. all L. lirrorea larger than 26 mm shell length and all M. edudis targer than 31
mm shell length were grouped to achieve sutfictent numbers to pertorm the Chi-square
analysis. The Chi-square test showed that there were no ditferences between the size
trequency distributions of L. fittorea betore and atter in any of the treatments tor any of
the three sets of microcosm experiments p values ranged from 1.0 to 0.5, results are not

depicted graphicatlyy. The Chi-square test for tread indicated that there was a stgniticant

F— - . . - . . ~ Al
diftference between size classes of M. eduldis betore and atter tor both the C. maenas (g -

5 - . R, , . = - -
=7.33. df=1. p<0.01) and H. sanguineus treatments (x-=+.83. df=1. p<0.03) in the tield
microcosms. This difference was due to the high consumption of small size classes of M.
edulis (Fig. 4.9a). The winter lab experiments did not have any significant difterences
(Fig. 4.9b) and there were not enough M. edudis in the summer lab microcosm

experiments to analyze the changes in size frequency distributions.
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DISCUSSION

Results from the three microcosm experiments can be used to inter impacts of
both introduced crab species on the recipient community. It is apparent that both
Cuarcinus maenas and Hemigrapsus sanguaneus are capable ot consuming a wide variety
ot prey from various trophic levels (algae to primary consumersy. This omnivory among
both invasive crab species may have contributed to their success in colonizing new
cnvironments with novel and/or variable prey assemblages. As populations of C.omaenas
became established in northern New England. 1t 1s Iikely that they intluenced the
structure of the communtty through their high trophie posttion. With the continued
expansion and establishment ot #. sanguineus. even higher predation pressure will be
exerted on these same prey species.

The univariate statistical results indicated that both species of crabs caused
stgniticant changes in the assemblages ot organisms on the cobble. The eftect on
Semibalanus balanoides was the greatest: we tound that 8. balanoides was consumed at
high levels by both crab species. but H. sanguineus was responsible tor a greater dechne
in barnacles than C. maenas (Table 4,10 Fig. 4.1, A similar result was found tor long
term microcosms: the changes in the H. sanganens treatment were statistically
stgnificant from two types ot control treatments as well as from the C. maenas treatment
(Chapter V). 1t is also hkely that the introductions ot both crab species has alrcady
caused or may soon be responsible tor additional predation pressure on Spirobis sp. (Fig.
4.2) and juvenile Myrifus eduliy (Fig. 4.90). A direct comparison ot the feeding rates ot
the crabs 1n these microcosm experiments with the results from other feeding rates
experiments are not warranted because the only other teeding rate experiments utilizing
both crab species oftered only juvenile M. edulis as the prey species (Lohrer and

Whitlatch, 2002). rather than an assemblage of organisms.
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The prey species that were reported to signiticantly decline n these microcosm
experiments are not the only spectes that have been or will be attected by predation by
mtroduced crabs. While the numbers of the gastropods Littorina obtusata. Notoacmea
testudinaliy and Lacuna vincta were oo low to undergo statistical anafvsis, they were
consumed by both species of crabs and it is possible that these species have also faced
mereased predation pressure with the arnival ot Comaenas and H. sangeanens. o tact.
1v possible that these castropods and other prev were refatively uncommon in the
microcosms because Coomaenas predation has already ntivenced the community

Although they have been previously documented to consume a wide variety of
tood items. C.omaenas i~ generally percerved to be primartly a molluscan predaton
(Glude. TOSS Ebling et al. 1964: Ropes 1968, 1988 Hughes and Elner. 1979 Elner.
TON T Sanchesz-Sabazar, 1987 Cohen et al.. 1995). The fack of staustically sigmiticant
consumption of Mo edudis i these experiments may have been due to the refatively fow
avatlubility ot this prey item. expecrally i sizes that are suscepuble to crabs. However,
when small M. edudiy were present. they were consumed thrg. 490 Juvenile Comaenas
have also been documented as barnacle predators (Rangeley and Thomas, 19870 This
study adds o the body of literature on the diet breadth of C.omaenays (sigmiticant
consumption of Spirorbis spoas well as £ sanguinens. which was had previousiy been
reported to be primarntly herbivorous in s native range (Depledge, 1984y

This appears to be the tirst study that has utilized mrcrocosms to determine some
impacts of an “old™ invader cCarcinis meanas) and to predict some impacts for a "new”
invader (Hemigrapsus sanguineus) on the northern New England rocky intertidal
community. This experimental design was benefticial because it uttlized naturally
oceurring assemblages ot organisms on the cobble. and theretore the microcosms
represented a realistic community rather than one that 1s artificially constructed.
However. the assemblage of organisms that was analyzed on the cobble was not

representative of the rocky intertidal community as a whole. Several groups of
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organisms, including amphipods and isopods. were not included in the analvsis due to
their small size and mobility. The importance of these small crustaceans in the diet ot C.
maenas is unclear: Elner (198 1) stated that they appeared to be of minor importance but
Ropes (1988 tound that they were one of the most commonly encountered tood items in
stomichs of juventle (<20 em carapace width) C. maenas. While generally the species
composition on the cobble was similar to that of the adjacent rock bench, some species
such as rockweed canopy algae and their associated organisms (1.e. Littorina obrusata)
were underrepresented. as they are more common on rock bench substrates (M.C. Tyrrell
and P.AL Madigan, pers. obs. and Tyrrell, 1999). Although the study sites are relatively
wave sheltered. the differences in species composition between the cobble and the rock
benches is likely due to the susceptibihity of the cobble to wave action (Sousa. 1980,
The ettects of crab predation on species that are more strongly assocrated with rock
benches may have been underestimated using this experimental design.

Artifacts assoctated with caging or microcosm experiments include: moditicd
water movement. abnormal behavior of predators. shading and protection trom
desiccation. accumulation of debris on cages and have been discussed by many authors
(e.g. Reise, 1977: Thrush, 1986: Hall et al.. 1990: Fernandes et al.. 1999). A potential
problem with the experimental destgn tor the tield microcosms was the fuck of cage
control treatments. However. because the duration of the expertments was only torty -
cight hours, some cage artitacts (shading. reduced water tflow) probably only had minimal
intluence on the survival of organisms in the cages. Two factors that may huave been
important in atfecting consumption rates in field microcosms may have been protection
tfrom predation (which could raise consumption rates) and increased agonistic nteractions
between crabs because of competition tor retuge space under the rock (which could lower
CONSUMPLION rates).

Other artitacts particularly assoctated with this experiment. included ditterent

water temperatures between the lab and field experiments and the calculation of percent
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change rather than absolute change in abundance of each species. The consumption rates
ot the crabs in the laboratory microcosms could be expected to be higher than would be
observed under natural conditions because of the elevated water temiperatures and fack off
udal tfluctuations. In addition, 1t was necessary to caleulate percent change rather than
absolute change in species abundance because each rock had difterent relative
avatlability ot prey species. A reduction from two individuals to one individual would be
represented by the same percent change value as a reduction of two hundred to one
hundred individuals. This tssue was particularly relevant when comparing the
abundances ot Spirorbiy sp. trom the winter and summer microcosm experiments: the
abundances of Spirorbis sp. were much lower in the winter microcosms than in the
summer. In spite of this difference in the absolute avatdabidity of prey. the consumption
patterns of the crabs were similar between scasons (Fig. 4.2).

Perhaps the most important artitact associated with these expertments was the fact
that the rocks were taken tfrom a community that was already intluenced by C.omnaenas
predation. As previously mentioned. the low abundance of some gastropods initially on
the cobble may have been due to a high density of C.omaenas in the study area. The
conclusions from these experiments are fimited by the tact that the community under
investigation has already been impacted by one of the two introduced predators. Despite
this limitation. many other researchers have used caging expeniments to inter the unpacts
of C. maenas (Reise. 1978 Scherer and Reise. 1981: Jensen and Jensen, 1985: Rattaclh
et al.. 1989; Fernandes et al.. 1999; Richards et al.. 1999) predation in soft sediment
environments in Europe. Caging experiments are the best option when working with a
species whose mobility and ability to climb fencing make large scale. long term removal
experiments untenable.

Tyrrell and Harris (2001 and Tyrrell (1999 predicted the ettects of establishment
by H. sunguineus on the northern New England rocky intertidal community. These

authors tound that H. sanguineus is most likely to have an omnivorous diet in northern
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New England which could cause increased competition for food with both C. maenas and
other herbivores. In addition. they showed that the molluse teeding preferences of these
two introduced crab species significantly overlapped which could lead to competition for
food and/or disproportionate declines in the abundance of preferred prev. The results
from this research support this concluston. When presented with microcosms of the
northern New England rocky intertidal community. C. maenas and H. sanguineus
consume similar prey species. and it appears that A sanguineus has higher consumption
levels than Comaenas tFigo 4.1 and on M. edulis. DeGraat and Tyrerell. in prepo. It H.
sanguinens reaches densities comparable to those in southern New England (ca. 70/mn.
Lohrer. 20000 and resources (re. prey. shelter) are limiting, we expect that these two
introduced crab species will experience competitive overlap in northern New England.
The introduction of C. maenas likely caused declines in the atorementioned prey
popuiations. and we predict that the addition of H. sanguiners to this community will
cause further declines in the populations of these and other prey species. Finally.
declines in C. maenas abundance have been observed in southern New England where
populations of H. sanguineus are high. This decline has been attributed to adult #1.
sangumens consuming Comaenas as they recrutt to rocky intertidal habitats « Lohrer and
Whitlatch. 2002).

This study demonstrates that the impacts ot an introduced species on a naturally
oceurring assemblage of organisms can be assessed using microcosims to gain a more
comprehensive understanding of the feeding brology ot the introduced species. The
ctiects of these two introduced crab species on the rocky intertidal community appear to
be similar in that they consume similar prey. and as the abundance ot H. sanguineus
tncreases in northern New England. the initial impact on the community is likely to be
increased pressure from the crab guild. It A. sanguineus displaces C. maenas in northern
New England. as it appears to have done in southern New England. prey populations will

remain low and particular species may even decline turther than they did when C.
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maenas became established because ot H. sanguineus™ high teeding rate. The negative
consequences of the introductions and establishment of these two introduced crab species
are likely to be experienced by a wide variety of potential prey and competitors in the
rocky mtertidal zone and the potential tmpact of the “new™ crab invader on prey and
competitors may exceed that which Comaenas posed when it invaded New England’s

rocky shores.
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Table 4.1: Results from one -way ANOVA of abundance in cach microcosm experiment. Vidues in bold indicate statistical significance
atter sequential Bonferonni correction for multiple comparisons. HS= Hemigrapsus sunguineus, CM= Carcinus maenas.

Experiment Source ~ df Mean Square F value p value Tukey’s post hoc
Field Semibalanus balunoides 2 2720903 14.624 0.000 HS < Control, p=0.000,
HS < CM, p=0.006
Spirorbiy sp. 2 3340.339 2858 0.091
Mytilus eduliy 2 0.713 0.470 0.634
Bare rock 2 7.938 0.282 0.756
Crustose algae 2 20.651 0.759 0.478
Ephemeral algae 2 0.017 0.451 0.651
Fucoid algae 2 0.014 0.365 0.69Y
Muastocarpus/Chondrus - 2 3.990 0.170 0.845
Lab- summer Semibalanus balunoides 2 3124 [1.199 0.001 HS < Control, p=0.001
CM < Control, p=0.014
Spirorbis sp. 2 2. 146 25112 0.000 HS < Control, p=0.000,
M < Control, p=0.000
Bare rock 2 30958 0.867 0432
Crustose algae 2 0.462 9.527 0.001 HS > Control, p=0.000
Ephemeral algae 2 315155 3437 0.054
Fucoid algae 2 24977 3215 0.0065
Mustocarpus/Chondrus 2 203,471 2740 0.079
Lab- winter  Semibalanus balanoides 2 2,253 21.792 0.000 HS < Control, p=0.000,
CM < Control, p=0.002
Mytiluys edulis. 2 1.259 354 0.053
Bare rock 2 0.103 1.928 0.172
Crustose algae 2 0.017 0.208 0814
Ephemeral algae 2 0.159 10,139 0.002 CM > Control, p=0.004
HS > Control, p=0.021
Fucoid algae 2 31294 0.729 0.4906
Mastocarpus/Chondrus 2 6.400 1.500 0.249
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cxperiment. Difterent letters denote treatments that were statistically significant from
cach other after a sequential Bonteronni correction.
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Froure 4.9: Stze trequencies of Mvrilus edudis in cach treatment in the a) summer tield
and by wanter fab expertments. Open bars are betore and shaded bars are atter the
expertmental trial wis completed. Asterisks denote statistical significance (p<0.035).
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CHAPTER Y

EFFECTS OF PREDATION BY TWO SPECIES OF INTRODUCED
CRABS: INFERENCES FROM LONG TERM MICROCOSM

EXPERIMENTS

ABSTRACT

Two introduced crab spectes currently inhabit the northern New England rocky
intertidal zone. Carcinus maenas and Hemigrapsus sanguineus. Carcinus maenas has
been established in this region tor many vears, while H. sanguineus is just beginning to
establish populations in New Hampshire. The objective of this study was to examine the
teeding patterns of these two crab species when presented with microcosms of the rocky
intertidal community. Five adult male crabs of each species were placed into enclosures
that contained cobble that roughly represented the rocky intertidal community as a whole.
Control enclosures did not contain crabs and cage control treatments were only partially
enclosed to assess the effects of caging. After fourteen days. the changes that took place

in cach crab treatment were compared to changes in both types of control treatments.
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There was evidence of high aggression between crabs in the cages: many crabs were
missing legs or claws and some were apparently killed by conspecitics. Very high
consumption of Semibalanies balunoides was recorded tor the H. sangumens treatment.
the decline in S balanotdes was statisuically significant tn the H. sanguineus treatment
versus all other treatments. The data gathered from these long term microcosm
experiments was used to infer some of the possible impacts C. maenays had when it was
introduced and to predict some of the changes that might take place as populations of H.

vanguineus continue to increase in this regron.

INTRODUCTION

The role ot introduced species ininfluencing the communities they inhabit varies
trom alteration of tood webs to alteration ot ecosystem tunction. When the introduced
spectes s a generalized predator. such as the European green crab. Carcinus maenas,
both the direct and indirect eftects ot the introduction can intluence the entire community
to ~ome extent. For example. C. maenas has been introduced to soft substrate habitats on
the Pacttic coast of the United States (Cohen et al. 1995: Grosholz and Ruiz. [995:
Grosholz et al.. 20001 and has caused significant declines in some bivalve and crustaceun
species tGrosholz et all, 20000, These authors suggested that heavy predation by this
crab on burrowing bivalves may have allowed non-prey species such as polychaetes and
tube- building tanaids to dramatically increase because of competitive release.

Cuarcinus maenays has also been tound to have considerable impacts on the prey

community in Europe. In soft substrate habitats. several authors have tound that
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predation by C. maenas can cause statistically signiticant declines in the abundance of
common molluses (Rattaelli et al.. 19892 Fernandes et al., 1999: Richards et al.. 1999,
[n the western Atlantic. where 1t is also an introduced species. research into the impacts
ot C. maenas has tended to tocus on individual prey species (e.g. Mya arenaria. Ropes,
1968: Nucella lapillus. Vermeyy. 1982 and Littorina obtusata. Sceley, 1986 Trussell.
1996). In contrast to rescarch on the west coast of the U.S. (e.g. Cohen et al.. 1995;
Grosholz and Ruiz. 1995 Grosholz et al.. 20000, the community wide impacts (direct.
tdirect ettects, potential changes in species richness etey of the introduction of €.
macnas to New England have been neglected.

Currently. another introduced crab species is becoming increasingly abundant i
the rocky interuidal zone of northern New England. Hemigrapsus sanguineus s now the
most abundant crab i rocky habitats in the U.S. mid-Adantic (New York: Gerard et al.,
19997 New Jersey: MeDermott, 1998 and southern New England «Connecticut: Lohrer et
al.. 19972 ARl and Moss, 1999; southeastern Massachusetts: Ledesma and O'Connor.
2001, There has been much speculation about the impacts of the introduction of this
species because it can reach very high densities (estimated at up to 320/m°. McDermott,

1998) and because 1t appears to have a high feeding rate (J. DeGraat and M. C. Tyrrell. in

In the rocky intertidal zone of temperate regions., predators notoriously have
strong ettects on thetr prey. In these regions, predation. either directly or indirectly. has a
substantial intluence on the structure of the communtty as a whole (Paine, 1974; Menge.
1976: 1978: Petraitis. 1987: Janke. 1990). However. previous investigations into the

impacts ot predators in northern New England have not tully accounted tor predation by
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crabs. To date. there have been no studies that have focused on assessing the impacts of
C. maenas predation in hard substrate communities of northern New England. In
addition. the studies that have attempted to assess the impacts of H. sanguineus predation
have been based on laboratory experiments (Lohrer and Whitlach. 1997: McDermott.,
1998: Gerard et al.. 1999: Brousscau et al.. 2001 with one exception (Lohrer and
Whitlatch, 2002y

The objective of this research was to turther investgate the tfeeding patterns of
both C. maenas and H. sanguineus when they were presented with a microcosm ot the
rocky intertidal community. This research complimented similar previous investigatuons
of the teeding patterns of both crab species in short term (torty -cight hour) lab and ticld
microcosm experiments (Chapter [V: Tyrrell and Madigan, in prepa. The results trom
the short term microcosm experiments revealed that both Comaenas and H. sanguineus
caused qualitatively similar changes in the abundance of prev. but that /. sanguwinews had
a higher feeding rate on 8. halanotdes. These long term microcosm experiments were
designed to determine it the feeding patterns of cach species would be similar on a longer
tme scale and to determine it the ditference in teeding rates that was observed in short
term experiments persisted. The results from the microcosm experiments were used to
retroactively inter imipacts of the introduction of C. maenas and to predict the impacts of

the establishment of H. sanguineus in northern New England.
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MATERIALS and METHODS

Microcosm experiments were conducted at Ft. Stark. Newcastle. NH (43 035N,
70 42.73W). The first set of field microcosm experiments was begun on August 16,
2001 and the last set was completed on September 6. 2001, Each set of experiments
consisted of four treatments: a control (no crabs in the cage). a cage control (the bottom
halt ot the mesh covering the openings was removed). a Hemigrapsus sanguineus
treatment and a Carcinus maenas treatment. Preparation for the experiments consisted of
two parts: analysis of the community composition on the cobble betore being exposed to
one of the Tour treatments, and a repeat of the community composition analysis atter the

tourteen day experimental period.

Cobble analysis

Cobble covered by a charactenistic assemblage of rocky intertidal organisms was
selected trom the mud to lower intertidal zone of Ft. Stark. The rocks were selected tor
inclusion in the experniments based on their assemblage of organisms: the cobble were
farge enough to contain a representative sample of the community but small enough to be
transported to the lab. The size range of cobble used in ficld microcosm experiments
ranged trom 20 - 28 em long, 13 - 28 ¢m wide and 6 — 16 cm high. All mobile
organisms (mostly gastropods) associated with the cobble were also collected and placed
into a plastic bag.

After being transported to the lab. the rocks were rinsed to insure that all mobile

organisms (juvenile crabs, amphipoids. isopods) had been removed. Sessile organisms
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attached to the rock (Semibalanus balanotdes [barnacle] and Spirorbis sp. (coiled worm)|
were counted. Al moltuses (Mytilus edulis [mussels]. Littorimd snails and Noroacmea
testudinalis [limpet]) were measured (shell lengthy as well as counted. Molluses that
were fess than 3 mm shell length were not included in the analysis of results.

The percent cover of sesstle species imostly foliose and encrusting aigaes was
determined by placing the cobble in a dishpan and tilling the dishpan with seawater so
that the canopy algae were tloauting. Plexiglass marked with a grid of random poiats (13
points/49 cm ) was then placed over the dishpan. The species (or bare rock) under cach
point was recorded: the number of points recorded for each cobble ranged trom 63 to 193
depending on the size of the rock. A <keteh and digrtal photograph were made ot cach
rock o that the canopy algae could be arranged in the same manner tor the post treatment

pereent cover analysis. thus reducing error associated with this method.

Expernimental crabs

Thirty-seven male Hemigrapsus sanguanens and sixty-two male Carcinus maenas
were measured and werghed to determine the carapace width/biomass relationship. This
was done in order to atilize crabs with comparable biomass in the microcosm
experiments. All C.omaenas used for the experiments were between 20 =25 mm carapace
width (2.02 — 3.39 g¢r mean weight 2.69 ¢, SE 0.21 gy and all H. sanginens were 17 - 20
mm (2.25 to 4.08 g: mean wetght 3.16 g, SE 0.20 g). Although the average weight of H.
sanguineus was shightly heavier than C. maenas. the overail biomass of cach species was

roughly comparable. All of the crabs used in the experiments had been maintained on
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clam meat in the laboratory but were starved for at least two but not more than six days

prior to being used in the experiments.

Field microcosms

Atter imtial analysis in the faboratory. the cobble and all mobile organisms
assoctated with it were returned to the Ft. Stark collection site and placed in cages at 0.5
m above mean lower low water. Cages were made from a 17 L transtucent plastic
storage bin cdimensions 1.2 x 28,7 x 253 ¢nn with a removable cover. The sides and
bottom of the bin were cut out and 3 mm plastic mesh was glued over the openings. The
bins were placed cover side down and were secured to the substrate using tent stakes and
brichs. Each cage was filled with coarse sand to 5 ¢m depth: the cobble and assocrated
organisms were placed on top of the sand. A total of twenty cages were deploved.

Several minutes atter the cobble and assoctated organisms were placed in to the
cages. five similarly sized starved male crabs (ot a single spectesy were placed into
cxperimental enclosires. The stocking density of crabs corresponded to a density ot 42
crabs/m=, which is similar to ambient densities of C. maenas at this tidal height at this
site (Chapter 1.

The microcosms were checked by fooking through the mesh on the top and sides)
at least every two days in order to tind dead crabs or other potential problems. Drift
algae that accumulated on the outside of the cages were removed. Only one dead £,
sangiinens was discovered during these checks and this crab was replaced the following

day with a similarly sized starved male crab.
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The experiments were concluded after fourteen days by removing the cobble.
assoctated organtsms and crabs from the cages. In many cases. only some of the
experimental crabs were imtially recovered while the cage was located in the ficld and in
those cases. all of the sediment in the cage was sieved through a .5 cm mesh to retrieve
the remaining crabs. The cobble and their assoctated organisms were returned to the
laboratory and the percent cover analysis was repeated. the number of barnacles and
Spirorbis sp. was determined and snails and mussels were counted and measured. Other
changes (such as the disappearance of species) that had occurred during the experimental

time period were also noted.

Analysis

The percent change in the abundance of organisms on or assoctated with the
cobble was caleulated to compare the two types of control treatments with the two crab
treatments. The percent change was calculated tor both count data and tor percent cover
data. The size frequency distributions of organisms betore and atter the experiment were
analvzed with Chi Square tests in Instat version 2.01 (Graphic software ).

To tacilitate the analysis of results tor the percent cover data. some types ot algae
were combined 1nto categortes because they have similar functional roles within the
community. The crustose algae category included: Phymatolithon luevigatum,
Lithothamnion glectale and Clathomorpluen circumscripuem, Hildenbrandia rubra.
Verrucaria sp. and Ralfsia verrucosa. The tucoid algae category was composed ot Fucuy
vesiculosus and Ascophyvllum nodoswm. In additon. an ephemeral algae category wus

created to incorporate several non-perennial species that were found on the cobble
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including: Chaetomorpha sp.. Cyvstoclonium purpureum, Ahnteltia plicata, Enteromorpha
sp.. diatoms and one unidentified red and brown ephemeral algae species cach. All data
were checked for normality and homoscedasticity prior to analysis of variance
tANOVA). The percent change data were subjected to ANOV A and Tukev's HSD post
hoc test using Systat version 9 (SAS institute). Because seven univariate ANOVA'S were
pertormed. a sequential Bonferonni correction was used. Exploratory data analyvsis was
also done using Discriminant analyvsis in Systat version 9 (SAS institute). The same
seven categortes that were tested using ANOVA were the predictor variables for the
Discriminant analysis. The groups for the Discriminant analysis were the tour types of

treatments.

RESULTS

Unexpected results of these caging experiments were that there were high levels
ot aggression between the crabs within the cages. Two juvenile non-experimental crabs
were also recovered trom the cages at the end of the experiment. Many of the crabs that
were recovered at the end of the experiment were missing multiple limbs and there were
other signs of aggression: tour C. maenas and two H. sanguineus were eaten by
conspecitics (Appendix A). The average mortality in the C. maenas treatment was 204
while in the H. sunguineus treatment. the average mortality was 10¢%. Fragments of
exoskeleton were often found in the cages. indicating that the missing crabs were
presumably eaten and did not escape. In addition, several of the C. maenas that were

recovered at the end of the experiment had moited. Two juvenile crabs (one H.
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sanguineus and one C. maenas) that were not intended to be included in the experiments
were recovered while sieving the sediment from the cages at the end of the experiment
(see Appendix A for detls). Ttis unlikely that these small crabs crawled into the cages
during the course of the experiment because the cages were secure and checked otten to
insure that crabs could not escape.

[n addition to the high levels of aggression between crabs in the experiments.,
there was also high consumption ot Semibalanus balanoides by H. sanguineus. The
dectine in the number of' S, balanordes was statistically signiticant tor the H. sanguimeus
treatment versus both types of control treatments and versus the C. maenas treatment
(Table 5.1: Fig. 5.0 Inone H. sanguineus treatment. the number ot S, halanoides
dechined from 221 to 71 and all of the remaining barnacles were relatively large
cesttmated to be >3 mm test diameter). Although it appeared that S, balanoides also
declined tn the Cmaenas treatments relative to the controls, none ot these ditterences
were statistically signiticant (Fig. 5.1, The numbers ot Spirorbis sp. declined in all of
the treatments over the two weeks of the experiment, but there were not any statistically
significant differences between the treatments (Fig. 5.2)0 The amount of rock that was
exposed was not significantly difterent between any of the treatments (Fig. 5.3) and the
changes in the amount of crustose algae were also not significantly difterent between any
of the treatments (Fig. 5.4). [t appeared that the amount of ephemeral algae declined in
the H. sanguineus treatment relative to changes in the control treatments, but again, this
difference was not statistically signiticant (Fig. 3.5). The change in cover by tucoid algae

was significantly higher in the C. maenas treatment versus the control and cage control
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treatments (Fig. 5.6y and there were no stgnitficant differences between the treatments for
changes in Mastocarpus stellatus (Fig. 5.7).

To examine difterences between treatments when all of the seven categories of
data are considered simultanceousty. a discriminant analysis was performed. The
discniminant analysis requires a value in every celt even when a particular organism was
not recorded tor the cobble. There were fifteen cases tout of a possible 140y where a zero
had to be filled 1in tor one of the predictor values. The eftect of this requirement is to
make the results of the discriminant analysis conservative. The discriminant analy sis
revealed that the difterences between the tour treatments were statistically signiticant
(p=0.04 11 and the classihications tor cach treatment were relatively high (Table 5.2y, The
canonical discriminant functions are listed 1in Table 5.3, They show that the changes in
the S, balanoides treatment were most important in discriminating between the groups.

The composition of the cobble community was generally similar between all of
the replicates. but several species that were consumed in the crab treatments did not occur
in high enough numbers to be included in statistical analysis. These uncommon species
included: the chiton. Tonicella rubra and the jingle shell. Anomia simplex. In addition,
the alga Cystoclonium purpuretm was recorded on two rocks that were H. sanguinens
treatments: in both cases. this species was not present atter the fourteen day experimental

period (these data are tncluded in the ephemeral algae category).

Size frequency
Littorina littorea was the only species that occurred in high enough numbers to

undergo Chi-Square tests for changes in size trequency distribution. In order to achieve
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sutficient numbers of L. lirtorea in particular size categories. all snails farger than 26 mm
shell length were grouped and some of the smaller size categories also were grouped.
The Chi-Square test showed that there were no signiticant ditferences between the
population structure of L. lirtorea betore and atter for the C. maenas. H. sanguineus and
control treatments all p values > 0.67: Fig. 5.8). However. there was a significant
ditference in size frequency distributions for the cage control treatment (7 =35.86. df=5.
p<0.0001) and a Chi-Square test tor trend also indicated that the size trequency
distribution of snails left in the cage control treatment was composed of bigger snatls (¢

tortrend = 2811 dt=1. p<0.001: Fig. 3.8).

DISCUSSION

Results from these long term microcosm experiments provide insight into some of
the changes that may have occurred in the rocky intertidal community tollowing the
establishment of Carcinus maenas and some of the changes that may occur as
Hemigrapsus sanguineus becomes common in northern New England. The most stniking
result trom these experniments was the dechine in the number ot Semibalanus balunoides
in the H. sanguineus treatments, espectally versus the C. macenas treatment. Based on the
results from similar short term microcosm experiments (Chapter IV: Tyrrell and
Madigan. in prep.) and trom previous observations of C. maenas in England (Rangely
and Thomas, 1987) 1t also seems likely that 8. balanoides may have experienced
increased predation pressure when C. maenas was introduced. The resuits from the

discriminant analysis support the conclusion that a decline in the abundance of' §.

279

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



halanoides may be expected when crabs are abundant in i community. As populations of
H. sunguineus continue to expand in northern New England. the abundance of' .
balanoides may decrease even turther than it likely did when C. maenas was introduced.
Similar studies that have examined the impacts of C. maenays predation in soft
substrate habitats have revealed significant reductions in bivalve densities when enclosed
with naturally occurring C. macenas densities (Richards et al.. 1999) and with enhanced C.
maenas densities (Rattaelh et al. 1989: Fernandes et al.. 1999). The differences in
results between cagig studies in soft sediment habitats (e, Comaenays caused large
reductions in bivalve densities) and this study (large reductions in S0 balanoides. changes
in Chaetomorpha sp. importani in discriminating between crab and control treatments s
are likely due to the different species compositions of the two habitats. There is strong
evidence trom examinations of gut contents that C. maenas in the northwest Atlantic are
primarily molluscan predators (Ropes. 1968: Elner, 19812 Rattacller et al.. 1989), but in
this study. there was little evidence of predation on any of the molluse species (with the
exceptions noted above, Tonicella rubra. Anomia simplex). Itis hikely that the majority
ot the Mvyrilus eduldiv that were present in the microcosms were too large to be eaten by
the C. maenas. In addition, Littorina littorea. the only other molluse that was common in
the microcosms, was lowest on a preference hierarchy in laboratory teeding preference
studies with C. maenas and H. sanguineus (Tyrrell and Harris, 2001, Therefore. it is
tikely that the high predation levels on 8. balanoides that were observed in this study
could be due to the lack of other prey that are preterred by the crabs or the lack of prey in

size ranges that were accessible to the crabs. The lack of small M. ¢dulis and other prey
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organisms that are preterred by the crabs may be due to the tact that the cobble were
taken from a community that is already atfected by Co maenas predation.

The increase in the amount of tucoid algae in the C. maenas treatment relatise to
the control and cage control treatments was unexpected and could be due to several
tactors. Although none of the declines in the abundance ot other prey species in C.
mdenas treatments were statistically sigmticant (8. balanoides. Spirorbis sp.and a
smaller increase in ephemeral algae than i etther type of control treatment), the
collective ettect of these changes in relative abundance may have resulted i an apparent
icrease in the amount ot fucord algae. Alternatively. the signiticant difterence may
simpls be an artitact of the method to assess changes tn algal abundance (percent cover
and fow rephication. A smiall shitt i the position of a clump of tucord algae could result
i many more poimnts being mtersected and theretore, this method s not optimal tor
assessing the abundance of algae. A preferable method to assess changes i algae would
be to measure bromass, but this would have required removing the algae from the cobble
and the objective of this experiment was to present the crabs with realistic microcosms off
the rocky interndal community.

The potential consequences ot the invastons ot these two crabs species extend
bevond decreased abundance of S. halanoides to indirect eftects on other predators and
other potential prev species. For example., Semibalanus balanotdes is an important tood
source for the intertidal predatory snail, Nucella lapilius (Menge and Lubchenco. 1981,
The high levels of consumption of S. balanoides by H. sanguineus could not only cause
competition tor tood with V. lapillus: but the presence of crabs also appears to alter the

predatory behavior of this gastropod (Matthews- Cascon, 1997). In addition. a potential
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decline in S, halanordes could have indirect consequences tor many other species that
mteract with it For example. the physical structure of barnacle tests may provide
suttictent heterogenetts to enhance the recruitment and survival ot both algae and
anmmals. Lubchenco t F983) found that the microtopography created by barnacle tests
could enhance survival of Fucus sp. germbings and Petraitis ¢1987) also suggested that
the presence ot barnacles could positively intluence mussel recruitment.

Mytilis edulis 1~ asupenior competitor for space and may be Kept from
monopolizing space on in the low zone ot sheltered rocky shores because of heavy
predation pressure e Menge. 197600 This species is preterred by both crab species «Tyrrell
and Harres, 20010 and heavy predation pressure on smatl mussels may account tor therr
relative absence i the microcosms. As Hosanguinens becomes more common in
northern New England. there may be a precipitous decline i mussel abundance due to
the combined eftects ot direct predation along wath the indirect ettect ot reduced
recruttment because o a reduced abundance ot barnacle tests and ephemeral algae cwhich
also enhances mussel recrutmento.

The high tevels of mortaliy m the crab treatments. apparently due to canmibalism,
were surprising. [Uis mmpossible to determune it the crabs that were caten by conspecitios
were molting or hard shelled. because the cages were not continually monitored.
Compared to H. sangumeus. twice as many C. maenas were eaten and showed signs of
intraspecttic aggression. This may indicate that C. maenas are more aggressive toward
conspecitics. However. the tact that two C. maenas successtully molted during the
experimental period may indicate that at the time the expeniments were conducted. many

C. maenas were molting, thus leaving them more susceptible to cannibalism. Several
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other caging experiments with C. maenas have revealed comparable average mortalides
ranging trom 20% to 40% atter month long experiments (Rattaelli et al. 1989: Fernundes
ctal.. 1999: Richards ctal.. 19991, Lohrer and Whitlatch 2002y conducted the only other
study where H. sanguineus and C. maenas were placed in cages in the tield. They tound
low mortality of adult crabs of both species during the seven day experiments and that /.
vanguineus signiticantly reduced the abundance of 0-year C. maenay when compared to
control treatments. Cages inhibit the movement of the experimental animals and may
intlate the level of conspecttic aggressive encounters versus what may be expected under
natural conditions,

A potential artifact of using caging experiments (0 assess predation levels s the
tact that cages hinder both prey and predator movement. thus artiticrally intflating the
citects of predation. The stocking density of crabs that was used for these experiments
was based on the density of Comaenas caveraged tor three vears) at the same tdal herght
at the FroStark site. These density data were collected at low ude when the majonty of
crabs are not toraging but resting in shelters. The high levels of consumption ot prey
tand possibly the high levels of aggressiony that were observed in this study could be due
to unnaturally high densities of toraging crubs in the cages. However, other authors that
have tnvestigated the timpacts of predation by C. maenas have used densities that were
ten times naturally occurring densities (Richards et al.. 1999). The emigration ot small L.
littoreq out of the cage control treatment may retlect thetr apparent vulnerability o
predation by C. maenas (Lubchenco. 1978) even though this species is low on their
preference hierarchy (Tyrrell and Harris, 2001). In quantitative community sampling. |

tfound that proportion of small L. lirtorea (0-10 mm sheli length) increases with
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increasing tidal height at Fro Stark «Chapter D, Small L. linrorea may have diminished
survival in the lower intertidal zone where these experiments were conducted.

The low replication of treatments in this study as well as the high variability in
relative abundance of species associated with the cobble could reduce power to detect
differences between the treatments (Cohen, 1977). However. a large eftect size was
anticipated based on previous microcosm experiments (Chapter [V Tyrrell and Madigan.
in prep). In addition. the number of replicates used in this experiment (tive) equaled or
exceeded that of other authors that used cages to examine the impacts of C. maenas
predation on community structure ( Thrush, 1986: Rattaelli et al.. 1989: Fernandes et al..
[999: Richards et al.. 1999). The sequential Bonteronni correction of the experimental
alpha caused aloss of statistical significance for the ephemeral algae and crustose algae
categortes tall p values were less than 0.03 but greater than 0.007) and i~ considered a
conservative method to reduce the chance of committing a type Ierror. Ratacellt et al.
(1989 also performed seven univariate ANOVA'S on various prey species in thetr C
maenas caging experiments and did not do the Bonteronni correction. however.
Fernandes et al. ¢1999y did fitteen ANOVA'S and they did use the Bonteronni correction.
I chose to take a conservative route. tollowing Fernandes et al. (1999 but I may have
raised the probability of commutting a type I error by using such a low p value.

Englund ¢ 1997) noted that the rate of prey movement could potentially confound
interpretation of the eftects of predators in caging experiments where some prey are
allowed to move in and out of cages. In the present study, the mesh size excluded
movements of all but the smallest potential prey items such as amphipods and isopods.

Previous examination of the gut contents of C. maenas (Ropes, 1968: Elner. 1981
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Rattucller et al.. 1989y did not indicate that these crustaceans torm a major part of the dict
ot C. maenas and the same holds true for H. sanguineus (Lohrer. 2000; Tyrrell and
Harris. 2001, However. Lesdesma and O"Connor (2001 found that crustacean parts
were the most commonly encountered food itent in the guts of H. sunguineus collected
from various locations in Buzzards Bay. Massachusetts. In order to include these prey in
the microcosm experiments. the mesh size on the cage would have had to have been very
small cca. T mmy which may have inhibited water flow and enhanced other caging
artifacts (shading. eteo. Inaddition. amphipods and 1sopods are extremely ditticult 1o
quantity because ot therr small size and high mobility. Theretore. these microcosm
experiments do not account tor crab predation on small crustaceans, but the evidence that
these organisms are important in their diet is inconclusive.

Tyrrell and Harris (200D created two schematic models of the potential impacts
ot the establishment ot H. sanguinens in northern New England. One of these models
tocused on potential competitive interactions with C. maenas and the other model
proposed several seenartos regarding potential changes in community structure
depending on the dict ot H. sanguineus. They suggested that H. sanguineus is most
likely to have an omnivorous diet in northern New England. and the results tfrom
microcosm experiments (this study. Chapter IV) support this assertion. [n addition,
Tyrrell and Harris (2001 proposed that H. sanguineus was likely to outcompete C.
maenas tor tood and shelter. The results from these microcosm experiments suggest that
potential competition for food could occur between the two crab species because of
similar teeding patterns, but the microcosm experiments were not designed to address

competitive interactions specitically. However. the evidence that H. sunguineus has a

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



higher teeding rate than C. maenas is mounting (results from 8. balanoides in this study
and short term field microcosm experiments. on M. edulis: DeGratt and Tyrrell. in prep.).
[t 15 possible that one mechanism by which this new invader could suppress the old
invader is via reducing the availability of tood. However, it should be noted that the
mean biomass of H. sanguineus used 1n these experiments was shghtly larger than that of
C. maenas. Further experimentation to compare the feeding rates of these two crab
species would clarity it apparent pattern of M. sanguineus having a signiticantly higher
teeding rate than C.omacnas persists. I H. sanguinews has an omnivorous dict and its
high teeding rate causes adecline n the avadability of tood tor C. maenas. the result
could be declines in the abundance of H. sanguineus” preterred toods (see Tyvrrell and
Harns. 2001; Figure 8. Community 21 as well as in populations of C.omaenays (see Tyvrrell
and Harris, 2001: Figure 7).

In conclusion. it appears increasing densities of H. sanguineus have the potential
to cause declines m the abundance of the barnacle Semibalanus balunoides i northern
New England. The lack of staustically significant dechines in the abundance of other
prey spectes 1n these experiments does not tmply that other prey organisms are immune
to the ettects of crab predation. As demonstrated by this study and other studies of the
cttects ot C.omaenas predation. the introduction of a generalist predator can cause
signiticant changes in the abundance or morphology of particular prey species (L.
obtusata [Seeley. 1986]. Nucella lapillus [Vermeij. 1982]). The community-wide
impacts of crab predation may include increased relative abundance of perennial algae
due to the consumption of epiphytic algae by crabs (especially H. sanguineus). altered

gastropod activity due to the presence of crabs, (for L. lirtorea: Jacobsen and Stabell,
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1999: tor V. lapillus: Palmer. 1990: Vadas et al.. 1994) and myriad indirect effects of
these shitts in refative abundance or behavior. The changes in the microcosms caused by
C. maenas and H. sangrnens were similar overall, indicating that these two introduced
species could compete tor tood. it this resource 1s imiting. The apparent higher teeding
rate of H. sanguineus on 8. bulunoides and the tact that it dominates C. maenas under
other conditions ( Lohrer and Whitlatch 2002: B. Hull and M. Tyrrell. unpub. data. pers.
obs.) indicates that this new invader may have a greater overall ettect on the rocky
intertdal community. and that it could even cause a dechine in the abundance of the

previously introduced C. maenas.
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Table 5.1: One-way analysis of vanance of abundance i all treatments, signifrcant values (atter sequential Bonteronni correction) are

in bold.

Source df  MStreatment F P Tukey'sposthoe 0

Semibalanus balanoides 3 5923.178 19.502 0.000 H. sanguineus > C. maenas, p=0.003
H. sanguineus > cage control, p=0.000
H. sanguineus >control, p=0.000

Spirorbis sp. 3 1049194 0.836 0.507

Bare rock 3 54922 0.874 0.476

Crustose algae 3 44.237 0.858 0.483

Ephemeral algae 3 163.943 2,763 0.081

Fucoid algae 3 UK.780 6.541 0.007 C. maenas > control, p=0.006
C. maenas > cage control, p=0.019

Muastocarpus stellutus 3 72.579 1.837 0.181
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Table 5.2: Results trom discriminant analysis of long term microcosm experiments. HS= Hemigrapsus sanguinceus, CM= Carcinus

macoenas.

Wilk's lambda  Approximate I dr p vilue

(

Jackknited

classitication

¢ classified

correctly

0.077 2.009 0.041

21,29

Control 40
Cage control 60
HS 60
CM 60)

Control 60
Cage control 80
HS 100
M 100

Table 5.3: Canonical discriminant functions standardized by within vanances for long term microcosm experiments..

Factor | Canonical Factor 2 Cunonical
discriminant discriminant
function function
Semibalanus balanoides -1.050 Fucoid algae 2148
Mastocarpus stellatus 0.682 Bare rock 1734
Bare rock 0.560) Ephemeral algae |.459
Ephemeral algae -().268 Mastocarpus stellatis 1.092




Change in S. balanoides in long term microcosms
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Figure 510 Average percent change tand standard errory in the abundance of the barnacle.
Semibalanus balunoides. in long term field microcosm experiments with Carcinus
maenays and Hemigrapsus sanguineus. Difterent letters denote treatments that were
stenificantly ditferent trom each other atter a sequential Bonteronni correction. CM=C.
maenas and HS=H. sunguineus.
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Change in Spirorbis sp. in long term microcosms
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Figure 5.2: Average percent change (and standard errory in the abundance of the coiled
worm. Spriorbis sp..in long term field microcosm experiments with Carcinis maenas
and Hemierapsus saneuinens. CM=C. maenas and HS=H. sanguineus.
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Change in amount of bare rock in long term microcosms
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Frgure 3.3: Average percent change tand standard errory in the abundance of bars rock
that was exposed in long term tield microcosm experiments with Carcinus maenas and
Hemigrapsus sanguinens. CM=C. maenas and HS=H. sancuinens.
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Change in crustose algae in long term microcosms
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Freure 5.4: Average pereent change tand standard errory in the abundance of crustose
aleae mlong term tield nucrocosm experiments with Carcinus maenas and Hemigrapsun
vangeuineus. CNM=C. macnas and HS=H. saneuineus.
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Change in ephemeral algae in long term microcosms
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Firgure 3.5 Average pereent change tand standard error in the abundance ot ephemeral
algac in long term tield microcosm experiments with Carcinus maenas and Hemigrapsies
sanguineus. CNM=C maenas and HS=H. saneuinens.
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Change in fucoid algae in long term microcosms

Percent change
t 2

'
-

1
[e¥]
[y
o

Control Cage control M HS

Treatment

Freure 5.6: Average percent change cand standard error) in the abundance of tucord algae
in long term ticld microcosm experiments with Carcinus maenas and Hemigrapsus
sanguineus. Ditferent letters denote treatments that were significantly difterent trom
cach other atter a sequential Bonteronnt correction. CM=C. maenay and HS=H.
sanguines.
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Change in M. stellatus in long term microcosms
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Figure 5.7: Average percent change cand standard cerror) in the abundance ot M. stellatus
in long term ficld microcosm expertments with Carcinus maenas and Hemigrapsies
saneuineus. CN1=C.omaenas and HS=H. sunguinens.
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Appendix A: Obscrvations of Carcinus maenas (CM) and Hemigrapsus sanguinews (HS) in long term microcosm experiments.

Replicate Treatment  Observations

101 HS I crab missing | left leg

108 HS I crab found dead (caten) on 8/22/01 and replaced on 8/23/01, 1 crab missing 2 right legs, 1 crab
missing | leftand | right leg

109 HS I crab missing and presumed caten, | small HS found during sieving

116 HS I crab missing 2 right legs

103 M I crab missing 1 leftleg, 1 crab missing 3 right legs, 2 crabs presumed caten (found carapaces)

107 M I crab molted during experiment (new size=30.67 mm carapace width)

112 M I crab missing and presumed caten, 1 small CM found during sieving

113 M I crab missing 2 feft fegs, | erab with carapace damage, | crab molied during experiment
(new size=31.7 mm carapace width)

118 M I erab missing and presumed caten, 1 erab missing both claws and 1 right leg, | erab missing 1 lett leg

Summary: Two Hemigrapsus sanguineus caten by conspecifios, four H. sanguinens showed signs ol intraspecitic aggression, | small
H. sanguincus tound that accidently was included in experiment. Four Carcinns maenas caten by conspecitics, four C. maenas
showed signs of intraspecific aggression, two Coomaenas successtully molted and one small C. maenas found that accidently was
included in experiment. Average mortality of Coomaenas was 204 average mortadity of H. sanguinens was 104



GENERAL CONCLUSIONS

The original objective of this dissertation was to try to predict the potential impacts
of H. sanguineus 1t it became established in northern New England. At the time that |
started collecting data tor this dissertation. no H. sanguineus had been tound north of the
Cape Cod Canal in Massachusetts. Since that time. the species has rapidly expanded its
range northwards and in the summer ot 2001, was reported at several locations in Maine.

Based on rescarch conducted in its native range of Japan, Latterty and Kuris ¢ 1996)
suggested that H. saneuinens would not intertere with native crabs because of its putative
upper intertidal distribution. Reports on the diet of H. sunguinens in Japan also indicated
that this spectes has primartly herbivorous habits in that region (Depledyge. 1984 In
addition, one ot the first reports ot H. sangunens on the Atlantic coast ot the ULS. stated
that this species was maintaied on a diet of Enteromorpha sp. (MeDermott, 1991, This
carly mtformation regarding the genceral ecology of H. sanguineus spurred me to conduct
the surveys of ephemerai algae in upper intertidal pools in anticipation that H. sanguineus
may be able to colonize these pools.

In ity invaded range. H. sancuineus quickly became the dominant crab spectes in
the rocky intertidal zone of several locations (southern New Jerseyv, MeDermott [1998]:
Long Istand Sound. Lohrer and Whitlatch [2002]. Greenwich Point. CT. Ahl and Moss
[1999]). Contrary to the early predictions that H. sanguinens was not likely to have a
substantial impact on the rocky intertidal community (Lafterty and Kuris. 1996). many
researchers (e.g. Lohrer and Whitlatch, 1997: McDermott, 1998, Ahl and Moss, 1999:
Gerard et al.. 1999; Lesdesma and O'Connor. 1999) have become interested tn this species
becuuse 1ts range expansion has been rapid. because it has reached numerical dominance

within a short time and because it has been estimated to reach densities as high as several
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hundred/m- (McDermott, 1998y, Hemigrapsus sanguiriens was most recently reported in
France and the Netherlands (Breton et al.. 2002) and there is concern about its potential
impact on shellfish populations in the Netherlands. Obviously. this spectes has attracted
much research interest but thus far. all of the research wimed at documenting the tmpacts of
H. sunguineus has been conducted after this spectes has become conspicuous in the
community. This dissertation is unique 1n that it encompasses both monitoring and
experimental rescarch ammed at predicting the impacts of H. sanguanens it it becomes
established in northern New England.

Northern New England s unique trom other regions where the impacts of /1.
saneuinens have been examined. Fucoid algae dominate wave sheitered rocky shores in
this region, and the biota i~ a nux of boreal and warm-temperate species. South ot Cape
Cod. rocky shore habitats are less common, canopy torming tucoid algae are much less
abundant and the brota ts mostly composed of warm-temperate spectes. Aside from the
difterences in community structure, another distinguishing characteristic ot my research
trom that of others working south of Cape Cod is the ditterences in denstties of £
sanguinens” pomany potential competitor. Carcinus maenas. The densities ot Comaenas in
Long [sland Sound are estimated to be less than 10/m” tLohrer and Whitlatch, 2002) while
at my northern New England study sites. the densities of C. miaenas are approxmmately six
times hagher.

The results trom Chapter [ indicate that while the timing ot peak settlement of C.
maenas 1s predictable on a vearly basis, the timing of peak recruitment of juventle C.
maenas varies more substantially between years. [n addition. at Ft. Stark it appears that the
lowest tidal heights harbor the highest densities of juvenile C. maenas. while at Odiorne
Purk. the spatial pattern is less clear. Despite the high variability in the C. maenas
recruitment data, they are still valuable because they provide information about the tming
of critical life history stages of an important member of the rocky intertidal community. In

addition. these data may become more valuable to compare tuture recruitment densities of
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C. maenas i the presence of adult H. sanguaneus that consume newly recruited C. maenay
(Lohrer and Whitlatch, 2002).

Chapter [T iflustrated that the three long term monitoring sites were largely
composed ot stnular suites ot species and that the tluctuations in the populations of these
species were not linked between sites. It the population dynamics had appeared to be
strongly correlated between these three sites. it would have reduced their utility as replicates
to infer the impacts ot H. sanguinens. Unfortunately. the Hilton Park site has the highest
densities of M. sanguinews, but is also the site with the least amount of monitoring (only
three sears of pre-H. sanguinens datay. Nevertheless, even the abundance of H.
sangumens at the Hilton Park site in 2001 was low enough relative to C.omaenas i 1:11) that
the community could still be considered only moderately attected by H. sanguineus as
compared to C. maenas.

A potential criticism ot both Chapters [T and s that they are composed of
monutoring data and that no specitic hy potheses were tested. While this eriicism has some
validity . long term monttoring data is essential in order to decisively determiune the ettects
ot any environmental perturbation (Stewart-Oaten et al, 19861, Monitoring data is essential
to document the pre-invasion temporal variability within a community, without it. one can
only infer what the structure of a particular community was prior to an invaston. For
cxample, a problem with using microcosms o iater the impacts of the introduced €.
maendays s that because Comaenas has been present in the community for decades., it has
doubtless already attected both the behavior and abundance of potential prev. In spite of
these types of drawbacks, removal experiments have historically been used to inter the
impacts of introduced species in New England rocky shores te.g. L. lirtorea. Lubchenco,
1978: Bertness, 19841, The combination of monitoring and experimental research tocused
on predicting the impacts of an introduced crab species betore it becomes abundant in a

community nake this dissertation unique.
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In spite of the potential complications assoctated with interring the impacts ot C.
maenas using an assemblage of organisms from a community where this introduced crab is
already abundant. both the short and long term microcosms provided some interesting
insights into the ecology of C. maenas and H. sangumens. The tact that both crab species
consumed simtilar prey but that H. sanguineus had a significantly higher teeding rate on S,
balanoides. indicates that this “new™ invader could have a higher per capita impact on the
recipient communuty. This assertion is turther supported by the signiticantly higher teeding
rate of H. sanguineus on M. edulis in laboratory teeding trials (DeGraat and Tyrrell. in
prep.). Inaddition. the significant predation by C. maenas on Spirorbis sp. that was
observed tor the summer lab microcosms widens the extent of prey species that may have
declined tollowiny the establishment of this crab in northern New England. Finally, there
was evidence trom both the short and long term: microcosms that C. maenas may positivels
influence the abundance ot algae. In the winter short term experiments, there was a
significant increase in ephemeral algae in the C.maenas treatment relative to controls and in
the long term experiments. fucord algae in the Coomaenas treatment signiticantly increased
relative to both types of control treatments. It is possible that the chemicat cues of €.
maenay were sutticient to mhibit herbivore activity enough so as allow ephemeral algae to
increase i two day tme trame and the more slowly growing tucoid algae to increase over
the two week experimental period. The tact that there were no increases in the abundance
of ulgac in the H. sunguineus treatments could be due to the tact that this crab is more
herbivorous than C. maenays (Tyrrell. 1999) or that the herbivores did not respond to s
chemical cues because it is a novel predator. It should be noted that the replication in the
winter lub and long term microcosm experiments was relatively low (minimum ot 3 for
cach treatment) and theretore, turther experimentation s necessary to verity these
observations.

The potential impacts of introduced crabs in northern New England extend bevond

declines in prey abundance. As detailed in Chapters 1V and V. the indirect etfects of crabs
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could aftect muluiple trophic levels as well as spectes that create habitat tfor other species
tfucord algac. Mytilus edulis). Prior to the introduction of C. maenas in northern New
England. there probably wasn't any other crab species that was abundant in the intertidal
sone. particularly the nud or upper intertidal zone. In fact. in an early paper that examined
predation in New England. Menge (1976) did not account for crab predation because of
their low densities (4/m) and small sizes (<30 mm at his study sites. In contrast. the
average density ot C.macenas over all of my sites was 61.4/m” at the 1.0 m tidal height and
6-4.8/m” at the 2.0 m tidal height. [tis possible that the differences in density estimates
between the two studies are due to a real increase in C.omaenas densities tor the last 20
vears. There s evidence that populations of C. maenas benetited from increased water
temperatures and spread northwards during the middle part of the last century (Glude.
[9535). However. varation in search technique could also etfectively account for the lower
density estimates obtained by Menge (1976). Nevertheless., the high abundance ot C.
macnas at my three study sites study testities to the present necessity of accounting tor their
predatory activities when examining tactors that contribute to the community structure.
Prior to the establishment of C. maenas. the only other generalized invertebrate
predators that were common in the rocky intertidal zone were Nucella lapillus and Asterias
sp. The changes in shell morphology that have been observed tor N lupillus (Vermen).
FOR2) and L. obtesata (Seeley. 1986 Trussell, 1996) tollowing the establishment of C.
maenas testity o their influence on the community. Crab predation is tundamentally
difterent trom that of scastars or predatory gastropods because crab chelae are capable of
crushing or peeling shells. Detense against the predatory activities of crabs requires
ditferent behavioral or structural compensation than defense against slow moving predators
such as snails or seastars. For these reasons, the rocky intertidal prey community of
northern New England was particularly susceptible to the negative ettects of an introduced

intertidal crab.
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Tyrrell 11999 and Tyrrell and Harmis ¢2001) created schematic models that
predicted the impact of . sanguinens” predatory activities as well as with its potential
competttion with C. maenas in northern New England. One of their most salient
predictions was that a decline in the abundance and recruitment of C. maenas would occur
in the rocky mtertidal zone due to the superior competitive abilities ot H. sanguinens tor
sheler and toed. This prediction was validated shortly thereatter for southern New
England by other researchers. In Long [sland Sound. Lohrer and Whitlatch «2002)
reported a 90 decline in Comaenas abundance that coincided with a 10 told increase in H.
vanerinens abundance. [naddinton, Tyrrell and Harris (20010 predicted that the
establishment of M. sangwnens 1 northern New England would lead to declines in the
abundance ot thewr preterred prey spectes. In the same paper. Tyerell and Harris reported
the results tfrom pairwise teeding preterence trals with Coomaenas and H. sanguinens that
utitlized the tour common rocky intertidal molfusk species ot northern New England. The
results trom these laboratory trials indicated that M. edudis was the most preferred species
tollowed by Lo obtusara and Lo saxanlis. Littorina saxatilis may be the most susceptible to
increased populations ot Hoosanewinens in northern New England. This species has direct
development and Lohrer ¢2001) has noted that 1t dechined markedly in southern New
England in the past severat vears. Although they were not subjected to teeding preterence
trials per se. the results trom the microcosm experiments indicate that 8. halanoides s also
readily consumed by both crab species. particularly H. sanguwinens. and barnacles could
decline as H. sanguinens becomes more common in northern New England. Interestingly,
the study site that has the highest density of H. sanguineus. the Hilton Park 1.0 m site. also
experienced a decline in the density of 8. halanoides trom 1999 to 2001, The decline in 8.
balanoides at the Hilton Park 1.0 m site continued into 2002, (M.C. Tyrrell, unpub. data)
but the denstty of H. sanguineus was shghtly lower in 2002 as compared to 2001. Further
monitoring will be required to determine whether the trend of declining S. halanoides with

increasing H. sanguineus continues at Hilton Park and the other study sites.
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AN H. sanguneus continues to increase in northern New England. its high feeding
rate on S, balanotdes may lead to severe reductions in the abundance of this prey species.
A reduction in S, balanoides s likely to lead to cascading eftects on lower trophic levels
and chunges in the abundance of its competitors and predators. Semibalanus balanoides is
an important prey item tor the gastropod Nucella lapillus tMenge and Lubchenco. 1981)
and 5. balanoides and M. edulis compete tor space ¢ Menge. 19761 It the abundance ot 8.
balanoides s a linuting resource for its predator. V. lapillus. diminished populations of S
balanowdes could cause N fapiilus to ~shift to consuming more M. edulis. Interestingly.
Petrattis (19871 suggested that the microtopography provided by barnacle tests enhances
the recruitment success ot M. edudis and Lubchenco (1983) suggested that Fucus sp.
cermlings also benetit from the presence of barnacle tests. The consequences of
dimimished S balanoides populations could negatively attect both species that consume it
as well as species that benetit from the physical structure created by ats test,

Large populations of H. sanguinews could both directly and indirectly lead to
reductions i the abundance of a suite ot intertidal spectes. However, because H.
saneninets has a generalist diet ¢Tverell and Harns, 2001) and because its maximum ~size
(4 mm CW-New Jersey. MeDermott. 2001 s small compared to that of C. maenas (82
mm CW- Mane. Bernill 19820 the overall ettect of this newly introduced crab species
could be that ot a juvente tilter tor both algae and other antmal species. The high teeding
rate ot H. sanguineus as compared to C. maenas suggests that H. sangumeus could have a
farger per capita impact than C. maenas even though the maximum size of H. sunguineus is
halt of that ot C. naenas.

While the mcreasing abundance ot H. sangraneus may have negative implications
tor lower trophic levels, the eftects of H. sanguineus on higher trophic levels are less clear.
To date, there ts no published research that addresses the impacts of the introduction of H.
sanguineus to its potential predators. Predators of H. sanguineus are likely to include

larger crustaceans., birds and fish. In a nine yvear examination ot the impacts of the invasion
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of C. maenas on the U.S. Pacitic coast. Grosholz et al. (2000) found that the increasing
abundance ot C. maenas did not have bottom-up ettects on birds but that C. maenas did
exert strong top-down control on the prey community. These authors predicted that
bottom-up control ot C. maenas on birds will occur as C. maenas expands its population
within the study site and 1ts range over the entire region. [t is reasonable to expect that a
similar phenomenon may oceur for the H. sanguinens invasion on the U.S. Atantic coast:
theretore. changes in hugher trophic levels may lag behind changes in prey and competitor
populations.

Previous research into the impacts ot C. maenas on the U.S. Atlantic coast has been
undertaken on a species by species basis. This dissertation s the first effort to infer some
of the community-wide impacts ot the introduction of C. maenas and to predict some of the
potential unpacts ot H. sangranews i northern New England. It appears that the
ostablishment of /1. sanguinens is imminent in this region and theretore it may be possible
to test some of the predictions of this research in the near future. It H. sanguineus has
similar behavior in northern New England as 1t did in the microcosms and in southern New
England. the rocky interudal community could soon be dominated by u “new™ introduced

crab species that has a higher per capita impact than the “old™ introduced crab species.
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