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Classic Island Biogeography

• Island colonization/extinction dynamics

•

MacArthur and Wilson 1963

Rate/Probabili y of co on·zation Rate/Probability of extinct' on 

Increasing species richness =====-



Adaptive Radiation

vicariance, natural selection, and associated adaptive radiations

Boag and Grant 1981; Grant and Grant 1992 Losos 1990; Losos et al. 1997 and 1998
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Formation of contemporary islands

Ice Age Trail Map, University of Maine, 2006

f 
• Stages of Glacial Retreat 

Stage 1 Stage2 

years ago 

As the glacier recedes, the land 
rebounds, and the see retreats 

from current coastline 

Stage 3 

Glaciers 



Formation of contemporary islands

• Sea Rise Over the Past 

11,000 Years Has Resulted 

in the Isolation of Modern 

Day Islands

Barnhardt et al. 1995
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The island salamander system

• Earliest record of red-backed salamanders: 

Shurtleff,1862; Treats island 

Plethodon cinereus



The island salamander system

• Plethodontidae

• No aquatic larval 

stage

• moist habitats of 

evergreen, mixed, 

and deciduous forest

• Found under logs, 

rocks, and leaf litter



Reduced Dispersal

• Marsh et al. 2008

• Red-backed salamanders reduced dispersal behavior
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Fig. 1 Sampling design for each of the road ite . Appro imately 48 
salamanders were collected from each of the plots A, B, C, and D 



Divergence at modest geographic scales

Cabe et al. 2007 

Reduced Dispersal
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The island salamander system

• P. cinereus cannot survive extended salt water 

immersion

• Islands vary in size and habitat

• Island distance from mainland varies



The island salamander system

1) Are island populations genetically isolated and divergent 

from one another and their mainland counterparts?

2) Are island populations subject to different ecological 

conditions that could drive adaptive divergence?
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Chapter I: Population Structure and Biogeographic 
Origins



Chapter I: Population Structure and Biogeographic Origins

• How divergent are island populations from mainland 

populations and each other?

• How does genetic diversity on islands compare to mainland?

• How are island populations related to each other and 

mainland populations?



Chapter I: Population Structure and Biogeographic Origins
12 Island Sites

10 Mainland Sites
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Site Site Type Distance to Coast (km) Dominant Vegetation

Appledore Island I 10 Grass/Shrub

Aroostook State Park M 200 Coniferous

Baker Island I 5 Coniferous

Bois Bubert Island I 1 Coniferous

Birch Point State Park M <0.5 Deciduous

Cross Island I 1 Coniferous

Crow Island I 5 Coniferous

Great Duck Island I 10 Coniferous

Isle au Haut I 5 Coniferous

Long Island I 5 Coniferous

Mount Agamenticus M 8 Deciduous

Matinicus Island I 23 Coniferous

Metinic Island I 8 Coniferous

Monhegan Island I 17 Coniferous

Mount Desert Island M 4 Deciduous

Orono M 50 Coniferous

Outer Green Island I 8 Grass/ Shrub

Placentia Island I 4 Coniferous

Petit Manan Island I 4 Grass/ Shrub

Petit Manan Point M 1 Grass/ Shrub

Reid State Park M <0.5 Coniferous

Schoodic Education and Research M <0.5 Coniferous

Smuttynose Island I 10 Grass/ Shrub

University of Maine at Machias M 5 Coniferous

Western Brothers Island I 5 Grass/ Shrub

Wolfe’s Neck Woods State Park M <0.5 Coniferous
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• Sedation via buffered MS-222 solution

Chapter I: Population Structure and Biogeographic Origins

• Salamander capture



Chapter I: Population Structure and Biogeographic Origins

• 3-5mm tail clips stored in 

90% ethanol for genomic 

DNA extraction

• benzalkonium chloride 

antiseptic applied to the 

wound

• Forceps asepticized by 

flame



• we observed microsatellite DNA variation

• Short nucleotide sequences repeated 
• Tend to be highly polymorphic

• Selectively neutral

Chapter I: Population Structure and Biogeographic Origins
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Chapter I: Population Structure and Biogeographic OriginsTable 1.2.  Selected microsatellite loci and primers designed for Plethodon cinereus 

accompanied by their published source.  Fluorescent tags and GTTT pigtails reflect 

changes made within this study.       
Locus Primer sequence 

with fluorescent tag or pigtail (5'  3') 

Published source 

MS1718 F: [PET]ATTCGGCATATTTTTCACTCTAA  

R: GTTTGCAGCAGGTAGGTCTATCACG 

Fisher-Reid et al. 2013 

MS3241 F: [VIC]GGTCCCCTTTGTATCTACTTTG 

R: GTTTGCCGCCTAATTGCATTCC 

Fisher-Reid et al. 2013 

MS3544 F: [6FAM]GCACAAAGCAAAGAGGAGAAA  

R: GTTTCATTCATGTCTGAACTAGTGTG 

Fisher-Reid et al. 2013 

MS4953 F: [PET]TGTGCGTCCTAAAAGCCATC 

R: GTTTCACCTAGCTCACTTGCCC 

Fisher-Reid et al. 2013 

MS5155 F: GTTTGCTTGAGGAGCTAAGTGATG 

R: [6FAM]GCATGTGGCACGTAAAACAG 

Fisher-Reid et al. 2013 

MS6162 F: [PET]GGTCTTTTTGGAGCATGTTGA 

R: GTTTGAGGAACTCAAACCAGCAA 

Fisher-Reid et al. 2013 

PcJX06 F: GTTTCCCTCCTAGAACCCAGAACC 

R: [NED]TGGGTTAGGAAGGGAGAAATG 

Connors and Cabe 2003 

PcLX23 F: [VIC]TTCTCTCAAAATGCATTAGACTGG 

R: GTTTCCTAGTATGCCCCTTATCTGG 

Connors and Cabe 2003 

PcXF08 F: GTTTAAGAACTCAGATTTTCCCTGTTTC 

R: [NED]GGCAGGAATAACAAATGTACAAG 

Connors and Cabe 2003 

 



Chapter I: Genetic Divergence

FST = 
𝐻𝑇 −𝐻𝑆

𝐻𝑇

FST = Fixation Index

FST ranges from 0 to 1

Panmixia
Absence of shared 

diversity



Chapter I: Genetic Divergence

G’ ST= Standardized Measure for multiple loci

Calculated by dividing GST for a given marker by the 

maximum theoretical GST based on the 

heterozygosity at that marker

Hedrick 2005 



Chapter I: Genetic Divergence

• ONLY 11 of 189 pairwise FST values were NOT significant

ite APD ARS BAK BBI BRP CRl GDI L G iAG iAT (0 MDI ORO PLC P n p 1P RED CH IM BRI \VLF 

PD 0. 1111 0.24 6 0. 0.26 _5 0.27 42 0. 7 2 o:··019 o. 1 44 o.60294 0.4 741 0. 47 0. '"29 0.-2972 0. 00 I 0.2 9 0. 177 0.2 916 0.29266 0.2 16 0.24766 

AR 0.175 11 0 1 326 0 4 24 .17042 0.1 I 0.56097 0. 4 0.1 295 0.16659 0.1 1 .2 2 2 0.14 07 0.123 0. 0409 0.1 75 o. 09 0.1 6 

8 K 0.1166 0.0 03 0.0-76 0.061 5 0.0 0 0946 0.0 .1 00 06 0. 4 0. 1974 0.00 6 0.1 69 0.046 9 0.1-6_9 0.09 0.-4 6 0 0 7 0.0 04 0.1 4 _ 0.069 

BBi 0.1112 0.0673 0.00 0.02622 -0.0234 0.262 4 0.0-$ 16 0.0392 1 0.4370 0.2 132 -0.00 7 0.15 9 0.00 58 0.0 7 0.02 I 0.16 1 0.04 15 -0.0056 0.11 O' 3 0.06-174 

BRP 0.1266 0.0499 0.02_4 0.0077 0.0177 0.264 4 0.0.t 6 0.0. 0_6 0.47 07 0.24 94 0.0 7 0.07 07 0.1' 9 0.(),179' 0.071 17 0.1 011 0.0 64 0.1 1 0.0.3 

RI 0.120 0.074 0.0126 -0.00 0.0072 0.272 7 .0 299 0.0 12 0.47121 0.2 217 -0.0-62 .0094 0.0 744 0.05 29 0.1 7 0. 07 -0.0 I 4 0.09044 0.04719 

GDI 0. 0 0.16 1 0.1. 0.10 9 0.11 0.109 0.2 49 0 2649 0.4 7 0.4 rn 0.2 61 0. 1026 0. 1245 0. 1 4 0.2 112 0.41207 0. 09-2 

L G 0.1614 0.09 6 0.0 04 0.01 0.01 0.01 2 0.116 0.0 5 0.54 6 0. 109 0.0 0.1 4 0.06 I 0.12 3 0.10 49 0.163 5 0.09 4 0.0669 0.146 0.0 14 

MAG 0.17 0.0726 0.0272 0.01 I 0.022 0.01 4 0.10 0.01 0.4701 0.29906 0.00 7 0.09 71 0.0 951 0.17 7 0.106 0.1691 0.09102 0.06424 0.22 69 0.067 2 

1AT 0. 76 0. 022 0.26_ o._11 0.2464 0.2 5 0.2 47 0.271 0.2299 0.674 0. 1166 0.4 0 .474 6 0. 7 4 0.'797 0.117 .4'695 0.46 7 0.6-72 0. 7979 
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WLF 0.1 7 0.090 0.027-1 0.02. 0.02 0.01 4 0.12-16 0.0076 0.029 0.2 0.1.77 0.0.11 0.0666 0.0-41 0.0 I 0.0 9 .077 0.0614 0.0-19 0.06 



• Mainland global FST = 0.054

Chapter I: Genetic Divergence

• Island global FST = 0.133

• ONLY 11 of 189 pairwise FST

values were NOT significant



mean G’ST:

Appledore Island = 0.33 ± 0.099 

Great Duck Island = 0.35 ± 0.086 

Matinicus Island = 0.51 ± 0.07 

Monhegan Island = 0.33 ± 0.097

Chapter I: Genetic Divergence

All others (excluding distant islands) = 0.12 ± 0.07

; 
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Chapter I: Genetic Divergence

All sites

mainland sites - Reid State Parkmainland sites

island sites
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Chapter I: Genetic Divergence

All sites

mainland sites - Reid State Parkmainland sites

island sites
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Chapter I: Genetic Divergence

All sites

mainland sites - Reid State Parkmainland sites

island sites
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Chapter I: Genetic Divergence

All sites

mainland sites w/out Reid State Parkmainland sites

island sites
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Chapter I: Genetic Divergence

All sites

mainland sites w/out Reid State Parkmainland sites

island sites
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Chapter I: Genetic Divergence

FST   = 0.105 ± 0.047

G’ST = 0.219 ± 0.084

Reid State Park
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Chapter I: Genetic Diversity

Mean number of alleles:  mainland 5.8, islands 5.42, distant islands 4.16

Site Sample Size _ eannumber Allelic richness Ho HE 
n of alleles A 

k 
APD 34 4.11 3.65 0.5 9 0.5 2 
ARS 17 5.1 1 5.03 0.627 0.635 
BAK 30 6.33 5.46 0.667 0.691 
BBI 30 6.88 5.84 0.707 0.73 
BRP 0 5.33 5.10 0.681 
CRI 31 6.11 5. 3 0.7 14 
GDI 30 4.88 4.17 0. 70 0.578 
L G 30 6.44 5. 0.637 0.686 
MAG 30 7.11 5.99 0.685 0.701 
1"1AT 32 3.88 3.3 1 0.392 0.416 
MON 30 3.77 3.44 0.574 0.548 
1IDI 19 5.55 5.35 0.661 0.722 
ORO 20 5.66 5.4 1 0.656 0.68 
PLC 4 5.55 5.00 0.71 8 0.689 
P:MI 37 5.88 5.09 0.685 0.688 
P:MP 16 5.00 5.00 0.7 9 0.699 
RED 32 6.55 5.34 0.563 0.606 
SCH 3 5.66 5.18 0.715 0.690 
u tIM 23 5.77 5.36 0.671 0.703 
BRI 30 5.77 5.06 0.670 0.657 
\-VLF 29 6.11 5.42 0.72 0.677 



Chapter I: Genetic Relatedness

• Nonmetric Multidimensional Scaling (NMDS) plot using 

pairwise FST values with Euclidean distance 
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Chapter I: Genetic Relatedness

K = 7

K = 3

• Structure analysis with no location prior
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t' . ' .. .· . ~ .. ., ' .• . ' • • • 



Chapter I: Genetic Relatedness

• Unrooted neighbor-joining tree 

with Cavalli-Sforza and Edwards 

chord distances 

Mainland Site

Island Site

Distant Island

AMOVA: Mainland vs Island P = NS

AMOVA: by Tree groupings P = <0.001 
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Chapter I: Population Structure and Biogeographic Origins
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Estimated Years Before Present 

(YBP) 

Island  Distance from present day 

coastline (km) 

10,000 YBP 

10,000 YBP 

Matinicus Island  

 Monhegan Island  

23 

17 

9,000 YBP Great Duck Island 10 

6,000 YBP Appledore Island 10 

4,000 YBP All Other Sampled Islands 1-5 
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Chapter I: Summary

• Islands more divergent from each other than mainland less 

evidence for isolation by distance

• Extended isolation has led to reduced genetic diversity on 

islands

• Shallow regional clustering suggests colonization and 

divergence from single refugial source

• Above patterns are inconsistent with recent (European) 

transport to islands
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Chapter II: Trophic Ecology and Morphological Variation

Polis and Hurd 1996

Greater marine input for smaller islands
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Chapter II: Trophic Ecology and Morphological Variation

Ellis et al 2006

• Plants on seabird islands 

receive nutrient subsidies 

(Nitrogen)
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Body size: small animals get big and big animals get small
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Lomolino 1985
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King 1993; King and Lawson 1997

Color Body Shape

Losos 1990; Losos et al. 1997 and 1998
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• Do island food webs receive C and N subsidies? 

• Are island salamanders operating at higher trophic levels than 

their mainland counterparts?

• Is island habitat structure influencing morphological 

divergence? 
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• Stable isotopes of nitrogen (δ15N) and carbon 

(δ13C) are an informative tool to infer food web 

interactions and trophic position 

δ13C

Primary production 

more marine

Primary production 
more terrestrial

δ15N

Subsidies   

more marine input

Per Trophic level   

3-4‰ per level

We expect:

t 

t 



Trophic position = λ + (δ15Nsc - δ15Nbase)/Δn
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trophic position estimation 

Post 2002

λ = 1

λ = trophic position of baseline organism

δ15Nsc = δ15N of secondary consumer

δ15Nbase = δ15N of baseline organism

Δn = enrichment of δ15N per trophic level
(Estimated to be 3-4‰)



Trophic position = λ + (δ15Nsc - δ15Nbase)/Δn

Chapter II: Trophic Ecology and Morphological Variation

trophic position estimation 

Post 2002

λ = trophic position of baseline organism

δ15Nsc = δ15N of secondary consumer

δ15Nbase = δ15N of baseline organism

Δn = enrichment of δ15N per trophic level
(Estimated to be 3-4‰)

δ15Nsc

t 



Trophic position = λ + (δ15Nsc - δ15Nbase)/Δn
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trophic position estimation 

Post 2002

λ = trophic position of baseline organism

δ15Nsc = δ15N of secondary consumer

δ15Nbase = δ15N of baseline organism

Δn = enrichment of δ15N per trophic level
(Estimated to be 3-4‰)

δ15Nbase

t 



• Dorsal and Ventral 
photographs

• Snout Vent 
Length, Mass

• 5 lethal 
salamander 

samples per site

• Isotopic baselines
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• Internal organs and tail removed to 

reduce potential bias

• Tissue, dried, pulverized and 

homogenized

• Contents from 4 mainland sites and 6 

island sites sent to UC Davis stable 

isotope facility

Chapter II: Trophic Ecology and Morphological Variation

Stable isotopes preparation
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mainland salamander

island salamander
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mainland salamander

island salamander

16.00 

14.00 

1 .00 

10.00 

Z 8.00 
-

6.00 

,._oo 

.00 

• 
• 

RED 
I 

0.00 -+-------.------.-----.......------.--------.----~ 

- 5.75 - 5. 5 - 4.75 -24. " 7 ,-- j_ - .75 
013 



Chapter II: Trophic Ecology and Morphological Variation

δ15N signatures of red-backed salamanders significantly 
differed between island/mainland and populations

I otopic Feature 

-15 -0 

Trophic 
Le ·el 

Source 

I land v . Mainland 

Population :\ ithin Habitat T pe 

Population :\ ithin Habitat T1 pe 

I land v . Mainland 

Population \\ ithin Habitat T rpe 

df 

1 

8 

1 
8 

1 

8 

s 

206.81 

314.72 

13.69 
8.72 

.11 

F 

180.98 

4-46 

4 .85 
.J.65 

4 .89 

7.99 

p 

< 0.0001 * 
< 0.0001 * 

< 0.0001 * 
0.0016 

< 0.0001 * 

< 0 .0001 * 



Chapter II: Trophic Ecology and Morphological Variation

δ13C signatures of red-backed salamanders significantly 
differed between island/mainland and populations

I otopic Feature 

-15 -0 

Trophic 
Le -el 

Source 

Population :\ ithin Habitat T pe 

I land s_ _ ainland 
Population :\ ithin Habitat T1 pe 

I land v _ Mainland 

Population \\ ithin Habitat T rpe 

df 

1 

8 

1 
8 

1 

8 

s 

206.81 
314.72 

13.69 
8_72 

.11 

F 

180_98 

4-46 

4 _85 
.)_65 

4 _89 

7_99 

p 

< 0_0001 * 
< 0.0001 * 

< 0.0001 * 
0_0016 

< 0_0001 * 

< 0.0001 * 



Chapter II: Trophic Ecology and Morphological Variation

Trophic level of red-backed salamanders significantly 
differed between island/mainland and populations
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Trophic position
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Island salamanders feeding at higher mean trophic levels

Especially smaller islands with seabird colonies
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Good and Wake 1992

Total Length

Snout-vent Length

Axilla-groin

Trunk Width

Snout Gular

Hind Limb and Hind Foot Length Front Limb and Front Foot Length

HLL 
FFLI 

FLL 
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Size Variation

Size Trait 

TL 

SVL 

Mass 

Source 

Island vs. Mainland 

Population within Habitat Type 
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Insular Gigantism
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• Island salamander populations: 35% heavier, 8% longer SVL

• Largest salamanders collected from Petit Manan Island and 

Western Brothers Island



log10Trait = log10SVL + Population (fixed) + log10SVL*Population 
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• AG only trait to NOT significantly differ between populations 

relative to body size (P=0.0905)

Trait allometry and divergence

SVL 

AG 

HLL 
FFLI 

TL 



logTrait = log10SVL + Habitat Type (fixed) + Population 
[random nested within Habitat Type] + log10SVL* Habitat Type

• Island populations featured larger head proportions 
(SG) for their body size (P = 0.0393)

Chapter II: Trophic Ecology and Morphological Variation

Trait allometry and divergence

SVL 

AG 

HLL 
FFLI 

FLL 

TL 



Color phase proportions
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Mainland Island



Color phase proportions
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31/371

LB

RB

39/229

LB

RB

Mainland Island

55% of samples collected from Reid State Park were lead-backed 



• Island ecosystems depended mostly on terrestrial primary 
production, but experienced notable nitrogen subsidies 

(seabirds)

• Populations showed trait divergence: island salamanders had 
larger body size and relative head sizes

Chapter II: Trophic Ecology and Morphological Variation



Outline

I.  Introduction to island biogeography

a. classic island biogeography

b. Maine’s coastal islands

c. formation of contemporary islands

d. the island salamander system

II. Chapter I: Population Structure and Biogeographic Origins

III. Chapter II: Trophic Ecology and Morphological Variation

IV. Summary of Results, Research Significance, and Management Implications



Chapter I

• extensive genetic differentiation across most 
distant sites

• regional clustering suggesting colonization from 
single refugial source

• reduced genetic diversity on islands

Chapter II

• Island ecosystems receive increased nitrogen 
subsidies (seabirds)

• island salamanders are operating at higher trophic 
levels

• trait divergence: island salamanders had larger 
body size and relative head sizes

Summary



• Isolated components of post-glacially derived 
variation 

• Incipient stages of island adaptive radiations

Novel Findings



• Conservation of the common species 

• Seabird salamander relationship

• Indicator of other cryptic diversity?

Management Implications
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