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Abstract

In stream organisms, the landscape affecting intraspecific genetic and phenotypic

divergence is comprised of two fundamental components: the stream network and

terrestrial matrix. These components are known to differentially influence genetic

structure in stream species, but to our knowledge, no study has compared their effects on

genetic and phenotypic divergence. We examined how the stream network and terrestrial

matrix affect genetic and phenotypic divergence in two stream salamanders, Gyrinophilus
porphyriticus and Eurycea bislineata, in the Hubbard Brook Watershed, New Hampshire,

USA. On the basis of previous findings and differences in adult terrestriality, we

predicted that genetic divergence and phenotypic divergence in body morphology would

be correlated in both species, but structured primarily by distance along the stream

network in G. porphyriticus, and by overland distance in E. bislineata. Surprisingly,

spatial patterns of genetic and phenotypic divergence were not strongly correlated.

Genetic divergence, based on amplified DNA fragment length polymorphisms, increased

with absolute geographic distance between sites. Phenotypic divergence was unrelated to

absolute geographic distance, but related to relative stream vs. overland distances. In

G. porphyriticus, phenotypic divergence was low when sites were close by stream

distance alone and high when sites were close by overland distance alone. The opposite

was true for E. bislineata. These results show that small differences in life history can

produce large differences in patterns of intraspecific divergence, and the limitations of

landscape genetic data for inferring phenotypic divergence. Our results also underscore

the importance of explicitly comparing how terrestrial and aquatic conditions affect

spatial patterns of divergence in species with biphasic life cycles.
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Introduction

Landscape attributes can play a central role in maintain-

ing genetic and phenotypic diversity by mediating the

effects of drift on divergence, and by setting the tem-

plate for adaptive and plastic divergence (Wright 1951;

Endler 1977; Manel et al. 2003). When phenotypic diver-

gence is controlled primarily by drift and gene flow,

neutral genetic divergence and phenotypic divergence

should be correlated, and the landscape attributes pre-
nce: Winsor H. Lowe, Fax: 406 243 4184; E-mail:
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dicting these two measures of divergence should be

similar (Merila & Crnokrak 2001; McKay & Latta 2002;

Ramstad et al. 2010). Alternatively, patterns of genetic

and phenotypic divergence that are uncorrelated and

predicted by different landscape attributes suggest that

phenotype is plastic, or controlled by local selection

(Storz 2002; Leinonen et al. 2006; Lehtonen et al. 2009).

Access to highly variable molecular markers has led to

a surge of landscape genetic data in recent years, but

complementary phenotypic data are often lacking. By

comparing genetic and phenotypic divergence at the

landscape scale, we can expand understanding of how

these two components of intraspecific biodiversity are
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maintained, and of the mechanisms causing them to

become decoupled.

Streams and rivers occur in hierarchical networks

where smaller stream channels join to form larger

ones in a dendritic pattern that resembles branches

on a tree (Horton 1945; Strahler 1952). This consistent

network architecture constrains evolutionary, demo-

graphic and ecological processes in aquatic organisms

(Grant et al. 2007; Muneepeerakul et al. 2008; Hughes

et al. 2009). More specifically, in species linked to

streams during all or part of their life cycle, the land-

scape affecting genetic and phenotypic divergence is

comprised of two fundamental components: the

stream network and terrestrial matrix. This division

has been useful for exploring the landscape genetics

of stream species, where differences in aquatic vs. ter-

restrial gene flow cause genetic population structure

to align with the stream network or terrestrial matrix

(Meffe & Vrijenhoek 1988; Finn et al. 2007; Hughes

et al. 2009; Mullen et al. 2010). Stream organisms also

exhibit phenotypic structure at the landscape scale

(Reznick et al. 2001; Chaput-Bardy et al. 2007). How-

ever, to our knowledge, no study has compared

effects of the stream network and terrestrial matrix on

both genetic and phenotypic divergence in stream

species.

A community of salamanders in the family Pletho-

dontidae, the lungless salamanders, is associated with

small, headwater streams in eastern North America

(Petranka 1998). Species diversity in headwater sala-

mander communities declines from south to north

along the Appalachian Uplift, with up to six species in

western Virginia (Resetarits 1997), but only two or three

species in New Hampshire (Taylor 1993). The larvae of

stream plethodontids are strictly aquatic, but adults

occupy a range of habitat zones extending from the

channel into the riparian corridor (Organ 1961; Hairston

1987). We know that these lateral habitat associations

are correlated with morphological and behavioural

traits (Wilder & Dunn 1920; Dunn 1926) and maintained

by interspecific interactions (e.g. Wilder & Dunn 1920;

Hairston 1987; Rissler et al. 2004). Much less is known

about how these habitat associations and, more broadly,

variation in terrestriality among adults are related to

genetic and phenotypic divergence in headwater land-

scapes.

The two predominant stream salamanders in the

Hubbard Brook Experimental Forest (HBEF), New

Hampshire, where this work was conducted, are Gyri-

nophilus porphyriticus and Eurycea bislineata (Burton &

Likens 1975). Postmetamorphic adults of these species

differ in their use of terrestrial habitat. Adults of G. por-

phyriticus are associated with aquatic habitat within the

stream channel and have strongly keeled and laterally
compressed tails, short limbs and flattened posture sui-

ted to life in flowing water (Brandon 1966; Petranka

1998). G. porphyriticus adults can move into riparian for-

ests at night, but return to the stream during the day,

where they are found under cover in the channel and

along the wetted edge (Greene et al. 2008). Adults of

E. bislineata return to streams to breed, but are primar-

ily associated with terrestrial habitat (MacCulloch &

Bider 1975; Petranka 1998). E. bislineata adults are slen-

der, with weakly laterally compressed tails, and are

found under rocks and wood in riparian zones and on

the forest floor, far from stream channels (Bishop 1941;

Perkins & Hunter 2006).

In a previous study, we examined genetic and phe-

notypic divergence in G. porphyriticus and E. bislineata

at paired sites in six HBEF streams, where each pair

of sites was separated by a standardized distance of

1 km along the stream (Lowe et al. 2008). That analy-

sis showed that within-stream measures of genetic

divergence and phenotypic divergence were correlated,

suggesting that phenotypic divergence along individ-

ual streams was driven, in part, by gene flow and

drift. However, we only examined divergence within

streams, and did not quantify divergence between

sites in different streams. Therefore, that study did

not provide insight on broader patterns of genetic and

phenotypic structure across the Hubbard Brook

Watershed, or on the relative influence of the stream

network and terrestrial matrix on divergence. Addi-

tionally, in that study, phenotypic divergence was

assessed based on only one measure of body morphol-

ogy (trunk length).

Our goal here is to build on this earlier study by

examining effects of the stream network and terrestrial

matrix on genetic and phenotypic divergence in G. por-

phyriticus and E. bislineata throughout the Hubbard

Brook Watershed, using more measures of body mor-

phology to quantify phenotypic divergence. On the

basis of our previous results and differences in terrest-

riality of G. porphyriticus and E. bislineata adults, we

hypothesize that genetic and phenotypic divergence

are correlated across the Hubbard Brook Watershed in

both species, but affected differently by the stream net-

work and terrestrial matrix. We predict that genetic

and phenotypic divergence in G. porphyriticus is struc-

tured primarily by the stream network, such that

divergence between sampling sites increases with dis-

tance along stream channels, independent of distance

by overland pathways. In E. bislineata, we predict that

genetic and phenotypic divergence is structured pri-

marily by the terrestrial matrix, such that divergence

between sampling sites increases with overland,

Euclidean distance, independent of distance along the

stream network.
� 2012 Blackwell Publishing Ltd
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Materials and methods

Study sites and sampling protocol

The Hubbard Brook Watershed (Fig. 1) is in the White

Mountains of central New Hampshire, USA (43�56¢N,

71�45¢W). The majority of the watershed is within the

31.6 km2 HBEF. We sampled six hydrologically inde-

pendent streams throughout the Hubbard Brook

Watershed. These streams have low conductivity (12.0–

15.0 lS), slight acidity (pH of 5.0–6.0), high dissolved

oxygen content (80–90% saturation) and moderate mid-

day summer temperatures (13.0–17.0 �C) (Likens &

Buso 2006). Dominant tree species in the watershed are

Acer saccharum, Fagus grandifolia, Betula alleghaniensis,

Picea rubens, Abies balsamea, B. papyrifera.

We sampled downstream and upstream sites along

each stream (Fig. 1). Downstream sites were reaches

between 100 and 200 m from the confluence with a

higher-order (i.e. larger) stream; upstream sites were

reaches between 1200 and 1300 m from this confluence.

To avoid sampling individuals from the same family

group, morphological data and tissue samples were col-

lected from randomly sampled individuals distributed

throughout the 100-m study sites.

For G. porphyriticus, tissue samples were collected in

June, July and August of 2003 (n = 10 individuals per

site); morphological data were collected during the

same period in 2005 (n = 9–15 individuals per site). For

E. bislineata, tissue samples were collected in June, July

and August of 2005 (n = 9–12 individuals per site); mor-

phological data were collected during the same period

in 2006 (n = 8–11 individuals per site). Because sam-

pling was random within sites—to characterize the

genetic and phenotypic attributes of all G. porphyriticus

and E. bislineata individuals at a site—it is unlikely that

these differences in sampling date biased our results.
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Larval and adult G. porphyriticus were photographed

for morphological analysis. Ratios of larvae to adults

sampled did not differ among or within streams [analy-

sis of variance (ANOVA): stream effect: F = 2.46, d.f. = 5,

5, P = 0.17; site effect: F = 0.03, d.f. = 1, 5, P = 0.88]. All

E. bislineata sampled for morphology were postmeta-

morphic adults. A small section of tail tissue was

clipped from captured salamanders and stored in 90%

ethanol at )80 �C.

We photographed animals to collect morphological

data. Animals were placed on a level, lighted stage. The

camera was held approximately 20 cm above the stage,

which allowed us to capture the entire dorsal surface of

the animal in the photograph, along with a ruler. The

ruler was used to calibrate morphological measure-

ments in mm. We used photographs to measure head,

trunk and leg morphology. We also measured snout-

vent length (SVL)—the standard measure of body size

in amphibians (Heyer et al. 1994).
AFLP amplification, scoring and analyses

We used standard phenol methods to extract total DNA

from tissue samples. Amplified DNA fragment length

polymorphism (AFLP) loci were developed using the

AFLP Plant Mapping Kit [Applied Biosystems (ABI),

Foster City, CA, USA]. We used the Eco RI-ACA primer

labelled with the FAM fluorochrome paired with the

Mse I-CAC primer to selectively amplify loci. Amplified

products were run on an ABI 3100 sequencer; peaks

were categorized and scored using ABI Genotyper v3.0

software.

Hardy–Weinberg equilibrium is often assumed in

analyses using dominant AFLP markers, raising con-

cerns about their suitability for population genetic stud-

ies relative to codominant markers (Holsinger et al.

2002; Holsinger & Wallace 2004). Our analytical tech-
K2 Kilometers

Fig. 1 Map of the Hubbard Brook

Experimental Forest, New Hampshire,

USA, which comprises the majority of

the Hubbard Brook Watershed. Study

streams and the main Hubbard Brook

are labelled. Stars indicate the locations

of sites where Gyrinophilus porphyriticus

and Eurycea bislineata tissue samples

and morphological data were collected.

Sampling sites within each stream were

1 km apart, measured along the stream.
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niques do not rely on this assumption, but do assume

deviations from Hardy–Weinberg equilibrium and link-

age equilibrium are similar across sites. We used FST to

quantify genetic divergence between sites (Excoffier

et al. 1992); FST is analogous to FST (Wright 1951),

describing the level of genetic divergence between sites.

We chose AFLPs because of their high variability and

genome-wide coverage, which we expected to be neces-

sary for resolving population structure within and

among streams (Freeland 2005). Genome-wide coverage

may produce loci that are under selection, but the

majority of AFLP loci are expected to be neutral (e.g.

Colbeck et al. 2011).

We estimated pairwise FST values using the analysis

of molecular variation (AMOVA) framework in WIN AM-

OVA v1.55 (Excoffier et al. 1992). This method uses pair-

wise Euclidian distances among AFLP marker profiles

and does not require indirect estimates of allele fre-

quencies. Input files were produced with AMOVA-PREP

v1.1 (Miller 1997).

In previous studies, we found no difference among

streams or between downstream and upstream sites in

genetic diversity, quantified as average heterozygosity

and percent polymorphic loci (Lowe et al. 2006, 2008).

This suggests that demographic histories for processes

that could influence genetic diversity at these sites (e.g.

population bottlenecks and demographic expansions)

have been similar over the recent past (Hartl & Clark

1997; Marko & Hart 2011).
Morphological analyses

To quantify morphological variation in the head, trunk

and legs, we generated size-adjusted shape variables

using principal component analysis (PCA). We

extracted seven principal components from the covari-

ance matrix representing head, trunk and leg morphol-

ogy. The covariance matrix was comprised of log-

transformed SVL and the two, log-transformed mea-

surements of each body element [head (max. length and

width), trunk (max. length and width) and legs

(humerus length and femur length)]. The first principal

component (MORPH PC1) was expected to represent

generalized size because SVL was positively correlated

with all morphological measurements. MORPH PC2–

PC7 were expected to be size-adjusted shape variables

representing different aspects of morphology (Bookstein

1989; Jungers et al. 1995; Adams & Beachy 2001).

We restricted our analyses of morphological diver-

gence to the second principal component (MORPH

PC2) because it accounted for the highest proportion of

morphological variation after size correction and, there-

fore, was most likely to represent ecologically meaning-

ful variation. In a previous study of morphological
divergence in G. porphyriticus in the southern Appala-

chians, Adams & Beachy (2001) found that results using

this PCA-based method of size correction were similar

to results using two other methods: residuals from

regressions of morphological characters on SVL, and

Burnaby’s (1966) size-independent shape variables.

It is difficult to determine sex in the two study spe-

cies using external traits, so we could not include sex as

a variable in morphological analyses. However, for an

earlier study (Lowe & McPeek 2012), we sexed

35 G. porphyriticus individuals (15 males, 20 females) in

a population in northern New Hampshire and found

no morphological differences between the sexes

(F < 2.88, d.f. = 1, 33, P > 0.09).

We used pairwise phenotypic distances (PST) to quan-

tify divergence in MORPH PC2 between study sites.

Phenotypic variance components were quantified for all

pairs of sites using the one-way ANOVA framework, and

PST was calculated as
PST ¼
r2

GB

ðr2
GB þ 2r2

GWÞ

as in Raeymaekers et al. (2007) and Saint-Laurent et al.

(2003).
Analysis of genetic and phenotypic divergence

We wanted to compare how the stream network vs. ter-

restrial matrix influenced spatial patterns of genetic and

phenotypic divergence in G. porphyriticus and E. bisline-

ata. Specifically, we tested the prediction that pairwise

genetic and phenotypic distances (FST and PST) between

sites throughout the Hubbard Brook Watershed were

influenced by geographic distances along the stream

network (i.e. ‘stream distance’), as opposed to straight-

line distances through terrestrial habitat (i.e. ‘overland

distance’). Stream distance was the shortest pathway

along streams between two sites, where distances were

measured along the landscape surface to incorporate

changes in elevation along the path. Overland distance

was the Euclidean distance connecting two points, also

incorporating changes in elevation along the path (Mul-

len et al. 2010). We quantified distances and elevations

with a Global Positioning System receiver (Garmin Ltd.,

Olathe, KS, USA) and Terrain Navigator software (MAP-

TECH
�; Amesbury, MA, USA) with an enhanced digital

elevation model of the Hubbard Brook Watershed.

We expected stream and overland distances to be cor-

related, which precluded using these data directly to

compare effects on genetic and phenotypic divergence

(Graham 2003). To address this problem of multicollin-

earity, we used PCA to transform the distance data into

two independent variables representing (i) absolute
� 2012 Blackwell Publishing Ltd
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geographic distance between sites, whether along

streams or overland, and (ii) relative stream vs. over-

land distance between sites, independent of absolute

geographic distance. The second principal component

differentiated sites that were closer by stream than

overland distances from those that were closer by over-

land than stream distances. With these derived vari-

ables, we were able to assess the overall effect of

geographic distance on genetic and phenotypic diver-

gence throughout the Hubbard Brook Watershed, and

the relative importance of stream and overland dis-

tances in mediating divergence.

To assess the role of genetic drift in driving patterns

of phenotypic divergence throughout the watershed, we

first tested for correlation between FST and PST values

using a Mantel test that corrects for nonindependence

of pairwise points (Mantel 1967). To characterize the

spatial structure of genetic and phenotypic divergence,

we then tested for effects of the two distance principal

components (DISTANCE PC1 and PC2) on FST and PST

with Mantel tests. All Mantel tests were performed with

Isolation by Distance version 3.16 (Jensen et al. 2005),

with 10,000 matrix randomizations.
Results

Genetic and phenotypic variation

We identified 92 polymorphic AFLP loci from the

120 G. porphyriticus tissue samples, and 90 polymorphic

loci from the 124 E. bislineata tissue samples. Peak pro-
Table 1 Percent of the total variance explained and factor loadings

ments of body morphology of Gyrinophilus porphyriticus and Eurycea

Brook Watershed, New Hampshire, USA (Fig. 1). All measurements w

Species

Principal

component

% variance

explained

Eigenvecto

Snout-vent

length

Gyrinophilus porphyriticus PC1 91.0 0.39

PC2 2.9 )0.11

PC3 2.4 )0.06

PC4 1.8 )0.04

PC5 1.2 )0.48

PC6 0.7 0.03

PC7 0.0 )0.78

Eurycea bislineata PC1 69.0 0.41

PC2 13.6 )0.4

PC3 9.2 0.15

PC4 3.7 0.27

PC5 2.9 )0.01

PC6 1.6 0.09

PC7 0.0 )0.75

� 2012 Blackwell Publishing Ltd
files were highly repeatable in estimated sizes and fluo-

rescence intensity.

Gyrinophilus porphyriticus head, trunk and leg mea-

surements were positively correlated with SVL

(r = 0.91–0.99). MORPH PC1 was positively weighted

by all six variables and accounted for 91.1% of total

variation in body morphology. MORPH PC2 accounted

for 3.0% of total variation in body morphology and was

negatively weighted by SVL, head length, head width,

trunk length and humerus length, and positively

weighted by femur length and trunk width (Table 1).

In E. bislineata, head, trunk and leg measurements were

positively correlated with SVL (r = 0.67–0.99). MORPH

PC1 was positively weighted by all six variables and

accounted for 69% of total variation in body morphol-

ogy. MORPH PC2 accounted for 13.6% of total varia-

tion in body morphology and was negatively weighted

by SVL, head width and trunk length, and positively

weighted by head length, trunk width, humerus length

and femur length (Table 1).
Distance measures

As expected, pairwise stream and overland distances

were strongly correlated (r = 0.88, n = 66, P < 0.001).

DISTANCE PC1 accounted for 94.4% of the covaria-

tion in stream and overland distances and was posi-

tively weighted by both distance measures. DISTANCE

PC2 accounted for the remaining covariation in stream

and overland distances (5.6%) and was negatively

weighted by overland distance and positively
(eigenvectors) for principal components derived from measure-

bislineata individuals sampled at sites throughout the Hubbard

ere in mm, converted from photographs taken at capture

rs

Head

length

Head

width

Trunk

length

Trunk

width

Humerus

length

Femur

length

0.38 0.38 0.39 0.38 0.37 0.36

)0.19 )0.18 )0.08 0.01 )0.31 0.91

)0.33 )0.27 0.03 )0.32 0.83 0.15

0.76 )0.08 )0.29 )0.53 0.06 0.14

0.04 0.35 )0.63 0.42 0.27 0.05

0.28 0.79 0.05 0.54 0.08 0.8

0.18 0 0.6 0 0 0

0.41 0.42 0.38 0.36 0.29 0.37

0.13 )0.1 )0.5 0.09 0.67 0.33

0.33 0.1 0.11 )0.68 0.44 )0.44

)0.45 )0.6 0.41 0.01 0.41 0.12

0.12 )0.11 )0.04 0.63 0.21 )0.73

0.69 0.66 0.04 0 0.26 0.13

0.14 0 0.64 0.01 0 0



2404 W . H . L O W E ET AL.
weighted by stream distance (loadings = )0.23, 0.23,

respectively).
Genetic and phenotypic divergence

In G. porphyriticus, there was no significant correlation

between pairwise FST and PST values for sites through-

out the Hubbard Brook Watershed (Mantel; r = )0.22,

n = 66, P = 0.10). Genetic distance (FST) was positively

related to DISTANCE PC1 (r = 0.29, n = 66, P = 0.02;

Fig. 2A), and unrelated to DISTANCE PC2 (r = )0.01,

n = 66, P = 0.48; Fig. 2B). Phenotypic distance (PST) was
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relationship to DISTANCE PC2 (r = )0.37, n = 66,

P = 0.02; Fig. 3D).
Discussion

Across the Hubbard Brook Watershed, we found that

genetic and phenotypic divergence were largely decou-

pled in G. porphyriticus and E. bislineata. In both spe-

cies, pairwise genetic and phenotypic distances (FST

and PST) were not strongly correlated, and these two

measures of divergence responded differently to mea-
� 2012 Blackwell Publishing Ltd
sures of intersite distance. Genetic distances in both

species increased with DISTANCE PC1—an index of

absolute geographic distance between sampling sites

incorporating both stream and overland distances

(Fig. 2). Phenotypic distances were not strongly related

to DISTANCE PC1 in both species, but were strongly

related to DISTANCE PC2—an index of relative stream

vs. overland distance between sites. Phenotypic diver-

gence of G. porphyriticus individuals was low when

sites were close by stream distance alone and high

when sites were close by overland distance alone
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(Fig. 3B). In contrast, phenotypic divergence of E. bis-

lineata individuals was low when sites were close by

overland distance alone and high when sites were close

by stream distance alone (Fig. 3D).

At AFLP loci, G. porphyriticus and E. bislineata exhib-

ited isolation by distance within the Hubbard Brook

Watershed. Assuming that the majority of AFLP loci

were neutral, this suggests that genetic divergence was

driven primarily by effects of distance on gene flow

(Kimura & Weiss 1964). The lack of relationship

between DISTANCE PC2 and genetic distance in both

species suggests that gene flow occurs both along the

stream network and by overland routes. All life history

stages of G. porphyriticus and E. bislineata are capable of

dispersal along stream channels (Stoneburner 1978;

Bruce 1986; Lowe 2009). Larvae and adults of G. por-

phyriticus show no difference in the frequency, distance

or upstream-bias of dispersal, suggesting that both

stages contribute to gene flow along streams (Lowe

2009, 2010). In contrast, larvae of E. bislineata are known

to drift downstream (Johnson & Goldberg 1975; Stone-

burner 1978; Bruce 1986), whereas adult dispersal along

streams is rare, and short distance (Ashton & Ashton

1978; Bruce 1986). This characteristic suggests that

E. bislineata larvae may contribute more to gene flow

along streams than adults. The stage responsible for

overland dispersal in these species is unknown,

although the strictly aquatic larvae are excluded. In the

only published study of overland dispersal in stream

salamanders, Grant et al. (2010) found that newly meta-

morphosed juveniles of Desmognathus fuscus and

D. monticola (both Plethodontidae) had the highest

probability of overland dispersal between headwater

streams. It is also important to note that patterns of

phylogeographic divergence in E. bislineata and closely

related species are associated with historic drainage

connections (Kozak et al. 2006), suggesting that stream

corridors are important pathways for dispersal and

gene flow at larger spatial scales (e.g. between water-

sheds).

In G. porphyriticus and E. bislineata, phenotypic diver-

gence was not strongly related to genetic divergence

and geographic distance (DISTANCE PC1), suggesting

that at the scale of the entire watershed, variation in

body morphology is not controlled by drift and gene

flow. These two species did, however, exhibit distinctly

different patterns of phenotypic variation across the

Hubbard Brook Watershed. In G. porphyriticus, pheno-

typic divergence was structured primarily by the stream

network: sites that were relatively close by stream vs.

overland distance showed the greatest phenotypic simi-

larity. Phenotypic divergence in E. bislineata was struc-

tured primarily by the terrestrial matrix: sites that were

relatively close by overland vs. stream distance showed
the greatest phenotypic similarity. These results show

that, in general, E. bislineata individuals at upstream

sites in adjacent streams are more morphologically simi-

lar than individuals at sites separated by an equivalent

distance along the same stream (Fig. 1). The opposite is

true for G. porphyriticus—individuals at sites in the

same stream are, in general, more morphologically simi-

lar than individuals at sites separated by an equivalent

distance over land. This difference highlights the com-

plexity of dendritic systems, like stream networks,

where the linear, branching structure can decouple spa-

tial processes affecting evolutionary and ecological

dynamics from the surrounding, three-dimensional

landscape (Grant et al. 2007).

We cannot say whether variation in body morphol-

ogy in G. porphyriticus and E. bislineata is because of

local adaptation or plasticity. However, regardless of

the mechanism of control, we can conclude that diver-

sity in body morphology in these two species is a func-

tion of different components of environmental

variation. In G. porphyriticus, body morphology appears

to be responding to environmental attributes specific to

the stream environment, such that sites that are nearby

along stream channels, and therefore likely to have sim-

ilar aquatic conditions (Vannote et al. 1980; Ganio et al.

2005), produce individuals with similar body morphol-

ogy. Overland proximity does not lead to similar body

morphology in G. porphyriticus, suggesting that body

morphology is not responding to conditions specific to

the terrestrial environment. In contrast, E. bislineata

body morphology appears to respond to terrestrial con-

ditions, and not to in-stream conditions. Morphological

measurements for E. bislineata were from adults only,

whereas measurements for G. porphyriticus were from

adults and larvae. However, previous analyses showed

no differences between G. porphyriticus larvae and

adults in these size-adjusted morphological variables

(Lowe & McPeek 2012), so it is unlikely that the inclu-

sion of G. porphyriticus larvae produced such a strong

difference between species in patterns of phenotypic

divergence (Fig. 3).

Stream and terrestrial environments are tightly con-

nected in headwater systems (Likens & Bormann 1974).

For example, chemical conditions in headwater streams

(e.g. pH, conductivity, nutrient concentrations) are often

regulated by processes acting in upslope, terrestrial

areas (Likens & Bormann 1974; Johnson et al. 1981; Lik-

ens 1999). Physical conditions (e.g. temperature, light,

precipitation) are also spatially autocorrelated across

both environments, causing, for example, upslope and

riparian forests to be similar in structure and composi-

tion (Schwarz et al. 2003). These strong connections

between stream and terrestrial environments result in a

limited number of conditions that might explain the
� 2012 Blackwell Publishing Ltd
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different responses of G. porphyriticus and E. bislineata

body morphology to stream and overland proximity.

Interactions with species that are restricted to either

the stream or terrestrial environment may explain the

very different patterns of phenotypic divergence in

G. porphyriticus and E. bislineata. If G. porphyriticus

body morphology is affected by interactions with

strictly aquatic species that are patchily distributed in

the watershed (e.g. predatory fish, aquatic inverte-

brates; Resetarits 1991; Greene et al. 2008), we would

expect relative proximity by stream distance alone to

have the strongest effect on morphological divergence.

Likewise, E. bislineata body morphology may be

affected by interactions with terrestrial species encoun-

tered by adults, such as small mammals, terrestrial

invertebrates or terrestrial salamanders (e.g. Plethodon

cinereus, the red back salamander, which is abundant at

the HBEF; Burton & Likens 1975). This hypothesis is

consistent with evidence of local adaptation and pheno-

typic plasticity in response to interspecific interactions

in other amphibians (e.g. Relyea 2001; Richardson 2006;

Urban 2007).

It is exciting to consider that where interspecific inter-

actions occur—the stream vs. terrestrial environ-

ment—could account for such different patterns of

phenotypic divergence in two closely related species,

even in the same watershed. These results underscore

the need for explicit comparison of how terrestrial and

aquatic conditions, both biotic and abiotic, drive land-

scape-level patterns of adaptive and plastic divergence

in species with biphasic life cycles (Wilbur 1980; Ward

1992). More broadly, our results show the limitations of

genetic data for inferring phenotypic divergence in

complex landscapes.
Acknowledgements

We are grateful for the assistance provided by J. Tollefson,

D. Buso, I. Halm, R. Hall and J. Edmonson. Financial support

was provided by The Andrew W. Mellon Foundation, The Uni-

versity of Montana, and the National Science Foundation

(DEB-1050459). This manuscript benefited from the comments

of M. Wilson, B. Addis, B. Hossack and K. Honeycutt. This is a

contribution to the Hubbard Brook Ecosystem Study and the

Program of the Cary Institute of Ecosystem Studies. The Hub-

bard Brook Experimental Forest is operated and maintained by

the Northeastern Forest Research Station, United States Depart-

ment of Agriculture Forest Service, Newtown Square, Pennsyl-

vania, USA.
References

Adams DC, Beachy CK (2001) Historical explanations of

phenotypic variation in the plethodontid salamander

Gyrinophilus porphyriticus. Herpetologica, 57, 353–364.
� 2012 Blackwell Publishing Ltd
Ashton RE, Ashton PS (1978) Movements and winter behavior

of Eurycea bislineata (Amphibia, Urodela, Plethodontidae).

Journal of Herpetology, 12, 295–298.

Bishop SC (1941) Salamanders of New York. New York State

Museum Bulletin, 324, 1–365.

Bookstein FL (1989) ‘‘Size and shape’’: a comment on

semantics. Systematic Zoology, 38, 173–180.

Brandon RA (1966) Systematics of the Salamander Genus

Gyrinophilus. The University of Illinois Press, Urbana, IL.

Bruce RC (1986) Upstream and downstream movements of

Eurycea bislineata and other salamanders in a southern

Appalachian stream. Herpetologica, 42, 149–155.

Burnaby TP (1966) Growth-invariant discriminant functions

and generalized distances. Biometrics, 22, 96–110.

Burton TM, Likens GE (1975) Salamander populations and

biomass in Hubbard Brook Experimental Forest, New

Hampshire. Copeia, 1975, 541–546.

Chaput-Bardy A, Pays O, Lode T, Secondi J (2007)

Morphological clines in dendritic landscapes. Freshwater

Biology, 52, 1677–1688.

Colbeck GJ, Turgeon J, Sirois P, Dodson JJ (2011) Historical

introgression and the role of selective vs. neutral processes

in structuring nuclear genetic variation (AFLP) in a

circumpolar marine fish, the capelin (Mallotus villosus).

Molecular Ecology, 20, 1976–1987.

Dunn ER (1926) The Salamanders of the Family Plethodontidae.

Smith College Fiftieth Anniversary Publications,

Northampton, MA.

Endler JA (1977) Geographic Variation, Speciation and Clines.

Princeton University Press, Princeton, NJ.

Excoffier L, Smouse P, Quattro J (1992) Analysis of molecular

variance inferred from metric distances among DNA

haplotypes: application to human mitochondrial DNA

restriction data. Genetics, 131, 479–491.

Finn DS, Blouin MS, Lytle DA (2007) Population genetic

structure reveals terrestrial affinities for a headwater stream

insect. Freshwater Biology, 52, 1881–1897.

Freeland JR (2005) Molecular Ecology. John R. Wiley and Sons,

West Sussex, UK.

Ganio LM, Torgerson CE, Gresswell RE (2005) A geostatistical

approach for describing spatial pattern in stream networks.

Frontiers in Ecology and the Environment, 3, 138–144.

Graham MH (2003) Confronting multicollinearity in ecological

multiple regression. Ecology, 84, 2809–2815.

Grant EHC, Lowe WH, Fagan WF (2007) Living in the

branches: population dynamics and ecological processes in

dendritic networks. Ecology Letters, 10, 165–175.

Grant EHC, Nichols JD, Lowe WH, Fagan WF (2010) Use of

multiple dispersal pathways facilitates amphibian persistence

in stream networks. Proceedings of the National Academy of

Sciences of the United States of America, 107, 6936–6940.

Greene BT, Lowe WH, Likens GE (2008) Forest succession and

prey availability influence the strength and scale of

terrestrial-aquatic linkages in a headwater salamander

system. Freshwater Biology, 53, 2234–2243.

Hairston NG (1987) Community Ecology and Salamander Guilds.

Cambridge University Press, Cambridge, UK.

Hartl DL, Clark AG (1997) Principles of Population Genetics.

Sinauer Associates, Sunderland, MA, USA.

Heyer WR, Donnelly MA, McDiarmid RW, Hayek LC, Foster

MS (1994) Measuring and Monitoring Biodiversity: Standard



2408 W . H . L O W E ET AL.
Methods for Amphibians. Smithsonian Institution Press,

Washington, DC.

Holsinger KE, Wallace LE (2004) Bayesian approaches for the

analysis of population genetic structure: an example from

Platanthera leucophaea (Orchidaceae). Molecular Ecology, 13,

887–894.

Holsinger KE, Lewis PO, Dey DK (2002) A Bayesian approach

to inferring population structure from dominant markers.

Molecular Ecology, 11, 1157–1164.

Horton RE (1945) Erosional development of streams and their

drainage basins: hydrophysical approach to quantitative

morphology. Geological Society of America Bulletin, 56, 275–

370.

Hughes JM, Schmidt DJ, Finn DS (2009) Genes in streams:

using DNA to understand the movement of freshwater

fauna and their riverine habitat. BioScience, 59, 573–583.

Jensen JL, Bohonak AJ, Kelley ST (2005) Isolation by distance,

web service. BMC Genetics, 6, 13. v.13.16.

Johnson JE, Goldberg AS (1975) Movement of larval two-lined

salamanders (Eurycea bislineata) in the Mill River,

Massachusetts. Copeia, 1975, 588–589.

Johnson NM, Driscoll CT, Eaton JS, Likens GE, McDowell

WH (1981) ‘‘Acid rain,’’ dissolved aluminum and chemical

weathering at the Hubbard Brook Experimental Forest,

New Hampshire. Geochimica et Cosmochimica Acta, 45, 1421–

1437.

Jungers WL, Falsetti AB, Wall CE (1995) Shape, relative size,

and size-adjustments in morphometrics. Yearbook of Physical

Anthropology, 38, 137–161.

Kimura M, Weiss GH (1964) The stepping stone model of

population structure and the decrease of genetic correlation

with distance. Genetics, 49, 561–576.

Kozak KH, Blaine RA, Larson A (2006) Gene lineages and

eastern North American palaeodrainage basins:

phylogeography and speciation in salamanders of the

Eurycea bislineata species complex. Molecular Ecology, 15, 191–

207.

Lehtonen PK, Laaksonen T, Artemyev AV et al. (2009)

Geographic patterns of genetic differentiation and plumage

colour variation are different in the pied flycatcher (Ficedula

hypoleuca). Molecular Ecology, 18, 4463–4476.

Leinonen T, Cano JM, Makinen H, Merila J (2006) Contrasting

patterns of body shape and neutral genetic divergence in

marine and lake populations of threespine sticklebacks.

Journal of Evolutionary Biology, 19, 1803–1812.

Likens GE (1999) The science of nature, the nature of science:

long-term ecological studies at Hubbard Brook. Proceedings of

the American Philosophical Society, 143, 558–572.

Likens GE, Bormann FH (1974) Linkages between terrestrial

and aquatic ecosystems. BioScience, 24, 447–456.

Likens GE, Buso DC (2006) Variation in streamwater chemistry

throughout the Hubbard Brook Valley. Biogeochemistry, 78, 1–

30.

Lowe WH (2009) What drives long-distance dispersal? A test

of theoretical predictions. Ecology, 90, 1456–1462.

Lowe WH (2010) Explaining long-distance dispersal: effects of

dispersal distance on survival and growth in a stream

salamander. Ecology, 91, 3008–3015.

Lowe WH, McPeek MA (2012) Can natural selection maintain

long-distance dispersal? Insight from a stream salamander

system. Evolutionary Ecology, 26, 11–24.
Lowe WH, Likens GE, McPeek MA, Buso DC (2006) Linking

direct and indirect data on dispersal: isolation by slope in a

headwater stream salamander. Ecology, 87, 334–339.

Lowe WH, McPeek MA, Likens GE, Cosentino BJ (2008)

Linking movement behavior to dispersal and divergence in

plethodontid salamanders. Molecular Ecology, 17, 4459–4469.

MacCulloch D, Bider JR (1975) Phenology, migration, circadian

rhythm, and the effect of precipitation on the activity of

Eurycea bislineata in Quebec. Herpetologica, 31, 433–439.

Manel S, Schwartz MK, Luikart G, Taberlet P (2003) Landscape

genetics: combining landscape ecology and population

genetics. Trends in Ecology & Evolution, 18, 189–197.

Mantel N (1967) The detection of disease clustering and a

generalized regression approach. Cancer Research, 27, 209–

220.

Marko PB, Hart MW (2011) The complex analytical landscape

of gene flow inference. Trends in Ecology & Evolution, 26,

448–456.

McKay JK, Latta RG (2002) Adaptive population divergence:

markers, QTL and traits. Trends in Ecology & Evolution, 17,

285–291.

Meffe GK, Vrijenhoek RC (1988) Conservation genetics and

management of desert fishes. Conservation Biology, 2, 157–169.

Merila J, Crnokrak P (2001) Comparison of genetic

differentiation at marker loci and quantitative traits. Journal

of Evolutionary Biology, 14, 892–903.

Miller MP (1997) AMOVA-PREP: A Program for the Preparation

of Input Files for Use with WINAMOVA, v1.1. Department of

Biological Sciences, Northern Arizona University, Flagstaff,

AZ.

Mullen LB, Woods HA, Schwartz MK, Sepulveda AJ, Lowe

WH (2010) Scale-dependent genetic structure of Idaho giant

salamanders (Dicamptodon aterrimus) in stream networks.

Molecular Ecology, 19, 898–909.

Muneepeerakul R, Bertuzzo E, Lynch HJ et al. (2008) Neutral

metacommunity models predict fish diversity patterns in

Mississippi-Missouri basin. Nature, 453, 220–222.

Organ J (1961) Studies of the local distribution, life history, and

population dynamics of the salamander genus Desmognathus

in Virginia. Ecological Monographs, 31, 189–220.

Perkins DW, Hunter ML (2006) Use of amphibians to define

riparian zones of headwater streams. Canadian Journal of

Forest Research, 36, 2124–2130.

Petranka JW (1998) Salamanders of the United States and Canada.

Smithsonian Institution Press, Washington, DC.

Raeymaekers JAM, Van Houdt JKJ, Larmuseau MHD, Geldof

S, Volckaert FAM (2007) Divergent selection as revealed by

P-ST and QTL-based F-ST in three-spined stickleback

(Gasterosteus aculeatus) populations along a coastal-inland

gradient. Molecular Ecology, 16, 891–905.

Ramstad KM, Woody CA, Allendorf FW (2010) Recent local

adaptation of sockeye salmon to glacial spawning habitats.

Evolutionary Ecology, 24, 391–411.

Relyea RA (2001) Morphological and behavioral plasticity of

larval anurans in response to different predators. Ecology, 82,

523–540.

Resetarits WJ (1991) Ecological interactions among predators in

experimental stream communities. Ecology, 72, 1782–1793.

Resetarits WJ (1997) Differences in an ensemble of streamside

salamanders (Plethodontidae) above and below a barrier to

brook trout. Amphibia-Reptilia, 18, 15–25.
� 2012 Blackwell Publishing Ltd



DIVERGENCE IN DENDRITIC NETWORKS 2409
Reznick D, Butler MJ, Rodd H (2001) Life-history evolution in

guppies. VII. The comparative ecology of high- and low-

predation environments. American Naturalist, 157, 126–140.

Richardson JL (2006) Novel features of a larval anuran

inducible defense system: interspecific cue recognition and a

plasticity response gradient. Ecology, 87, 780–787.

Rissler LJ, Wilbur HM, Taylor DR (2004) The influence of

ecology and genetics on behavioral variation in salamander

populations across the Eastern Continental Divide. American

Naturalist, 164, 201–213.

Saint-Laurent R, Legault M, Bernatchez L (2003) Divergent

selection maintains adaptive differentiation despite high

gene flow between sympatric rainbow smelt ecotypes

(Osmerus mordax Mitchill). Molecular Ecology, 12, 315–330.

Schwarz PA, Fahey TJ, McCulloch CE (2003) Factors

controlling spatial variation of tree species abundance in a

forested landscape. Ecology, 84, 1862–1878.

Stoneburner DL (1978) Salamander drift; observations on the

two-lined salamander (Eurycea bislineata). Freshwater Biology,

8, 291–293.

Storz JF (2002) Contrasting patterns of divergence in

quantitative traits and neutral DNA markers: analysis of

clinal variation. Molecular Ecology, 11, 2537–2551.

Strahler AN (1952) Hypsometric (area-altitude) analysis of

erosional topography. Bulletin of the Geological Society of

America, 63, 1117–1142.
� 2012 Blackwell Publishing Ltd
Taylor J (1993) The Amphibians and Reptiles of New Hampshire:

With Keys to Larval, Immature and Adult Forms. Nongame and

endangered wildlife program, New Hampshire Fish and

Game Dept., Concord, NH.

Urban MC (2007) Risky prey behavior evolves in risky

habitats. Proceedings of the National Academy of Sciences, USA,

104, 14377–14382.

Vannote RL, Minshall GW, Cummins KW, Sedell JR, Cushing

SE (1980) The river continuum concept. Canadian Journal of

Fisheries and Aquatic Sciences, 37, 130–137.

Ward JV (1992) Aquatic Insect Ecology. John Wiley and Sons

Inc., New York, NY.

Wilbur HM (1980) Complex life-cycles. Annual Review of

Ecology and Systematics, 11, 67–93.

Wilder IW, Dunn ER (1920) The correlation of lunglessness in

salamanders with a mountain brook habitat. Copeia, 84, 63–

68.

Wright S (1951) The genetical structure of natural populations.

Annals of Eugenics, 15, 323–354.
Data accessibility

Population AFLP data: DRYAD entry doi:10.5061/

dryad.kd741614.


