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in riffle and pool habitats along reaches. We also tested for corresponding spatial
variation in individual body condition and morphology to gain insight on the
causes and implications of variation in survival.

3. Survival of G. porphyriticus larvae was constant among watersheds, but differed
by reach and habitat. Larval survival was higher in upstream reaches than down-
stream reaches, matching the distribution of predatory brook trout (Salvelinus
fontinalis), which were restricted to downstream reaches. Larval survival was also
higher in pools than riffles. Survival of G. porphyriticus adults was constant at all
scales.

4. Larval body condition was higher in downstream reaches than upstream reaches.
Both larvae and adults differed in morphology at the habitat scale: individuals in
pools had longer limbs than individuals in riffles.

5. Negative covariation in larval survival and body condition at the reach scale sug-
gests that there is a trade-off between fitness and proximate performance along
streams. The surprising differences between habitats in survival and morphology
show the potential for fine-scale ecology—evolution interactions in streams,
potentially driven by differences in flow and gradient conditions in riffles and
pools.

6. Our results suggest that the larval stage is key to understanding individual, popu-
lation and community-level processes affecting G. porphyriticus. More broadly,
this research provides a novel empirical link between traditional studies of fine-
scale ecological complexity in streams and recent studies showing consistent spa-

tial dynamics at the network scale. By documenting differences in survival, body
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1 | INTRODUCTION

We now have access to diverse conceptual and empirical tools for
exploring spatial processes affecting ecology and evolution (Hand,
Lowe, Kovach, Muhlfeld, & Luikart, 2015; Hanski, Mononen, & Ovas-
kainen, 2011; Holyoak, Leibold, & Holt, 2005). But to take advantage
of these tools, researchers must have some understanding of the
spatial structure of key ecological and evolutionary processes (Addi-
cott et al., 1987; Wiens, 1989). These spatial boundaries are rarely
discrete, whether due to the movement of individuals (Baxter,
Fausch, & Saunders, 2005; Lenormand, 2002) or fluxes of energy
and nutrients (Likens & Bormann, 1974; Marczak, Thompson, &
Richardson, 2007). Nevertheless, research on spatial processes—
whether observational or experimental (Cottenie & De Meester,
2004; Fitzpatrick, Gerberich, Kronenberger, Angeloni, & Funk, 2014)
—is much more justifiable and interpretable when focal species, pop-
ulations or communities are associated with distinct spatial units
(e.g., ponds, fields, forest patches). Likewise, understanding spatial
processes can be challenging without clear spatial delineations, lead-
ing to bias in the systems that are the focus of spatial studies (Han-
ski & Gilpin, 1997; Richardson, Urban, Bolnick, & Skelly, 2014) and
in the interpretation of results (Hewitt, Thrush, Dayton, & Bonsdorff,
2007; Levin, 1992).

The continuity and environmental complexity of streams can
make it particularly difficult to discern the spatial structure of eco-
logical and evolutionary processes. Physical, chemical and biological
heterogeneity occurs across scales in stream systems, from individual
rocks in the streambed to entire watersheds (Likens & Bormann,
1995; Palmer, Swan, Nelson, Silver, & Alvestad, 2000; Schlosser,
1991; Stanford, Lorang, & Hauer, 2005). But, due to the lack of clear
spatial delineations and other logistical constraints, most ecological
and evolutionary research is limited to relatively fine spatial scales,
leaving the true spatial scope of these processes unresolved (Cooper,
Diehl, Kratz, & Sarnelle, 1998; Lowe, Likens & Power, 2006; Wine-
miller, Flecker, & Hoeinghaus, 2010). Population genetic studies have
been useful in this context, where the relative ease of collecting tis-
sue samples has enabled researchers to test for hierarchical structure
across spatial scales (Hughes, Schmidt, & Finn, 2009; Mullen, Woods,
Schwartz, Sepulveda, & Lowe, 2010; Selkoe, Scribner, & Galindo,
2016). However, genetic structure may not match the structure of
key ecological and evolutionary processes (Kokko et al., 2017; Lowe,
Kovach, & Allendorf, 2017), reinforcing the need for alternative
approaches to resolve the spatial structure of these processes.

condition and morphology at reach and habitat scales, we hope this work shows
the feasibility and value of spatially explicit approaches to species-level ecological

and evolutionary questions in streams.

amphibian, fitness, morphology, salamander, spatial ecology

To confront the challenging continuity and complexity of
streams, researchers have developed conceptual models distinguish-
ing key scales of spatial variability. Broadly, these models can be bro-
ken into three categories based on the scale proposed as most
relevant to understanding ecological variation: watershed, reach and
habitat (Figure 1). We know that interactions with upland terrestrial
habitats affect ecological processes throughout entire tributaries
(Bernhardt et al., 2005; Bormann & Likens, 1979; Richards, Johnson,
& Host, 1996), creating ecological variation among hydrologically
independent watersheds. At an intermediate scale, stream ecologists
have long recognised that gradients in physical, chemical and biologi-
cal conditions produce predictable ecological variation among
reaches arrayed along stream channels—an observation at the core
of the river continuum concept (Minshall et al., 1983; Vannote, Min-
shall, Cummins, Sedell, & Cushing, 1980). At the finest scale, hydro-
geomorphic models view local flow and gradient conditions as key
environmental variables, leading to predictable abiotic and biotic
variation among bedform units within stream reaches (e.g., pools,
runs, riffles, cascades; Frissell, Liss, Warren, & Hurley, 1986; Gordon,
Mcmahon, & Finlayson, 1992; Hawkins et al., 1993; Montgomery &
Buffington, 1997). Stream ecologists commonly refer to these bed-
form units as “habitats” (e.g., Bisson, Sullivan, & Nielsen, 1988;
Ilwata, 2007; Senay, Boisclair, & Peres-Neto, 2015).

These models have guided spatial analyses of stream ecosystem
and community data (e.g., nutrient concentrations, species diversity;
Resetarits, 1997; Brown & Swan, 2010; McGuire et al., 2014; Ton-
kin, Heino, & Altermatt, 2018). In contrast, our understanding the
structure of spatial variation in individual attributes—whether within
or among populations—remains weak, despite the importance of
these individual-level data for resolving the mechanisms and implica-
tions of species-level ecological and evolutionary responses (Chaput-
Bardy, Pays, Lode, & Secondi, 2007; Landguth et al., 2014; Letcher,
Coombs, & Nislow, 2011). This is not to suggest that we lack evi-
dence that ecological and evolutionary processes shape individual
variation in streams, which is clearly not the case for fish (Fitzpatrick
et al., 2014; Lively, Craddock, & Vrijenhoek, 1990; Travis et al.,
2014; Vrijenhoek, 1989) and a few other taxa (Jackrel & Wootton,
2014; Storfer & Sih, 1998). In these studies, however, the scale of
observation is imposed by researchers (e.g., focal pools distributed
along a study reach), rather than by a priori analysis of the spatial
structure of variation in individual attributes, leaving the spatial
scope of inference unresolved (Levin, 1992; Messier, Mcgill, &
Lechowicz, 2010).
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Our goal was to objectively resolve the scale of ecological and
evolutionary processes affecting the salamander Gyrinophilus por-
phyriticus by testing for spatial structure in survival across a headwa-
ter stream network. Specifically, we used 3 years of spatially explicit
capture-mark-recapture data from four headwater streams to test
for watershed, reach and habitat-scale variation in survival—a key
component of fitness and fundamental index of ecological response.
Much of our past work in this system has focused on dispersal by
G. porphyriticus, but we have never attempted to determine the scale
of environmental variation relevant to dispersal decisions (e.g., emi-
gration, vagrancy, settlement; Ronce, 2007). The high spatial resolu-
tion and broad spatial scope of this data set created an opportunity
to characterise the “fitness landscape™ that governs these dispersal
decisions and their consequences. For example, the scale of variation
in survival is likely to affect emigration propensities (i.e., stay versus
leave), dispersal distances and settlement probabilities, thereby also
determining the scale(s) at which we might expect genetic and
demographic effects of dispersal. Perhaps more importantly, we
hoped to uncover the spatial structure of ecological and evolutionary
processes that determine the fate of nondispersers, which represent
the majority of individuals in our study populations (e.g., Lowe,
2003).

To gain insight on the causes and implications of spatial variation
in individual survival, we also tested for spatial variation in (a) body
condition and (b) body morphology. Correspondence of spatial
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variation in body condition and survival would suggest that variation
in survival is caused—at least in part—by factors affecting an indi-
vidual's performance during its lifetime, as opposed to discrete
sources of mortality (e.g., predation, floods), which may reduce sur-
vival without affecting individual performance. If mechanism(s) pro-
ducing spatial variation in survival also contribute to morphological
diversity, whether via plasticity and/or selection, we expected spatial

structure of morphological variation to match that of survival.

2 | METHODS

2.1 | Study species and sites

Gyrinophilus porphyriticus belongs to the family Plethodontidae, the
lungless salamanders, and is found in small, cool, well-oxygenated
streams along the Appalachian uplift in the eastern United States
(Petranka, 1998). Larvae are exclusively aquatic (Bruce, 1980); adults
are mainly aquatic but can forage terrestrially at night (Deban &
Marks, 2002; Degraaf & Rudis, 1990; Greene, Lowe, & Likens,
2008). During the day, larvae and adults are found in interstitial
spaces among the larger substrate particles of the streambed. In the
northern Appalachians, larvae range in size from 26 to 80 mm snout-
to-vent length (SVL) and adults can reach 120 mm SVL (Lowe,
2003). The larval period lasts 3-5 years (Bruce, 1980), and adults
can live to be 14 years (W. H. Lowe, unpublished data).
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FIGURE 1 Four spatial scales emphasised in conceptual models of environmental heterogeneity in stream systems, and which guided our
analysis of the spatial structure of individual variation in the stream salamander Gyrinophilus porphyriticus. We sampled across four watersheds
in the Hubbard Brook stream network, New Hampshire, USA. Within each watershed, we sampled downstream and upstream reaches and
characterised the habitat (riffle, pool) where each individual was encountered
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This research took place in four hydrologically independent first-
order streams in the Hubbard Brook Experimental Forest (HBEF), in
the White Mountains of central New Hampshire (43°56'N, 71°45’
W). All four streams flow into the mainstem of Hubbard Brook (Fig-
ure 1), a tributary of the Pemigewasset River. Typical of headwater
streams in New Hampshire, the study streams have low conductivity
(12.0-15.0 pS), slight acidity (pH of 5.0-6.0), high dissolved oxygen
content (80%-90% saturation) and moderate midday summer tem-
peratures (13.0-17.0°C). Hydrology of HBEF streams is characterised
by high spring discharge due to melting snow, and high discharge
events throughout the year associated with isolated storms. Base
flow conditions usually occur in August and September. The study
streams are high gradient mountain headwaters with cobble, boulder
and bedrock substrate. The dominant tree species in forests sur-
rounding these streams were Acer saccharum, Fagus grandifolia,

Betula alleghaniensis, Picea rubens, Abies balsamea, B. papyrifera.

2.2 | Study design

To resolve the spatial scale of variation in survival, body condition
and body morphology in G. porphyriticus, we designed our sampling
regime to encompass three spatial scales: watershed, reach and habi-
tat (Figure 1). To assess watershed-scale variation, we conducted
spatially explicit capture-mark-recapture surveys throughout the
four study streams (Bear Brook, Canyon Brook, Paradise Brook, Zig-
zag Brook) over 3 years (2012-2014). Each stream was divided into
two 500-m-long reaches (downstream and upstream). Locations of
these reaches along stream channels were selected to encompass as
much longitudinal variation in environmental conditions as possible,
given other sampling constraints at the HBEF. Downstream reaches
started at the confluence with Hubbard Brook and weirs set the
upstream end of the upstream reaches. Because long-term water
quality data are collected at the weirs, sampling is restricted
upstream of the weirs (Bormann & Likens, 1979). Distances between
downstream and upstream reaches, measured along stream channels,
were 400 m in Bear Brook, O m in Canyon Brook, 250 m in Paradise
Brook and 500 m in Zigzag Brook.

To assess habitat-scale variation in salamander survival, condition
and morphology, we categorised the habitat where each salamander
was initially encountered during surveys. Habitat type was based on
flow and gradient conditions 0.5 m upstream and downstream of the
salamander's location and was categorised as riffle or pool (modified
from Montgomery & Buffington, 1998). Riffles were defined by
moderate gradient and turbulent flow. Pools were defined by low
gradient, circulating flow and evidence of obstruction or constriction
at the downstream end of the pool.

2.3 | Survey methods

Capture-mark-recapture (CMR) surveys were conducted mid-June
through mid-September of 2012-2014. Each stream was surveyed
nine times each field season, for a total of 27 surveys per stream
over the 3-year study period. We conducted three surveys of each

stream during three two-week periods distributed evenly throughout
the field season; streams were surveyed in a random order within
each of these two-week sampling periods. In each survey, a constant
search effort was maintained by turning one haphazardly selected
cover object per metre of stream length. Salamanders were individu-
ally marked with visible implant elastomer (Northwest Marine Tech-
nologies, Washington, USA; Grant, 2008). All G. porphyriticus
individuals were photographed to quantify body morphology. Ani-
mals were placed on a level stage with the camera approximately
20 cm above the stage, which allowed us to capture the entire dor-
sal surface of the animal in the photograph, along with a ruler. The
ruler was used to calibrate morphological measurements in millime-
tre. We used these photographs to measure head, trunk and leg
morphology, as well as SVL, the standard measure of body size in
amphibians (Heyer, Donnelly, Mcdiarmid, Hayek, & Foster, 1994).
We measured body mass in the field to quantify body condition
(Schulte-Hostedde, Zinner, Millar, & Hickling, 2005).

We also surveyed to determine the distribution of brook trout
(S. fontinalis) in the study streams. Brook trout occur within the HBEF
(Warren, Likens, Buso, & Kraft, 2008) and are known to prey on G. por-
phyriticus larvae (Lowe, Nislow, & Bolger, 2004; Resetarits, 1991,
1995). Therefore, we expected that brook trout distribution could
strongly affect G. porphyriticus survival, body condition and possibly
body morphology (Benard, 2004). Between mid-June and mid-August
of 2013, the four study streams were trapped once every 10 days, for
a total of three trapping sessions per stream. In each fish survey, vinyl-
coated minnow traps (Frabill, Plano, IL) were placed every 25 m along
downstream and upstream reaches, ensuring that trapping effort was
equal across streams. Traps were placed in both riffles and pools and
open for 18-20 hr. All fish received a unique tag behind the eye with
visual elastomer so that we could accurately count the number of indi-

viduals captured.

24 | Survival estimation

We used multistate CMR models to test for watershed, reach and
habitat-scale variation in individual survival probabilities. Monthly
survival (S) and recapture (p) probabilities of G. porphyriticus larvae
and adults, and transition probabilities from the larval to the adult
stage (222U \were estimated with a multistate model using Pro-
gram MARK (Lebreton, Nichols, Barker, Pradel, & Spendelow, 2009;
White & Burnham, 1999). For this analysis, the three surveys in each
two-week survey session were collapsed into a single observation
for each month of the field season (e.g., mid-June to mid-July, etc.).
Program MARK accommodates variable time intervals between suc-
cessive surveys (e.g., 1 month during the field season, 10 months
between field seasons), so we were able to include all 3 years of
data in CMR models. This approach allowed us to derive monthly
parameter estimates and, relative to models where all 27 surveys
were included, increased the accuracy and precision of parameters
of interest (e.g., Grant, Nichols, Lowe, & Fagan, 2010).

Survival probability represents the probability that an animal alive
at time t in one state (i.e., life-history stage) will be alive at time
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t + 1, independent of state at t + 1. With two states, the transition
probability is the conditional probability that an animal in one state
at time t will be in the other state at t + 1, given that the animal is
alive at t + 1. Recapture probability is the probability that a marked
animal at risk of capture at time t is captured at t, conditional on
being alive and available for recapture.

Estimates of survival probability confound mortality with perma-
nent emigration from the population. We assumed that weirs imme-
diately above upstream reaches would prevent most upstream
emigration, and movement data from the study streams supported
this assumption (B. R. Addis, unpublished data). We also assumed
that downstream emigration into the fifth-order Hubbard Brook was
minimal due to the dramatic habitat change below the confluence,
and previous surveys where no G. porphyriticus individuals were
found in the mainstem. Extensive overland dispersal is unlikely con-
sidering the highly aquatic habits and morphology of G. porphyriticus
adults. Finally, we have shown significant genetic divergence among
streams in the HBEF (Lowe, Likens, McPeek, & Buso, 2006), suggest-
ing that rates of immigration and emigration are low, and increasing
our confidence that survival estimates were not heavily biased by
emigration.

We first used model selection to determine a parsimonious struc-

larva
’

ture of recapture probabilities (p p?@") and transitions from the
larval to adult stage (y/2™2~2d4") while retaining a consistent struc-
ture of apparent survival (Grant et al., 2010; Lebreton, Burnham,
Clobert, & Anderson, 1992). We modelled recapture probabilities as
constant or variable by time (month), watershed and time x water-
shed. This candidate set of models was justified by variation in
stream flow that could cause recapture probabilities to vary over
time (e.g., as salamanders change patterns of habitat use to avoid
exposure to high flows), and differences in geomorphology among
streams that might affect recapture probabilities directly and via
interactions with temporal variation in flow (Bailey, Simons, & Pol-
lock, 2004). We modelled x/}a"’a”ad”'t as constant or variable by time,
watershed and time x watershed. These candidate models were
based on a previous study documenting temporal variation in
y)ar"a”ad“'t in a stream outside of the HBEF (Lowe, 2012). Because
transitions from the adult to larval stage are impossible, we fixed
ydult=ana ot 0, The four watersheds were represented as attribute
groups in Program MARK (Cooch & White, 2007).

Using the most parsimonious model structure for recapture and
transition probabilities, we then tested for spatial structure in indi-
vidual survival probabilities. This analysis was conducted in stages
corresponding to the three spatial scales of variation. First, we mod-
elled survival as constant or variable at the watershed scale, again
representing the four study watersheds as attribute groups. Starting
with the most parsimonious models of watershed-scale variation, we
then modelled survival as constant or variable at the reach scale
(downstream versus upstream) and as constant or variable at the
habitat scale (riffle versus pool). Reach and habitat were modelled as
individual covariates so that we could retain watershed groups
where necessary (Pollock et al., 2002).

Freshwater Biology =AWVA| LEYJﬂ

This approach allowed for spatially nested variation in survival,
such as variation among watersheds and between habitat types
within watersheds. It is also important to note that these multistate
models estimated survival for larvae and adults separately, providing
valuable insight on variation in survival over the life history, but also
increasing model parameterisation. We did not test for temporal
variation in survival or interactions between spatial scales because
these additional levels of model parameterisation compromised esti-
mation of our focal parameters. For example, the watershed x reach
interaction would have required 16 estimates of survival, in addition
to p and y estimates.

We used Akaike's information criterion, or AIC (Akaike, 1973), to
identify models that best represented the data with as few parame-
ters as possible. Models were ranked by second-order AIC (AIC.) dif-
ferences (AAIC; Burnham & Anderson, 2002). Relative likelihood of
each model in the candidate set was then estimated with AIC.
weights (Buckland, Burnham, & Augustin, 1997). Prior to model
selection, we used program U-CARE (Choquet, Reboulet, Lebreton,
Gimenez, & Pradel, 2003) to perform goodness-of-fit tests on the
saturated multistate model. Cooch and White (2007) suggest that
confidence in the best-fitting multistate model should increase if the
model retains its rank across a range of values for the variance infla-
tion factor (). Therefore, to further assess model fit, we tested the
rank stability of the best-fitting multistate models by entering ¢ val-
ues between 1.0 and 4.0 in Program MARK. Lebreton et al. (1992)
suggest that ¢ < 3.0 is a good general criterion for assessing ade-
quacy of model fit.

2.5 | Body condition and morphology

We used log-transformed SVL and mass measurements from all indi-
viduals to calculate size-corrected mass (log mg) with ordinary least
squares (OLS) linear regression. Size-corrected mass is a common
index of body condition (Green, 2001; Jakob, Marshall, & Uetz,
1996; Schulte-Hostedde et al., 2005). The use of OLS linear regres-
sion was justified by the lack of statistical support for more complex
models of the functional relationship between log SVL and log mass,
and by the lack of correlation between log SVL and residuals from
these regressions (r < 0.01; Green, 2001).

To quantify body morphology, we used measurements of head,
trunk and leg morphology to generate size-adjusted morphological
characters with principal component analysis (PCA). We extracted
seven principal components from the larval and adult trait covariance
matrices, which were comprised of log-transformed SVL, head length
and width, trunk length and width, humerus length and femur length.
The first principal components (PC1) represented generalised size
because SVL was positively correlated with all morphological mea-
surements and was expected to account for the highest proportion
of overall morphological variation. The remaining six principal com-
ponents were size-adjusted morphological characters (Adams & Bea-
chy, 2001; Bookstein, 1989; Jungers, Falsetti, & Wall, 1995). We
used the second principal components (PC2) for analyses.
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2.6 | Statistical analyses

Support for alternative scales of variation in individual survival was
assessed based on CMR model ranking. Specifically, ranking showed
whether models with variation in survival at a particular scale (e.g.,
between habitat types) fit the data better than those with constant
survival at that scale. With the top ranked models, we then derived
estimates of apparent survival probability (and SE) for each group
(e.g., pools versus riffles).

Qur a priori objective was to use data on salamander body condi-
tion and morphology to gain insight on the causes and implications
of spatial variation in survival, rather than describing spatial variation
in condition and morphology independently. Therefore, we used
analysis of variance (ANOVA) to test how body condition and mor-
phology varied at the spatial scales identified as significant in the
analysis of survival. Scales that did not explain spatial variation in
survival were included as random effects in these ANOVA models,
thereby accounting for variation in condition and morphology that
was unrelated to variation in survival. We also tested for interactions
among main effects in these ANOVA models. Sample sizes for body
condition and morphology analyses differed because mass measure-
ments were not collected for 37 individuals and 65 digital photos

were unusable for morphology measurements.

3 | RESULTS

Over the 3-year study period, we captured 729 G. porphyriticus in Bear
Brook, 390 in Canyon Brook, 678 in Paradise Brook and 375 in Zigzag
Brook. Ratios of larvae to adults in the four streams were 2.35:1,
2.16:1, 2.26:1 and 1.74:1, respectively. We captured brook trout
throughout the downstream reaches of all four streams; no brook trout
were captured in upstream reaches. Across all sampling events in the
downstream reaches of Bear, Canyon, Paradise and Zigzag Brooks, we

caught 17, 10, 15 and 16 brook trout, respectively.

3.1 | Survival

Iarva)

In the best-fitting model, recapture probability for larvae (p var-
ied by watershed, recapture probability for adults (p*™“") varied by
time, and transition probability from the larval to the adult stage
(y2va—adulty yaried by watershed (Table 1). Only parameterisation of
y2rva—adult gifered in the three top models, which had a combined
AIC. weight of >0.99. This gave us high confidence in recapture
probability parameterisation.

Model ranking indicated that apparent survival probabilities of

glava gadulty \vere constant across watersheds

larvae and adults (
(Table 2a). There was some support for the model with variation in
larval survival among watersheds (AAIC. = 0.48). However, 95%
confidence intervals of larval survival estimates for the four water-
sheds were broadly overlapping, which increased our confidence that
the top model—with no variation in survival among watersheds—

was the most accurate and conservative. Model ranking indicated

that larval survival differed by reach (upstream > downstream) and
by habitat (pool > riffle; Tables 2b,c; Figure 2a). There was no sup-
port for variation in adult survival by reach or habitat (Tables 2b,c;
Figure 2a). None of the five lack-of-fit tests performed on the satu-
rated model with program U-CARE were significant, indicating that
the multistate framework was appropriate for the data set (Choquet
et al., 2003), and all best-fitting models retained their ranks up to
¢=4.0.

3.2 | Body condition

The ANOVA of larval body condition showed a significant effect of
reach (Table 3), where larvae had higher body condition in down-
stream reaches than upstream reaches (Figure 2b). There was no
effect of habitat on larval body condition, and the interaction of
reach and habitat was also not significant. The ANOVA of adult
body condition showed no effect of reach, habitat, or the interaction
of reach and habitat (Table 3). Because CMR models indicated that
survival did not differ among watersheds, watershed was included as
a random effect in ANOVAs of larval and adult body condition.

3.3 | Body morphology

Head, trunk and leg measurements of G. porphyriticus larvae and adults
were positively correlated with SVL (r = 0.54-0.96). In separate analy-
ses of larvae and adults, first principal components were positively
weighted by all seven variables, accounting for 81.7% of total variation
in larval body morphology and 74.4% of total variation in adult body
morphology. Second principal components (PC2) accounted for 8.7% of
total variation in larval body morphology and 11.8% of total variation in
adult body morphology. Each of the remaining five principal compo-
nents accounted for <5.7% and 4.5% of variation in larval and adult
morphology, respectively. In both larvae and adults, PC2s were nega-
tively weighted by head length, head width, trunk length and trunk
width, and positively weighted by humerus length and femur length.
However, absolute values of loadings for head length, head width, trunk
length and trunk width were <0.22, whereas loadings for humerus and
femur lengths were >0.44, indicating that PC2 values predominantly
reflected variation in limb lengths.

ANOVAs of larval and adult morphology PC2s showed no effect
of reach, significant effects of habitat, and no effect of the
reach x habitat interaction (Table 4). In both larvae and adults, PC2
values were greater in pools than riffles, indicating that individuals in
pools had relatively longer humerus and femur lengths than individu-
als in riffles (Figure 2c). Here again, because CMR models indicated
that survival did not differ among watersheds, watershed was
included as a random effect in morphology ANOVAs.

4 | DISCUSSION

This study provides an empirical link between traditional studies of

fine-scale ecological complexity in streams and recent evidence of
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TABLE 1 Multistate capture-mark-recapture models of monthly larval and adult recapture probabilities (p™2, p?@") and larva—adult
transition probability (y/™2~2d4") for Gyrinophilus porphyriticus in the four study streams, based on data from 2012-2014. We compared 64
candidate models and show the five best-fitting models here (AIC weights > 0.00002). Larval and adult survival probabilities ($°™2, 5294 were
held constant for this analysis

Model AIC, AAIC. AIC, wt K

slarva sadult( ), plarva W) padult(t l,)arva—>e1dult( ) 3456.00 0.00 0.58 19
slarva( ) Sadult( )’ plarva(w) padult(t) l,)arvaaadult( ) 3456.87 0.88 0.38 16
Slarva() Sadult( ), plarva(w) padult( ) l,)arva|~>adult(t) 3461.50 5.50 0.04 23
Slarva() Sadult( )’ plarva(w) padult(w % t) l/)arva—»adult() 3473.52 17.52 0.00 40
Slarva Sadult( )’ Iarva )7 adult f , V)arva—»adult(.) 3476.37 20.38 0.00 20

Notes. Second-order Akaike's information criterion values (AIC,), AIC. differences (AAIC,), AIC. weights (AIC. wt) and number of estimable parameters
(K) are provided for all models. Parameterization for S, p and y is in parentheses: “” = constant by time (month) and watershed, “w” = variation by
watershed, “t” = variation by time.

TABLE 2 Multistate capture-mark-recapture models assessing variation in monthly survival probabilities of Gyrinophilus porphyriticus larvae
and adults (572, §24U%) at the watershed scale (a), reach scale (b) and habitat scale (c). Recapture probabilities (p'*™2, p®") and larva—adult

transition probability (y2~29U!) were parameterized based on results in Table 1

Model AIC, AAIC, AIC, wt K
()

Slarva(_), Sadult(.)’ plarva(w)’ padult(t)’ y)arva—»adult(w) 3456.00 0.00 0.40 19
slarva(w)’ Sadult(.)‘ plawa(w)’ padult(t)’ V)arva»adult(w) 3456.48 0.48 0.31 22
Sarva(y), S2ult(), plarva(y), pRdult(t), Jarva—adultiy,) 3458.00 2.01 0.15 25
sarva(.), gadultyy), plarvagy), padult(y), yfarva—adulty,) 3458.06 2.06 0.14 22
(b)

starva(y), gadult() planvaqy) paduliy)  Jarva—adult,) 3451.18 0.00 0.65 20
starva(y), gaduli(p) plarvaqy) padult(y) Jarva—adulty,) 3453.00 1.80 0.26 21
slarva(.)y Sadult() Iarva(w) padult() y)arvaaadult(w) 3456.00 481 0.06 19
starva(.), gadulty) planvagy) paduli(y)  Jarva—adult,) 3457.56 6.38 0.03 20
(0

Slarva(h)’ Sadult(v)‘ plarva(w)’ padult(t)’ lI)arv::\—uadult(w) 3451.06 0.00 0.64 20
slarva(h), Sadult(h)’ plawa(w)Y padult(t), x/)arva—»adult(w) 3452.72 1.66 0.28 21
starva(,), gadult() plavagy), padultig) - Jarva—adulty) 3456.00 494 0.05 19
starva(,), gadulty) plarvagy), padultit), ,,farva—adulty) 3457.37 6.31 0.03 20

Notes. Second-order Akaike's information criterion values (AIC,), AIC. differences (AAIC,), AIC. weights (AIC. wt) and number of estimable parameters
(K) are provided for all models. Parameterization for S, p and y is in parentheses: “.” = constant by time (month) and across all spatial scales, “w” = vari-
ation by watershed, “r’ = variation by reach, “h” = variation by habitat.

consistent spatial processes at the network scale. At local scales, we
know that streams are highly heterogeneous in abiotic and biotic
conditions, suggesting that spatial processes affecting stream organ-
isms are likely to be context-specific (Downes, Lake, & Schreiber,
1995; Fausch, Torgersen, Baxter, & Li, 2002; Lowe, Likens, & Power,
2006). In the last decade, however, theory and empirical research
has shown that the dendritic structure of stream networks—a uni-
versal attribute of these systems—can impose consistent spatial con-
straints on populations, communities and ecosystem processes (e.g.,
Altermatt, Seymour, & Martinez, 2013; Brown & Swan, 2010;
McGuire et al., 2014; Muneepeerakul et al., 2008). The generality of
these network-scale dynamics is, in theory, dictated by the branching
structure of stream networks, irrespective of fine-scale spatial com-

plexity within networks (i.e., along individual channels; Fagan, 2002;

2013). Our study
bridges these two lines of research by showing consistent spatial

Grant, Lowe, & Fagan, 2007; Peterson et al.,

variation in survival, body condition and morphology of salamanders
across a network of interconnected watersheds (Figure 1), thereby
highlighting the potential for broadly informative, multiscale under-
standing of the spatial ecology of streams.

We found reach and habitat-scale structure in salamander sur-
vival, body condition and morphology across four watersheds in the
Hubbard Brook network. Our analysis was based on existing models
of spatial variation in streams (Figure 1; Bormann & Likens, 1979;
Vannote et al., 1980; Hawkins et al., 1993). Until now, however, the
lack of individual-level data with sufficiently high spatial resolution
and extent has precluded explicit tests of these alternative models.

Based on a unique, multiyear CMR data set spanning watershed,
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reach and habitat scales, our results provide an empirical framework
for understanding spatial processes affecting G. porphyritcus fitness,
population and community dynamics, habitat selection and pheno-
typic variation (Messier et al., 2010; Violle et al., 2012). Perhaps
more importantly, these results show that consistent spatial struc-
ture can emerge from the continuity of stream systems, independent
of perceptual, logistical and other biases that we researchers may
impose (Frissell et al., 1986; Levin, 1992).

Survival probability of G. porphyriticus larvae was lower in down-
stream reaches than in upstream reaches (Figure 2a), matching the
distribution of brook trout, which were restricted to downstream
reaches in all four streams. Negative effects of book trout on sur-
vival of G. porphyriticus larvae are well documented in experimental
studies (Lowe et al., 2004; Resetarits, 1991, 1995). In observational
studies, Resetarits (1997) found that abundance of G. porphyriticus
larvae was reduced downstream of a brook trout barrier in a Virginia
stream, and larval abundance declined with increasing brook trout
abundance across 15 New Hampshire streams (Lowe et al., 2004).
Our results link these experimental and observational studies by

models (Tables 3 and 4)

showing an association between brook trout distribution and larval
survival across multiple streams. We found no difference between
reaches in survival of G. porphyriticus adults, consistent with results
from surveys throughout New Hampshire showing no relationship
between adult abundance and brook trout abundance (Lowe et al.,
2004). These field-based estimates of larval and adult survival are,
therefore, a new line of evidence for the importance of size-struc-
tured interactions in allowing G. porphyriticus to persist with brook
trout (Resetarits, 1995). It is important to acknowledge, however,
that we cannot isolate the effects of brook trout from other biotic
and abiotic conditions that may differ between downstream and
upstream reaches.

Body condition of G. porphyriticus larvae was higher in down-
stream reaches than upstream reaches, opposite to the pattern of
survival (Figure 2b). This suggests that increased survival in upstream
reaches—likely due to the absence of predatory brook trout—comes
at the cost of other biotic or abiotic conditions that reduce individual
performance. We found the same difference in body condition
downstream and reaches in a stream

between upstream
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TABLE 3 Results of ANOVAs testing for differences in the body
condition of larval and adult Gyrinophilus porphyriticus in downstream
and upstream reaches, and in riffle and pool habitats. Watershed
was included as a random effect in both ANOVA models

Source df MS F p

Larvae
Reach 1 0.71 15.62 <0.0001
Habitat 1 0.12 2.58 0.11
Reach x Habitat 1 0.03 0.57 0.45
Error 1,878 0.05

Adults
Reach 1 0.00005 0.002 0.97
Habitat 1 0.005 0.14 0.71
Reach x Habitat 1 0.035 0.98 0.32
Error 851 0.04

TABLE 4 Results of ANOVAs testing for differences in the
morphology of larval and adult Gyrinophilus porphyriticus between
downstream and upstream reaches, and between pool and riffle
habitats. Watershed was included as a random effect in both
ANOVA models

Source df MS F p
Larvae

Reach 1 0.005 0.008 0.93
Habitat 1 7.09 11.85 <0.0006
Reach x Habitat 1 217 3.63 0.06
Error 1,858 0.60

Adults

Reach 1 1.27 1.59 0.21
Habitat 1 6.68 8.37 0.004
Reach x Habitat 1 0.95 1.19 0.28
Error 843 0.80

approximately 120 km northeast of the HBEF (Lowe, 2003), pointing
to a consistent attribute of headwater streams as the underlying dri-
ver. Gradients in water chemistry and temperature are highly vari-
able along the HBEF streams, both in the range and spatial scale of
variation (Likens & Buso, 2006; McGuire et al., 2014), suggesting
that these conditions are not the cause of reduced body condition in
upstream reaches. In contrast, all streams have gradients in discharge
that lead to lower base flows and more frequent drying in upstream
reaches, potentially reducing salamander performance by increasing
the risk of desiccation or reducing invertebrate prey availability
(Datry, Bonada, & Boulton, 2017; Duellman & Trueb, 1986). We are
currently processing benthic invertebrate samples to assess changes
in prey availability along these channels and will use corticosterone
assays to compare physiological stress in downstream and upstream
reaches (Becker, Breedlove, Crews, & Mccarthy, 2002; Romero &
Wikelski, 2001).

Freshwater Biology =AWVA| LEYJﬂ

Perhaps our most surprising results were differences in G. por-
phyriticus survival and morphology between riffle and pool habitats
(Figure 2c). The difference in survival was restricted to larvae
(pool > riffle; Table 2c) and appears to be greater in upstream
reaches than downstream reaches (Figure 2a). Both stages showed
the same morphological differences between habitat types (Table 4).
Specifically, individuals in pools had longer limbs than individuals in
riffles, with a trend of greater morphological divergence in upstream
reaches than downstream reaches (Figure 2c). The consistency of
these morphological differences in the two life-history stages sug-
gests that the underlying mechanism acts at the larval stage,
although there is the potential for reinforcement at the adult stage
(Ebenman & Persson, 1988; Van Allen, Briggs, Mccoy, & Vonesh,
2010; Wilbur, 1980). More generally, these results show that consis-
tent variation in fitness and phenotype can occur at very fine spatial
scales along headwater streams (c. 1 m of channel length).

We do not know the genetic versus environmental contributions
to these habitat-scale morphological differences; nevertheless, our
results suggest that selection regimes of riffles and pools differ
greatly. Hydrogeomorphic models emphasise the importance of flow
and gradient conditions in structuring stream habitat (Frissell et al.,
1986; Gordon et al., 1992; Hawkins et al., 1993), and these condi-
tions are shown to affect demographic rates, morphology and eco-
logical interactions in stream organisms (e.g., Cobb, Galloway, &
Flannagan, 1992; Imre, Mclaughlin, & Noakes, 2002; Senay et al.,
2015). Likewise, there are numerous direct and indirect pathways by
which flow and gradient conditions could produce variation in
G. porphyriticus survival and morphology. It is notable, however, that
G. porphyriticus limb lengths (longer in pools, shorter in riffles) appear
well matched to flow conditions in the two habitat types: nonturbu-
lent, circulating flow in pools; turbulent flow and high maximum
water velocities in riffles (Montgomery & Buffington, 1998; Vogel,
1994). Flume experiments and biomechanical models show that drag
increases significantly with limb length in G. porphyriticus individuals
(B.R. Addis, unpublished data). The energetic cost of longer limbs is,
therefore, likely to be greater in riffles than pools, whereas the loco-
motory benefits of long limbs may be greater in pools than riffles
(e.g., for walking under water and terrestrially; Ashley-Ross & Bech-
tel, 2004; Pontzer, 2007).

Movement of G. porphyriticus individuals along the stream chan-
nel could contribute to habitat-scale morphological divergence in
two (nonexclusive) ways. If most individuals remain in the same
habitat over their lifetimes, it would increase the potential for mor-
phological differences to be maintained by local adaptation or plas-
ticity (Endler, 1986; Ghalambor, Mckay, Carroll, & Reznick, 2007,
Richardson et al., 2014). Alternatively, individuals may self-sort into
the two habitat types based on morphological phenotype, produc-
ing the same pattern of divergence without a direct effect of habi-
tat conditions on morphology (i.e., habitat matching; Edelaar,
Siepielski, & Clobert, 2008; Edelaar, Jovani, & Gomez-Mestre,
2017). Data on G. porphyriticus movement from previous studies
show that the majority of individuals remain within 3 m of their
initial capture location (Lowe, 2003). This scale of movement would
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allow for transitions between habitat types, and longer limbs have
been linked to dispersal in this species (Lowe & Mcpeek, 2012),
supporting the self-sorting hypothesis. However, strong selection
for habitat-specific phenotypes could produce the same morpholog-
ical difference, even with random movement of individuals between
habitat types (Fitzpatrick et al., 2014). To isolate these mechanisms,
future studies will test for effects of morphology on individual sur-
vival within pools and riffles, and on movement between habitat
types.

We hope this work helps to advance the broader discipline of
stream ecology by encouraging other researchers to approach the
challenge of spatial scale more explicitly, such as by assessing the
scale of variation in response variables before initiating more
focused, mechanistic research. Mechanistic studies of ecology and
evolution are invaluable, but the scope of inference of these studies
increases dramatically when results are placed within an explicit spa-
tial framework (Hewitt et al., 2007; Levin, 1992). In our study sys-
tem, this analysis provided critical information on the spatial
structure of ecological and evolutionary processes affecting G. por-
phyriticus. We now know that ecological variation along channels
(e.g., occurrence of predatory fish, availability of invertebrate prey)
affects larval survival and body condition—a proximate index of indi-
vidual performance. This reach-scale structure is likely to mediate
population dynamics within the watershed and fitness consequences
of long-distance dispersal (Anderson, Nisbet, Diehl, & Cooper, 2005;
Labbe & Fausch, 2000; Melbourne & Chesson, 2005). Habitat-scale
structure in G. porphyriticus survival and morphology shows the
potential for very localised ecology—evolution interactions, as well as
the spatial context of short-distance movement (Fitzpatrick et al.,
2014; Richardson et al., 2014; Storfer & Sih, 1998). Independent of
this insight on spatial structure, we also have strong evidence that
larvae represent the critical life-history stage for understanding indi-
vidual, population and community-level processes affecting G. por-

phyriticus.

ACKNOWLEDGMENTS

We thank lan Halm (U.S. Forest Service), Don Buso, Geoff Wilson
and Gene Likens for logistical and intellectual support. We thank
Mariah Childs, Emily Deitchler, Jessica Hernandez, Alexis King, Laurel
Low, Tiffany Lutz, Jenn McKenzie, Tommy Mitchell, Megan Mondelli,
Leah Nagel, Jill Newman, Jamie Rasor and Caitlin Weible for field
assistance. Taylor Wilcox, Ryan Kovach, Leah Swartz, Miriam Bayer,
Blake Hossack, Pavel Garcia-Soto, Kara Cromwell and Leah Joyce
provided valuable comments on this manuscript. We are grateful for
Claire Addis’ help with morphological measurements. This research
was funded by the U.S. National Science Foundation (DEB-1114804,
DEB-1050459, DEB-1655653) and was conducted under Montana
State Institutional Care and Use Protocol #003-14WLDBS- 012714.
This is a contribution to the Hubbard Brook Ecosystem Study. The
Hubbard Brook Experimental Forest is operated and maintained by
the Northeastern Forest Research Station, U.S.D.A. Forest Service,

Newtown Square, PA.

ORCID

Winsor H. Lowe http://orcid.org/0000-0001-5782-0200

Jon M. Davenport http://orcid.org/0000-0002-9911-2779

REFERENCES

Adams, D. C., & Beachy, C. K. (2001). Historical explanations of pheno-
typic variation in the plethodontid salamander Gyrinophilus porphyriti-
cus. Herpetologica, 57, 353-364.

Addicott, J. F., Aho, J. M., Antolin, M. F., Padilla, D. K., Richardson, J. S.,
& Soluk, D. A. (1987). Ecological neighborhoods: Scaling environ-
mental patterns. Oikos, 49, 340-346. https://doi.org/10.2307/
3565770

Akaike, H. (1973). Information theory as an extension of the maximum
likelihood principle. In B. N. Petrov, & F. Csaki (Eds.), Second interna-
tional symposium on information theory (pp. 267-281). Budapest, Hun-
gary: Akademiai Kiado.

Altermatt, F., Seymour, M., & Martinez, N. (2013). River network proper-
ties shape alpha-diversity and community similarity patterns of aqua-
tic insect communities across major drainage basins. Journal of
Biogeography, 40, 2249-2260. https://doi.org/10.1111/jbi.12178

Anderson, K. E., Nisbet, R. M., Diehl, S., & Cooper, S. D. (2005). Scaling
population responses to spatial environmental variability in advec-
tion-dominated systems. Ecology Letters, 8, 933-943. https://doi.org/
10.1111/j.1461-0248.2005.00797 .x

Ashley-Ross, M. A., & Bechtel, B. F. (2004). Kinematics of the transition
between aquatic and terrestrial locomotion in the newt Taricha tor-
osa. Journal of Experimental Biology, 207, 461-474. https://doi.org/10.
1242/jeb.00769

Bailey, L. L., Simons, T. R., & Pollock, K. H. (2004). Spatial and temporal
variation in detection probability of plethodon salamanders using the
robust capture-recapture design. Journal of Wildlife Management, 68,
14-24. https://doi.org/10.2193/0022-541X(2004)068[0014:SATVID]
2.0.CO;2

Baxter, C. V., Fausch, K. D., & Saunders, W. C. (2005). Tangled webs:
Reciprocal flows of invertebrate prey link streams and riparian zones.
Freshwater Biology, 50, 201-220. https://doi.org/10.1111/j.1365-
2427.2004.01328.x

Becker, J. B., Breedlove, S. M., Crews, D., & Mccarthy, M. M. (2002).
Behavioral endocrinology. Cambridge, MA: The MIT Press.

Benard, M. F. (2004). Predator-induced phenotypic plasticity in organisms
with complex life histories. Annual Review of Ecology Evolution and
Systematics, 35, 651-673. https://doi.org/10.1146/annurev.ecolsys.
35.021004.112426

Bernhardt, E. S., Likens, G. E., Hall, R. O., Buso, D. C.,, Fisher, S. G., Bur-
ton, T. M, ... Lowe, W. H. (2005). Can't see the forest for the
stream? — In-stream processing and terrestrial nitrogen exports. BioS-
cience, 55, 219-230. https://doi.org/10.1641/0006-3568(2005)055
[0219:ACSTFF]2.0.CO;2

Bisson, P. A, Sullivan, K., & Nielsen, J. L. (1988). Channel hydraulics,
habitat use, and body form of juvenile coho salmon, steelhead, and
cutthroat trout in streams. Transactions of the American Fisheries Soci-
ety, 117, 262-273. https://doi.org/10.1577/1548-8659(1988)
117&1t;,0262:CHHUAB&gt;2.3.CO;2

Bookstein, F. L. (1989). “Size and shape”: A comment on semantics. Sys-
tematic Zoology, 38, 173-180. https://doi.org/10.2307/2992387

Bormann, F. H., & Likens, G. E. (1979). Pattern and process in a forested
ecosystem. New York, NY: Springer. https://doi.org/10.1007/978-1-
4612-6232-9

Brown, B. L., & Swan, C. M. (2010). Dendritic network structure con-
strains metacommunity properties in riverine ecosystems. Journal of
Animal Ecology, 79, 571-580. https://doi.org/10.1111/j.1365-2656.
2010.01668.x


http://orcid.org/0000-0001-5782-0200
http://orcid.org/0000-0001-5782-0200
http://orcid.org/0000-0001-5782-0200
http://orcid.org/0000-0002-9911-2779
http://orcid.org/0000-0002-9911-2779
http://orcid.org/0000-0002-9911-2779
https://doi.org/10.2307/3565770
https://doi.org/10.2307/3565770
https://doi.org/10.1111/jbi.12178
https://doi.org/10.1111/j.1461-0248.2005.00797.x
https://doi.org/10.1111/j.1461-0248.2005.00797.x
https://doi.org/10.1242/jeb.00769
https://doi.org/10.1242/jeb.00769
https://doi.org/10.2193/0022-541X(2004)068[0014:SATVID]2.0.CO;2
https://doi.org/10.2193/0022-541X(2004)068[0014:SATVID]2.0.CO;2
https://doi.org/10.1111/j.1365-2427.2004.01328.x
https://doi.org/10.1111/j.1365-2427.2004.01328.x
https://doi.org/10.1146/annurev.ecolsys.35.021004.112426
https://doi.org/10.1146/annurev.ecolsys.35.021004.112426
https://doi.org/10.1641/0006-3568(2005)055[0219:ACSTFF]2.0.CO;2
https://doi.org/10.1641/0006-3568(2005)055[0219:ACSTFF]2.0.CO;2
https://doi.org/10.1577/1548-8659(1988)117<0262:CHHUAB>2.3.CO;2
https://doi.org/10.1577/1548-8659(1988)117<0262:CHHUAB>2.3.CO;2
https://doi.org/10.2307/2992387
https://doi.org/10.1007/978-1-4612-6232-9
https://doi.org/10.1007/978-1-4612-6232-9
https://doi.org/10.1111/j.1365-2656.2010.01668.x
https://doi.org/10.1111/j.1365-2656.2010.01668.x

LOWE ET AL.

Bruce, R. C. (1980). A model of the larval period of the spring salaman-
der, Gyrinophilus porphyriticus, based on size-frequency distributions.
Herpetologica, 36, 78-86.

Buckland, S. T., Burnham, K. P., & Augustin, N. H. (1997). Model selec-
tion: An integral part of inference. Biometrics, 53, 603-618. https://d
0i.org/10.2307/2533961

Burnham, K. P., & Anderson, D. R. (2002). Model selection and inference:
A practical information-theoretic approach. New York, NY: Springer.

Chaput-Bardy, A., Pays, O., Lode, T., & Secondi, J. (2007). Morphological
clines in dendritic landscapes. Freshwater Biology, 52, 1677-1688.
https://doi.org/10.1111/j.1365-2427.2007.01794.x

Choquet, R., Reboulet, A. M., Lebreton, J. D., Gimenez, O., & Pradel, R.
(2003). User's manual for U-CARE, utilities-CApture-REcapture, V2.2.
Montpellier, France: CEFE/CNRS.

Cobb, D. G., Galloway, T. D., & Flannagan, J. F. (1992). Effects of dis-
charge and substrate stability on density and species composition of
stream insects. Canadian Journal of Fisheries and Aquatic Sciences, 49,
1788-1795. https://doi.org/10.1139/f92-198

Cooch, E. G., & White, G. C. (2007). Program MARK — A gentle introduc-
tion. Ithaca, NY and Fort Collins, CO: Cornell University and Colorado
State University Cooperative Wildlife Units.

Cooper, S. D., Diehl, S., Kratz, K., & Sarnelle, O. (1998). Implications of
scale for patterns and processes in stream ecology. Australian Journal
of Ecology, 23, 27-40. https://doi.org/10.1111/j.1442-9993.1998.th
00703.x

Cottenie, K., & De Meester, L. (2004). Metacommunity structure: Synergy
of biotic interactions as selective agents and dispersal as fuel. Ecol-
ogy, 85, 114-119. https://doi.org/10.1890/03-3004

Datry, T., Bonada, N., & Boulton, A. (2017). Intermittent rivers and ephem-
eral streams. London, UK: Academic Press.

Deban, S. M., & Marks, S. B. (2002). Metamorphosis and evolution of
feeding behaviour in salamanders of the family Plethodontidae. Zoo-
logical Journal of the Linnean Society, 134, 375-400. https://doi.org/
10.1046/j.1096-3642.2002.00004.x

Degraaf, R. M., & Rudis, D. D. (1990). Herpetofaunal species composition
and relative abundance among three New England forest types. For-
est Ecology and Management, 32, 155-165. https://doi.org/10.1016/
0378-1127(90)90167-A

Downes, B. J., Lake, P. S., & Schreiber, E. S. G. (1995). Habitat structure
and invertebrate assemblages on stream stones: A multivariate view
from the riffle. Australian Journal of Ecology, 20, 502-514. https://doi.
org/10.1111/j.1442-9993.1995.tb00569.x

Duellman, W. E., & Trueb, L. (1986). Biology of amphibians. New York,
NY: McGraw-Hill.

Ebenman, B., & Persson, L. (1988). Size-structured populations: Ecology
and evolution. Berlin, Germany: Springer. https://doi.org/10.1007/
978-3-642-74001-5

Edelaar, P., Jovani, R, & Gomez-Mestre, I. (2017). Should | change or
should | go? Phenotypic plasticity and matching habitat choice in the
adaptation to environmental heterogeneity. The American Naturalist,
190, 506-520. https://doi.org/10.1086/693345

Edelaar, P., Siepielski, A. M., & Clobert, J. (2008). Matching habitat choice
causes directed gene flow: A neglected dimension in evolution and
ecology. Evolution, 62, 2462-2472. https://doi.org/10.1111/j.1558-
5646.2008.00459.x

Endler, J. A. (1986). Natural selection in the wild. Princeton, NJ: Princeton
University Press.

Fagan, W. F. (2002). Connectivity, fragmentation, and extinction risk in
dendritic metapopulations. Ecology, 83, 3243-3249. https://doi.org/
10.1890/0012-9658(2002)083[3243:CFAERI]2.0.CO;2

Fausch, K. D., Torgersen, C. E., Baxter, C. V., & Li, H. W. (2002). Land-
scapes to riverscapes: Bridging the gap between research and conser-
vation of stream fishes. BioScience, 52, 483-498. https://doi.org/10.
1641/0006-3568(2002)052[0483:LTRBTG]2.0.CO;2

Freshwater Biology =AWVA| LEYJﬂ

Fitzpatrick, S. W., Gerberich, J. C., Kronenberger, J. A., Angeloni, L. M., &
Funk, W. C. (2014). Locally adapted traits maintained in the face of
high gene flow. Ecology Letters, 18, 37-47.

Frissell, C. A, Liss, W. J., Warren, C. E., & Hurley, M. D. (1986). A hierar-
chical framework for stream habitat classification: Viewing streams in
a watershed context. Environmental Management, 10, 199-214.
https://doi.org/10.1007/BF01867358

Ghalambor, C. K., Mckay, J. K., Carroll, S. P., & Reznick, D. N. (2007).
Adaptive versus non-adaptive phenotypic plasticity and the potential
for contemporary adaptation in new environments. Functional Ecol-
ogy, 21, 394-407. https://doi.org/10.1111/j.1365-2435.2007.01283.
X

Gordon, N. D., Mcmahon, T. A, & Finlayson, B. L. (1992). Stream hydrol-
ogy: An introduction for ecologists. New York, NY: Wiley.

Grant, E. H. C. (2008). Visual implant elastomer mark retention through
metamorphosis in amphibian larvae. Journal of Wildlife Management,
72, 1247-1252. https://doi.org/10.2193/2007-183

Grant, E. H. C, Lowe, W. H. & Fagan, W. F. (2007). Living in the
branches: Population dynamics and ecological processes in dendritic
networks. Ecology Letters, 10, 165-175. https://doi.org/10.1111/j.
1461-0248.2006.01007.x

Grant, E. H. C,, Nichols, J. D., Lowe, W. H., & Fagan, W. F. (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. https://doi.org/10.
1073/pnas.1000266107

Green, A. J. (2001). Mass/length residuals: Measures of body condition or
generators of spurious results? Ecology, 82, 1473-1483. https://doi.
org/10.1890/0012-9658(2001)082[1473:MLRMOB]2.0.CO;2

Greene, B. T., Lowe, W. H., & Likens, G. E. (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.

Hand, B. K., Lowe, W. H., Kovach, R. P., Muhlfeld, C. C., & Luikart, G.
(2015). Landscape community genomics: Understanding eco-evolu-
tionary processes in complex environments. Trends in Ecology & Evo-
lution, 30, 161-168. https://doi.org/10.1016/j.tree.2015.01.005

Hanski, I., & Gilpin, M. E. (1997). Metapopulation biology: Ecology, genetics,
and evolution. San Diego, CA: Academic Press.

Hanski, I, Mononen, T., & Ovaskainen, O. (2011). Eco-evolutionary
metapopulation dynamics and the spatial scale of adaptation. The
American Naturalist, 177, 29-43. https://doi.org/10.1086/657625

Hawkins, C. P., Kershner, J. L., Bisson, P. A,, Bryant, M. D., Decker, L. M.,
Gregory, S. V., ... Young, M. K. (1993). A hierarchical approach to
classifying stream habitat features. Fisheries, 6, 3-11. https://doi.org/
10.1577/1548-8446(1993)018&It;0003:AHATCS&gt;2.0.CO;2

Hewitt, J. E., Thrush, S. F., Dayton, P. K., & Bonsdorff, E. (2007). The
effect of spatial and temporal heterogeneity on the design and analy-
sis of empirical studies of scale-dependent systems. The American
Naturalist, 169, 398-408.

Heyer, W. R., Donnelly, M. A., Mcdiarmid, R. W., Hayek, L. C., & Foster,
M. S. (1994). Measuring and monitoring biodiversity: Standard methods
for amphibians. Washington, DC: Smithsonian Institution Press.

Holyoak, M., Leibold, M. A., & Holt, R. D. (2005). Metacommunities: Spa-
tial dynamics and ecological communities. Chicago, IL: University of
Chicago Press.

Hughes, J. M., Schmidt, D. J., & Finn, D. S. (2009). Genes in streams:
Using DNA to understand the movement of freshwater fauna and
their riverine habitat. BioScience, 59, 573-583. https://doi.org/10.
1525/bi0.2009.59.7.8

Imre, I., Mclaughlin, R. L., & Noakes, D. L. G. (2002). Phenotypic plasticity
in brook charr: Changes in caudal fin induced by water flow. Journal
of Fish Biology, 61, 1171-1181. https://doi.org/10.1111/j.1095-8649.
2002.tb02463.x


https://doi.org/10.2307/2533961
https://doi.org/10.2307/2533961
https://doi.org/10.1111/j.1365-2427.2007.01794.x
https://doi.org/10.1139/f92-198
https://doi.org/10.1111/j.1442-9993.1998.tb00703.x
https://doi.org/10.1111/j.1442-9993.1998.tb00703.x
https://doi.org/10.1890/03-3004
https://doi.org/10.1046/j.1096-3642.2002.00004.x
https://doi.org/10.1046/j.1096-3642.2002.00004.x
https://doi.org/10.1016/0378-1127(90)90167-A
https://doi.org/10.1016/0378-1127(90)90167-A
https://doi.org/10.1111/j.1442-9993.1995.tb00569.x
https://doi.org/10.1111/j.1442-9993.1995.tb00569.x
https://doi.org/10.1007/978-3-642-74001-5
https://doi.org/10.1007/978-3-642-74001-5
https://doi.org/10.1086/693345
https://doi.org/10.1111/j.1558-5646.2008.00459.x
https://doi.org/10.1111/j.1558-5646.2008.00459.x
https://doi.org/10.1890/0012-9658(2002)083[3243:CFAERI]2.0.CO;2
https://doi.org/10.1890/0012-9658(2002)083[3243:CFAERI]2.0.CO;2
https://doi.org/10.1641/0006-3568(2002)052[0483:LTRBTG]2.0.CO;2
https://doi.org/10.1641/0006-3568(2002)052[0483:LTRBTG]2.0.CO;2
https://doi.org/10.1007/BF01867358
https://doi.org/10.1111/j.1365-2435.2007.01283.x
https://doi.org/10.1111/j.1365-2435.2007.01283.x
https://doi.org/10.2193/2007-183
https://doi.org/10.1111/j.1461-0248.2006.01007.x
https://doi.org/10.1111/j.1461-0248.2006.01007.x
https://doi.org/10.1073/pnas.1000266107
https://doi.org/10.1073/pnas.1000266107
https://doi.org/10.1890/0012-9658(2001)082[1473:MLRMOB]2.0.CO;2
https://doi.org/10.1890/0012-9658(2001)082[1473:MLRMOB]2.0.CO;2
https://doi.org/10.1016/j.tree.2015.01.005
https://doi.org/10.1086/657625
https://doi.org/10.1577/1548-8446(1993)018<0003:AHATCS>2.0.CO;2
https://doi.org/10.1577/1548-8446(1993)018<0003:AHATCS>2.0.CO;2
https://doi.org/10.1525/bio.2009.59.7.8
https://doi.org/10.1525/bio.2009.59.7.8
https://doi.org/10.1111/j.1095-8649.2002.tb02463.x
https://doi.org/10.1111/j.1095-8649.2002.tb02463.x

LOWE ET AL.

ﬂl—WI B4 Freshwater Biology

lwata, T. (2007). Linking stream habitats and spider distribution: Spatial
variations in trophic transfer across a forest-stream boundary. Ecological
Research, 22, 619-628. https://doi.org/10.1007/s11284-006-0060-6

Jackrel, S. L., & Wootton, J. T. (2014). Local adaptation of stream com-
munities to intraspecific variation in a terrestrial ecosystem subsidy.
Ecology, 95, 37-43. https://doi.org/10.1890/13-0804.1

Jakob, E. M., Marshall, S. D., & Uetz, G. W. (1996). Estimating fitness: A
comparison of body-condition indices. Oikos, 77, 61-67. https://doi.
org/10.2307/3545585

Jungers, W. L., Falsetti, A. B., & Wall, C. E. (1995). Shape, relative size,
and size-adjustments in morphometrics. Yearbook of Physical Anthro-
pology, 38, 137-161. https://doi.org/10.1002/(ISSN)1096-8644

Kokko, H., Chaturvedi, A., Croll, D., Fischer, M. C., Guillaume, F., Karren-
berg, S., ... Stapley, J. (2017). Can evolution supply what ecology
demands? Trends in Ecology & Evolution, 32, 187-197. https://doi.
org/10.1016/j.tree.2016.12.005

Labbe, T. R, & Fausch, K. D. (2000). Dynamics of intermittent stream
habitat regulate persistence of a threatened fish at multiple scales.
Ecological Applications, 10, 1774-1791. https://doi.org/10.1890/
1051-0761(2000)010[1774:DOISHR]2.0.CO;2

Landguth, E. L., Muhlfeld, C. C., Waples, R. S., Jones, L., Lowe, W. H,,
Whited, D., ... Luikart, G. (2014). Combining demographic and genetic
factors to assess population vulnerability in stream species. Ecological
Applications, 24, 1505-1524. https://doi.org/10.1890/13-0499.1

Lebreton, J. D., Burnham, K. P., Clobert, J., & Anderson, D. R. (1992).
Modeling survival and testing biological hypotheses using marked ani-
mals: A unified approach with case-studies. Ecological Monographs,
62, 67-118. https://doi.org/10.2307/2937171

Lebreton, J. D., Nichols, J. D., Barker, R. J., Pradel, R., & Spendelow, J. A.
(2009). Modeling individual animal histories with multistate capture-
recapture models. Advances in Ecological Research, 41, 87-173.
https://doi.org/10.1016/50065-2504(09)00403-6

Lenormand, T. (2002). Gene flow and the limits to natural selection.
Trends in Ecology & Evolution, 17, 183-189. https://doi.org/10.1016/
S0169-5347(02)02497-7

Letcher, B. H., Coombs, J. A, & Nislow, K. H. (2011). Maintenance of
phenotypic variation: Repeatability, heritability and size-dependent
processes in a wild brook trout population. Evolutionary Applications,
4, 602-615. https://doi.org/10.1111/j.1752-4571.2011.00184.x

Levin, S. A. (1992). The problem of pattern and scale in ecology. Ecology,
73, 1943-1967. https://doi.org/10.2307/1941447

Likens, G. E., & Bormann, F. H. (1974). Linkages between terrestrial and
aquatic ecosystems. BioScience, 24, 447-456. https://doi.org/10.
2307/1296852

Likens, G. E., & Bormann, F. H. (1995). Biogeochemistry of a forested
ecosystem. New York, NY: Springer. https://doi.org/10.1007/978-1-
4612-4232-1

Likens, G. E., & Buso, D. C. (2006). Variation in streamwater chemistry
throughout the Hubbard Brook Valley. Biogeochemistry, 78, 1-30.
https://doi.org/10.1007/s10533-005-2024-2

Lively, C. M., Craddock, C., & Vrijenhoek, R. C. (1990). Red Queen
hypothesis supported by parasitism in sexual and clonal fish. Nature,
344, 864-866. https://doi.org/10.1038/344864a0

Lowe, W. H. (2003). Linking dispersal to local population dynamics: A
case study using a headwater salamander system. Ecology, 84, 2145-
2154. https://doi.org/10.1890/0012-9658(2003)084[2145:LDTLPD]
2.0.CO;2

Lowe, W. H. (2012). Climate change is linked to long-term decline in a
stream salamander. Biological Conservation, 145, 48-53. https://doi.
org/10.1016/j.biocon.2011.10.004

Lowe, W. H., Kovach, R. P., & Allendorf, F. W. (2017). Population genet-
ics and demography unite ecology and evolution. Trends in Ecology &
Evolution, 32, 141-152. https://doi.org/10.1016/j.tree.2016.12.002

Lowe, W. H., Likens, G. E., Mcpeek, M. A,, & Buso, D. C. (2006). Linking
direct and indirect data on dispersal: Isolation by slope in a

headwater stream salamander. Ecology, 87, 334-339. https://doi.org/
10.1890/05-0232

Lowe, W. H., Likens, G. E., & Power, M. E. (2006). Linking scales in
stream ecology. BioScience, 56, 591-597. https://doi.org/10.1641/
0006-3568(2006)56[591:LSISE]2.0.CO;2

Lowe, W. H., & Mcpeek, M. A. (2012). Can natural selection maintain
long-distance dispersal? Insight from a stream salamander system.
Evolutionary Ecology, 26, 11-24. https://doi.org/10.1007/s10682-
011-9500-z

Lowe, W. H., Nislow, K. H., & Bolger, D. T. (2004). Stage-specific and
interactive effects of sedimentation and trout on a headwater stream
salamander. Ecological Applications, 14, 164-172. https://doi.org/10.
1890/02-5336

Marczak, L. B., Thompson, R. M., & Richardson, J. S. (2007). Meta-analy-
sis: Trophic level, habitat, and productivity shape the food web
effects of resource subsidies. Ecology, 88, 140-148. https://doi.org/
10.1890/0012-9658(2007)88[140:MTLHAP]2.0.CO;2

McGuire, K. J.,, Torgersen, C. E., Likens, G. E., Buso, D. C., Lowe, W. H.,
& Bailey, S. W. (2014). Network analysis reveals multiscale controls
on streamwater chemistry. Proceedings of the National Academy of
Sciences of the United States of America, 111, 7030-7035. https://doi.
org/10.1073/pnas.1404820111

Melbourne, B. A., & Chesson, P. (2005). Scaling up population dynamics:
Integrating theory and data. Oecologia, 145, 179-187.

Messier, J., Mcgill, B. J., & Lechowicz, M. J. (2010). How do traits vary
across ecological scales? A case for trait-based ecology. Ecology Let-
ters, 13, 838-848. https://doi.org/10.1111/j.1461-0248.2010.01476.
X

Minshall, G. W., Petersen, R. C., Cummins, K. W., Bott, T. L., Sedell, J. R,
Cushing, C. E., & Vannote, R. L. (1983). Interbiome comparison of
stream ecosystem dynamics. Ecological Monographs, 53, 1-25.
https://doi.org/10.2307/1942585

Montgomery, D. R., & Buffington, J. M. (1997). Channel-reach morphol-
ogy in mountain drainage basins. Geological Society of America Bul-
letin, 109, 596-611. https://doi.org/10.1130/0016-7606(1997)
109&It;0596:CRMIMD&gt;2.3.CO;2

Montgomery, D. R., & Buffington, J. M. (1998). Channel processes, classi-
fication, and response. In R. J. Naiman, R. E. Bilby, & S. Kantar (Eds.),
River ecology and management: Lessons from the Pacific coastal ecore-
gion (pp. 13-42). New York, NY: Springer. https://doi.org/10.1007/
978-1-4612-1652-0

Mullen, L. B., Woods, H. A., Schwartz, M. K., Sepulveda, A. J., & Lowe,
W. H. (2010). Scale-dependent genetic structure of ldaho giant sala-
manders (Dicamptodon aterrimus) in stream networks. Molecular Ecol-
ogy, 19, 898-909. https://doi.org/10.1111/j.1365-294X.2010.04541.
X

Muneepeerakul, R., Bertuzzo, E., Lynch, H. J., Fagan, W. F., Rinaldo, A., &
Rodriguez-Iturbe, I. (2008). Neutral metacommunity models predict
fish diversity patterns in Mississippi-Missouri basin. Nature, 453,
220-229. https://doi.org/10.1038/nature06813

Palmer, M. A., Swan, C. M., Nelson, K., Silver, P., & Alvestad, R.
(2000). Streambed landscapes: Evidence that stream invertebrates
respond to the type and spatial arrangement of patches. Land-
scape Ecology, 15, 563-576. https://doi.org/10.1023/A:10081941
30695

Peterson, E. E., Ver Hoef, J. M., Isaak, D. J,, Falke, J. A,, Fortin, M. J., Jor-
dan, C. E,, ... Wenger, S. J. (2013). Modelling dendritic ecological net-
works in space: An integrated network perspective. Ecology Letters,
16, 707-719. https://doi.org/10.1111/ele.12084

Petranka, J. W. (1998). Salamanders of the United States and Canada.
Washington, DC: Smithsonian Institution Press.

Pollock, K. H., Nichols, J. D., Simons, T. R., Farnsworth, G. L., Bailey, L. L.,
& Sauer, J. R. (2002). Large scale wildlife monitoring studies: Statisti-
cal methods for design and analysis. Environmetrics, 13, 105-119.
https://doi.org/10.1002/(ISSN)1099-095X


https://doi.org/10.1007/s11284-006-0060-6
https://doi.org/10.1890/13-0804.1
https://doi.org/10.2307/3545585
https://doi.org/10.2307/3545585
https://doi.org/10.1002/(ISSN)1096-8644
https://doi.org/10.1016/j.tree.2016.12.005
https://doi.org/10.1016/j.tree.2016.12.005
https://doi.org/10.1890/1051-0761(2000)010[1774:DOISHR]2.0.CO;2
https://doi.org/10.1890/1051-0761(2000)010[1774:DOISHR]2.0.CO;2
https://doi.org/10.1890/13-0499.1
https://doi.org/10.2307/2937171
https://doi.org/10.1016/S0065-2504(09)00403-6
https://doi.org/10.1016/S0169-5347(02)02497-7
https://doi.org/10.1016/S0169-5347(02)02497-7
https://doi.org/10.1111/j.1752-4571.2011.00184.x
https://doi.org/10.2307/1941447
https://doi.org/10.2307/1296852
https://doi.org/10.2307/1296852
https://doi.org/10.1007/978-1-4612-4232-1
https://doi.org/10.1007/978-1-4612-4232-1
https://doi.org/10.1007/s10533-005-2024-2
https://doi.org/10.1038/344864a0
https://doi.org/10.1890/0012-9658(2003)084[2145:LDTLPD]2.0.CO;2
https://doi.org/10.1890/0012-9658(2003)084[2145:LDTLPD]2.0.CO;2
https://doi.org/10.1016/j.biocon.2011.10.004
https://doi.org/10.1016/j.biocon.2011.10.004
https://doi.org/10.1016/j.tree.2016.12.002
https://doi.org/10.1890/05-0232
https://doi.org/10.1890/05-0232
https://doi.org/10.1641/0006-3568(2006)56[591:LSISE]2.0.CO;2
https://doi.org/10.1641/0006-3568(2006)56[591:LSISE]2.0.CO;2
https://doi.org/10.1007/s10682-011-9500-z
https://doi.org/10.1007/s10682-011-9500-z
https://doi.org/10.1890/02-5336
https://doi.org/10.1890/02-5336
https://doi.org/10.1890/0012-9658(2007)88[140:MTLHAP]2.0.CO;2
https://doi.org/10.1890/0012-9658(2007)88[140:MTLHAP]2.0.CO;2
https://doi.org/10.1073/pnas.1404820111
https://doi.org/10.1073/pnas.1404820111
https://doi.org/10.1111/j.1461-0248.2010.01476.x
https://doi.org/10.1111/j.1461-0248.2010.01476.x
https://doi.org/10.2307/1942585
https://doi.org/10.1130/0016-7606(1997)109<0596:CRMIMD>2.3.CO;2
https://doi.org/10.1130/0016-7606(1997)109<0596:CRMIMD>2.3.CO;2
https://doi.org/10.1007/978-1-4612-1652-0
https://doi.org/10.1007/978-1-4612-1652-0
https://doi.org/10.1111/j.1365-294X.2010.04541.x
https://doi.org/10.1111/j.1365-294X.2010.04541.x
https://doi.org/10.1038/nature06813
https://doi.org/10.1023/A:1008194130695
https://doi.org/10.1023/A:1008194130695
https://doi.org/10.1111/ele.12084
https://doi.org/10.1002/(ISSN)1099-095X

LOWE ET AL.

Pontzer, H. (2007). Effective limb length and the scaling of locomotor
cost in terrestrial animals. Journal of Experimental Biology, 210, 1752
1761. https://doi.org/10.1242/jeb.002246

Resetarits, W. J. (1991). Ecological interactions among predators in
experimental stream communities. Ecology, 72, 1782-1793. https://
doi.org/10.2307/1940977

Resetarits, W. J. (1995). Competitive asymmetry and coexistence in size-
structured populations of brook trout and spring salamanders. Oikos,
73, 188-198. https://doi.org/10.2307/3545907

Resetarits, W. J. (1997). Differences in an ensemble of streamside salaman-
ders (Plethodontidae) above and below a barrier to brook trout.
Amphibia-Reptilia, 18, 15-25. https://doi.org/10.1163/156853897X
00279

Richards, C., Johnson, L. B., & Host, G. E. (1996). Landscape-scale influ-
ences on stream habitats and biota. Canadian Journal of Fisheries and
Aquatic Sciences, 53, 295-311. https://doi.org/10.1139/f96-006

Richardson, J. L., Urban, M. C, Bolnick, D. I, & Skelly, D. K. (2014).
Microgeographic adaptation and the spatial scale of evolution. Trends
in Ecology & Evolution, 29, 165-176. https://doi.org/10.1016/j.tree.
2014.01.002

Romero, L. M., & Wikelski, M. (2001). Corticosterone levels predict survival
probabilities of Galapagos marine iguanas during El Nino events. Pro-
ceedings of the National Academy of Sciences of the United States of
America, 98, 7366-7370. https://doi.org/10.1073/pnas.131091498

Ronce, O. (2007). How does it feel to be like a rolling stone? Ten ques-
tions about dispersal evolution. Annual Review of Ecology Evolution
and Systematics, 38, 231-253. https://doi.org/10.1146/annurev.ecol
sys.38.091206.095611

Schlosser, 1. J. (1991). Stream fish ecology: A landscape perspective. BioS-
cience, 41, 704-712. https://doi.org/10.2307/1311765

Schulte-Hostedde, A. I, Zinner, B., Millar, J. S., & Hickling, G. J. (2005).
Restitution of mass-size residuals: Validating body condition indices.
Ecology, 86, 155-163. https://doi.org/10.1890/04-0232

Selkoe, K. A, Scribner, K. T., & Galindo, H. M. (2016). Waterscape genet-
ics — Applications of landscape genetics to rivers, lakes, and seas. In
N. Balkenhol, S. A. Cushman, A. T. Storfer, & L. P. Waits (Eds.), Land-
scape genetics: Concepts, methods, applications (pp. 220-246). West
Sussex, UK: John Wiley & Sons.

Senay, C., Boisclair, D., & Peres-Neto, P. R. (2015). Habitat-based poly-
morphism is common in stream fishes. Journal of Animal Ecology, 84,
219-227. https://doi.org/10.1111/1365-2656.12269

Stanford, J. A, Lorang, M. S., & Hauer, F. R. (2005). The shifting habitat
mosaic of river ecosystems. Verhandlungen Internationale Vereinigung
fiir Theoretische und Angewandte Limnologie, 29, 123-136.

Storfer, A, & Sih, A. (1998). Gene flow and ineffective antipredator
behavior in a stream-breeding salamander. Evolution, 52, 558-565.
https://doi.org/10.1111/j.1558-5646.1998.tb01654.x

Tonkin, J. D., Heino, J., & Altermatt, F. (2018). Metacommunities in river
networks: The importance of network structure and connectivity on
patterns and processes. Freshwater Biology, 63, 1-5. https://doi.org/
10.1111/fwb.13045

Freshwater Biology =AWVA| LEYJﬂ

Travis, J., Reznick, D., Bassar, R. D., Lopez-Sepulcre, A., Ferriere, R., &
Coulson, T. (2014). Do eco-evo feedbacks help us understand nature?
Answers from studies of the Trinidadian guppy. Advances in Ecological
Research, 50, 1-40.

Van Allen, B. G, Briggs, V. S., Mccoy, M. W., & Vonesh, J. R. (2010).
Carry-over effects of the larval environment on post-metamorphic
performance in two hylid frogs. Oecologia, 164, 891-898. https://doi.
org/10.1007/s00442-010-1728-8

Vannote, R. L., Minshall, G. W., Cummins, K. W., Sedell, J. R., & Cushing,
S. E. (1980). The river continuum concept. Canadian Journal of Fish-
eries and Aquatic Sciences, 37, 130-137. https://doi.org/10.1139/f80-
017

Violle, C., Enquist, B. J., Mcgill, B. J.,, Jiang, L., Albert, C. H., Hulshof, C.,
... Messier, J. (2012). The return of the variance: Intraspecific vari-
ability in community ecology. Trends in Ecology & Evolution, 27, 244—
252. https://doi.org/10.1016/j.tree.2011.11.014

Vogel, S. (1994). Life in moving fluids: The physical biology of flow. Prince-
ton, NJ: Princeton University Press.

Vrijenhoek, R. C. (1989). Genotypic diversity and coexistence among sex-
ual and clonal forms of Poeciliopsis. In D. Otte, & J. A. Endler (Eds.),
Speciation and its consequences (pp. 386-400). Sunderland, MA: Sin-
auer Associates.

Warren, D. R, Likens, G. E., Buso, D. C., & Kraft, C. E. (2008). Status and
distribution of fish in an acid-impacted watershed of the northeastern
United States (Hubbard Brook, NH). Northeastern Naturalist, 15, 375-
390. https://doi.org/10.1656/1092-6194-15.3.375

White, G. C., & Burnham, K. P. (1999). Program MARK: Survival estima-
tion from populations of marked animals. Bird Study, 46, 120-139.
https://doi.org/10.1080/00063659909477239

Wiens, J. A. (1989). Spatial scaling in ecology. Functional Ecology, 3, 385—
397. https://doi.org/10.2307/2389612

Wilbur, H. M. (1980). Complex life-cycles. Annual Review of Ecology and
Systematics, 11, 67-93. https://doi.org/10.1146/annurev.es.11.
110180.000435

Winemiller, K. O., Flecker, A. S., & Hoeinghaus, D. J. (2010). Patch
dynamics and environmental heterogeneity in lotic ecosystems. Jour-
nal of the North American Benthological Society, 29, 84-99. https://
doi.org/10.1899/08-048.1

How to cite this article: Lowe WH, Addis BR, Smith MR,
Davenport JM. The spatial structure of variation in
salamander survival, body condition and morphology in a
headwater stream network. Freshwater Biol. 2018;63:1287—
1299. https://doi.org/10.1111/fwb.13133



https://doi.org/10.1242/jeb.002246
https://doi.org/10.2307/1940977
https://doi.org/10.2307/1940977
https://doi.org/10.2307/3545907
https://doi.org/10.1163/156853897X00279
https://doi.org/10.1163/156853897X00279
https://doi.org/10.1139/f96-006
https://doi.org/10.1016/j.tree.2014.01.002
https://doi.org/10.1016/j.tree.2014.01.002
https://doi.org/10.1073/pnas.131091498
https://doi.org/10.1146/annurev.ecolsys.38.091206.095611
https://doi.org/10.1146/annurev.ecolsys.38.091206.095611
https://doi.org/10.2307/1311765
https://doi.org/10.1890/04-0232
https://doi.org/10.1111/1365-2656.12269
https://doi.org/10.1111/j.1558-5646.1998.tb01654.x
https://doi.org/10.1111/fwb.13045
https://doi.org/10.1111/fwb.13045
https://doi.org/10.1007/s00442-010-1728-8
https://doi.org/10.1007/s00442-010-1728-8
https://doi.org/10.1139/f80-017
https://doi.org/10.1139/f80-017
https://doi.org/10.1016/j.tree.2011.11.014
https://doi.org/10.1656/1092-6194-15.3.375
https://doi.org/10.1080/00063659909477239
https://doi.org/10.2307/2389612
https://doi.org/10.1146/annurev.es.11.110180.000435
https://doi.org/10.1146/annurev.es.11.110180.000435
https://doi.org/10.1899/08-048.1
https://doi.org/10.1899/08-048.1
https://doi.org/10.1111/fwb.13133

