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To accurately predict the impact of environmental change, it
is necessary to assay effects of key interacting stressors on
vulnerable organisms, and the potential resiliency of their
populations. Yet, for the most part, these critical data are
missing. We examined the effects of two common abiotic
stressors predicted to interact with climate change, salinity
and temperature, on the embryonic survival and development
of a model freshwater vertebrate, the rough-skinned newt
(Taricha granulosa) from different populations. We found that
salinity and temperature significantly interacted to affect
newt embryonic survival and development, with the negative
effects of salinity most pronounced at temperature extremes.
We also found significant variation among, and especially
within, populations, with different females varying in the
performance of their eggs at different salinity–temperature
combinations, possibly providing the raw material for future
natural selection. Our results highlight the complex nature of
predicting responses to climate change in space and time, and
provide critical data towards that aim.

1. Introduction
Few, if any, environments are truly stable and free of stressors
that disrupt homeostasis and threaten survival [1]. Additionally,
it is widely recognized that organisms rarely face a single
stressor in isolation in these environments, and there is the
potential for multiple stressors to interact in complex ways (e.g.
[2–6]). Climate change arguably increases this potential [2,7,8].
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To accurately predict the consequences of climate change on populations and species, it is critical to
assay the responses of sensitive organisms to key environmental stressors, and yet, this information
is lacking for most organisms [9]. Understanding how species, populations and individuals persist,
develop, reproduce and regulate physiological processes in the face of interacting stressors is therefore
a key priority area of research for biologists.

Temperature and salinity have long been recognized as two of the most important abiotic factors
affecting the lives of aquatic organisms, and have the potential to interact significantly with climate
change [8,10–12]. Temperature and salinity have, individually, been shown to influence demography
[13–15], survival, growth, development, reproduction (e.g. [16–19]), mobility [20] and even predator–
prey interactions [21] of aquatic organisms. Further, temperature and salinity can interact in critical ways,
with one stressor influencing the potency of the other (e.g. [11,16,22,23]).

While the interactions of salinity and temperature have been well studied in marine and estuarine
organisms, much less work has been conducted on freshwater taxa (but see [24–32] examining each
stressor in isolation). This is in spite of the fact that elevated salinity in freshwater habitats due to
road de-icing salt application (e.g. [33,34]), changing land-use patterns (e.g. [35,36]) and coastal salt-
water intrusion from rising sea levels (e.g. [37,38]) is of increasing conservation concern [39]. With
climate change-associated alteration of weather patterns, global temperatures and sea-level rise, the
likelihood of temperature and salinity interacting to influence the survival of organisms in freshwater
environments only increases [8,10–12]. The interaction of salinity and temperature on metabolism and
nitrogen exchange has been investigated in the model freshwater fishes Gambusia affinis and Danio
rerio [40], but the majority of studies have been conducted on euryhaline fishes such as Cyprinodon
macularius [41], Menidia beryllina [42] and Fundulus species (principally Fundulus heteroclitus) [43–45].
By contrast, much less work has been conducted on freshwater organisms perceived to be especially
sensitive to salinity stress. Owing to their permeable skin and eggs, requirement of aquatic systems for
reproduction, and ectothermic nature, amphibians have long been considered ideal sensitive freshwater
models with which to examine the effects of salinity and temperature (albeit generally with each
stressor presented in isolation) (e.g. [31,32,46–52]). Peabody & Brodie [53] examined the effects of
both salinity and temperature on embryonic development and vertebral number of the salamander
Ambystoma maculatum, and an early study on the tailed frog Ascaphus truei indicated that salinity and
temperature in combination were much more lethal to adults and larvae than each stressor alone
[54]. More recently, salinity and temperature were found to interact to affect larval survival and
development in two species of European toads Epidalea calamita and Bufo viridis [55,56]. To the best of our
knowledge, these studies represent the only examination of the interaction of salinity and temperature
in amphibians.

Intriguingly, these studies on European toads [55,56] also highlight that different populations
of the same species may vary in their resiliency to stressor combinations, which could have
important implications for conservation efforts [56]. Populations may vary in their resiliency due
to different evolutionary histories of exposure to the stressors [57–60], and the importance of
evolutionary processes, including local adaptation, in this context is beginning to be realized
[7,55,56,59,61]. While population-level responses give insight to the current mean response of the
population, individual-level responses (i.e. within populations) allow insights into the potential
for populations to adapt to future changes in stressor exposure, as intrapopulation variation is
critical for natural selection [9,46,62,63]. Despite its potential importance for conservation [9,64], the
variability of responses to multiple stressors among, and especially within, populations remains
understudied [9].

We examined the interacting effects of temperature and salinity stress on the embryonic survival
and development of a North American amphibian, the rough-skinned newt (Taricha granulosa Skilton;
Caudata: Salamandridae; figure 1), from populations that varied in their evolutionary history of
exposure to salinity and temperature regimes. Rough-skinned newts inhabit a variety of lentic
and lotic habitats that naturally vary in both temperature and salinity ([67]; G.R.H. and Z. M.
Hopkins 2012–2014, unpublished data), making them excellent models to examine the interaction
of these stressors on freshwater organisms. We examined both inter- and intra-population variation
in responses to salinity and temperature, to investigate the potential for freshwater organisms to
adapt to combinations of these stressors. We hypothesized that the effects of each stressor would
be highly dependent on the levels of the other, that newts from different populations would vary
in their responses according to their differing evolutionary history with each stressor and that there
would be high individual variation in responses within each population, which may allow for
future adaptation.
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rough-skinned newt
(Taricha granulosa)

life cycle

Figure 1. Life cycle of the rough-skinnednewt (T. granulosa). Adults live terrestrially (greenbackground), but return toponds and streams
(blue background) to breed every spring. Mating occurs in the water, followed by the deposition of fertilized eggs on aquatic littoral
vegetation. Eggs develop and hatch over the next month, and gilled aquatic larvae grow and develop over the next several months
before metamorphosing and returning to land. Photos by G.R.H., B. Gall and A. Spence. Adapted, with permission, from [65].

2. Material and methods
2.1. Organism
Rough-skinned newts (T. granulosa) (figure 1) are caudate amphibians commonly found living in forests,
streams and ponds along the Pacific coast of North America, from southern California to Alaska [66].
Newts spend most of the year in the forest but return to breed in aquatic systems every spring, where they
mate in the water and individually lay jelly-covered eggs among littoral vegetation. Eggs take several
weeks to months to develop (depending on the temperature), with gilled aquatic larvae hatching and
living in the water for several months before metamorphosing as terrestrial juveniles (figure 1).

2.2. Populations and field collection
We collected gravid female rough-skinned newts (11–12 per population) by dip-net, minnow trap and
hand from two locations in Oregon, USA, 14–21 May 2013: a collection of human-made freshwater ponds
(Soap Creek ponds, Benton County—hereafter ‘Soap Creek—SC’, approx. 62 km inland from the Pacific
Ocean; 44°40.236′ N, 123°16.613′ W; see [46,62] for more information on this habitat), and a coastal tidal
stream, Hunter Creek (Curry County, 42°23.306′ N, 124°25.228′ W; see [67,68] for more details on this
habitat). At Hunter Creek, three ‘populations’ were sampled: newts found in the tidal area of the stream,
up to 500 m from the Pacific Ocean (hereafter ‘Hunter Tidal—HT’), newts found approximately 3.5 km
upstream from the tidal area in a freshwater, non-tidal area of the stream (hereafter ‘Hunter Fresh—HF’)
and newts found a further approximately 3.5 km upstream from that location (7.5 km from the ocean,
hereafter ‘Hunter Upper Fresh—HUF’). While newts occur throughout Hunter Creek, for the purposes of
this paper, we are referring to these three locations as ‘populations’, as related species of Taricha generally
do not disperse more than 1.3 km between breeding sites [69].
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Populations were chosen to represent potentially different histories of exposure to salt (decreasing

history of exposure travelling inland), as well as possibly different thermal regimes (pond versus stream).
Salinity and temperature in all locations were measured using a handheld YSI EC300 multimeter (YSI,
Yellow Springs, OH, USA) on multiple days and locations within the habitats, and at both high and
low tide (for HT). Water temperature varied considerably at all sites, depending on weather, shade
and depth, and ranged from 8 to 21°C at Hunter Creek (mean temperature at HT = 15.7°C, HF = 14°C,
HUF = 13.6°C), and 12 to 23°C at the Soap Creek Ponds (mean = 16.6°C) during the newt breeding season
(May). Salinity was consistently 0.0–0.1 ppt in all locations, with the exception of HT, which experienced
intermittently elevated salinity from the ocean. Salinity at HT varied depending on depth, distance from
the ocean, tides and microhabitat, and ranged between 0.1 and 1.4 ppt. While we did not measure highly
elevated salinity in HT, this habitat is subjected to occasional storm events that may raise salinities to
levels much greater than those measured (see [67,68] for more details on this habitat). By contrast, newts
at the inland Soap Creek ponds are never subjected to increased salinity, as they are located over 300 m
from the nearest minor road, which is not treated with road de-icing salts [46].

2.3. Female newt husbandry and oviposition
Female newts were transported back to the laboratory and housed individually in non-leaching
plastic containers (35 × 20 × 13 cm) with 2.0 l of aged, chilled tap water filtered to remove chlorine
(salinity = 0.2 ppt) and a styrofoam perch, in a temperature-controlled room at 14°C, with a 12 L : 12 D
cycle. After 3 days of acclimation, newts were injected with 10 µl luteinizing hormone-releasing hormone
([des-Gly10, D-His(Bzl)6] LH-RH ethylamide; Sigma No. L2761; Sigma Aldrich, St Louis, MO, USA) to
induce oviposition, perches were removed and replaced with submerged polyester fibre to serve as
an oviposition substrate. Newts began laying eggs within 24 h. Individual eggs were removed from
the substrate and randomly assigned to a temperature–salinity treatment within 24 h of oviposition.

2.4. Salinity and temperature treatments
Salinity treatment solutions were made by mixing laboratory grade NaCl (Mallinckrodt Baker, Inc., Paris,
USA) and filtered tap water to a concentration of either 2.0 or 5.0 ppt. These salinities were chosen as
concentrations that could be found in roadside environments impacted by road de-icing salts [70], as
well as estuarine environments [71], that can seriously affect newt survival, development and physiology
[46,67]. The filtered tap water (0.2 ppt) was used as a freshwater control. Temperature-controlled rooms
were set to 7, 14 or 21°C, representative of the range of temperatures that newts may experience during
the breeding season in the wild, and which are known to significantly influence embryonic and larval
growth and development in this species [52].

2.5. Experimental procedure
Within 24 h of oviposition, eggs (mean ± s.d. egg diameter = 2.67 ± 0.27 mm, N = 481) were removed
from their mother’s container and placed singly in 3.5 cm diameter, 1 cm deep lidded round plastic
Petri dishes with 4 ml of randomly assigned salt or control solution. This Petri dish was then randomly
assigned to one of the three temperatures. This procedure was continued until all females from all
populations had approximately 10 eggs (replicates) assigned to each temperature–salt combination.
Eggs were reared based on the methods of Hopkins et al. [46] and were checked daily for mortality
or hatching. Water levels in Petri dishes were checked daily for evaporation and replaced with small
amounts of distilled water to maintain constant salinity. Upon hatching, the total length of larvae was
measured using an ocular micrometer attached to an Olympus stereomicroscope, and developmental
stage [72] determined. Rough-skinned newts typically hatch at Harrison stages 39–42, depending on
environmental conditions, population of origin and maternal identity (figure 4c in Results). These
developmental stages are characterized by the full development of gills and the beginning development
of the fore-limb bud (see [62,72] for further details). The presence of any developmental deformities was
recorded using the criteria of Hopkins et al. [73].

2.6. Statistical analyses
Egg survival (%), time to hatching, length at hatching, developmental stage at hatching and the presence
of developmental deformities (%) were analysed using generalized linear mixed model ANOVAs with
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Table 1. Effects of salinity, temperature, population and their interactions on newt (T. granulosa) embryonic survival. (a) Main effects,
(b) intrapopulation variance among females in offspring survival (random effects). Asterisks highlight statistical significance.

(a) fixed effects F d.f. p-value

salinity 1142.78 2,82 <0.0001*
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

temperature 5.07 2,82 0.008*
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

population 4.27 3,41 0.010*
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

salinity× temperature 5.33 4,164 0.0005*
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

population× temperature 0.98 6,82 0.45
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

population× salinity 2.40 6,82 0.035*
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

population× salinity× temperature 1.27 12,164 0.24

(b) random effects (nested within population) variance

female −0.001
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

female× salinity −0.001
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

female× temperature 0.010
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

female× salinity× temperature 0.014
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

*p< 0.05.

the Identity link function and restricted maximum-likelihood estimation of random effects using PROC
GLIMMIX in SAS

®
v. 9.4. Significance was set at α = 0.05. The fixed effects in these models were:

salinity, temperature, population and the interactions of all of these factors. To investigate the variation
among females within populations, female identity was incorporated as a random effect, crossed with
temperature and salinity, and nested within population. Because of very high mortality at 5 ppt, the
sample size of surviving embryos was greatly reduced to examine sublethal effects. These effects (time
to hatching, length at hatching, developmental stage at hatching and the presence of developmental
deformities) were therefore analysed both including and excluding survivors at 5 ppt. We present the
full model results in the main text and provide the models excluding 5 ppt in electronic supplementary
material, table S1.

3. Results
3.1. Egg survival
Salinity, temperature and the interaction of salinity and temperature, all significantly affected egg
survival (table 1a). Increased salinity generally led to decreased survival, with extremely low survival
at 5 ppt (less than 10%, except for the Hunter Creek populations at 14°C) (figure 2). The negative
effects of salinity were greatest at 7°C and less at 14°C (figure 2, table 1a). Soap Creek newts in
general had lower average survival than Hunter Creek newts (significant effect of population, table 1a,
Tukey–Kramer post hoc multiple comparisons among populations p < 0.05), particularly at increased
salinities (significant interaction of population and salinity, table 1a and figure 2). There was not a
significant three-way interaction of population with salinity and temperature (table 1a). Rather, within
populations, individual females varied in the survival of their offspring in different salinity and
temperature combinations (table 1b and figure 3; electronic supplementary material, figures S1 and
S2). Intrapopulation variation among females was generally high among all populations and in all
treatments (except for 5 ppt; table 2). Different females in each population appeared to have different
specific salinity–temperature combinations best suited for the survival of her eggs (variance estimate
for female × salinity × temperature, table 2 and figure 3; electronic supplementary material, figures S1
and S2). For example, female SC22 experienced 100% survival of her offspring in 2 ppt in 14°C, but 0%
survival in the same salt concentration at 7°C (figure 3a), while female HUF11 experienced almost exactly
the opposite pattern (figure 3d).

3.2. Time to hatching
Temperature had the greatest effect on time to hatching (table 3a; electronic supplementary material,
table S1a), with eggs hatching in approximately 16 days at 21°C, 33 days at 14°C and 124 days
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Figure 2. Per cent survival in salinity (0, 2, 5 ppt) and temperature (7, 14, 21°C) treatments of eggs from rough-skinned newts
(T. granulosa) from four different populations.
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Figure 3. Interfamily variation in per cent survival of eggs from 11 to 12 different female newts (T. granulosa) from each of four different
populations in 2 ppt salinity in different temperature treatments (figures showing survival in other salinity treatments can be found in the
electronic supplemental material).

at 7°C (figure 4a; electronic supplementary material, table S2). Salinity significantly interacted with
temperature (table 3a; electronic supplementary material, table S1a), such that the effects of increased
salinity delaying hatching were most significant at 7°C (figure 3a). Population played little role in
affecting time to hatching (table 3a; electronic supplementary material, table S1a), although there was
large intrapopulation variation in the effects of salinity × temperature interactions on hatching timing
(variance estimate of female × temperature × salinity, table 3a; electronic supplementary material, table
S2 and figures S3–S5).
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Figure 4. Sublethal effects of salinity and temperature embryonic developmental stress on hatchling newts (T. granulosa) from four
different populations. Means± s.e. (a) Time to hatching (days), (b) length at hatching (mm) and (c) developmental stage at hatching
(Harrison stages) [72]. (d) Percentage of offspring born with a developmental deformity.

Table 2. Intrapopulation variation (minimum, maximum, mean) in egg survival (%) among females (N numbers) from four newt
(T. granulosa) populations under different salinity–temperature (°C) treatment combinations.

treatment population

SC (N= 11) HT (N= 12) HF (N= 11) HUF (N= 11)

temperature min max mean min max mean min max mean min max mean

0 ppt
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

7 11.11 100 78.79 57.14 100 90.76 55.56 100 79.81 75.00 100 92.42
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

14 55.56 100 87.88 87.85 100 93.52 66.67 100 86.87 44.44 100 86.74
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

21 55.56 100 80.81 77.78 100 91.67 22.22 100 86.87 66.67 100 89.90
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

2 ppt
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

7 0.00 100 42.70 20.00 100 70.66 41.18 100 72.16 33.33 100 79.22
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

14 11.11 100 80.81 44.44 100 31.46 77.78 100 90.91 11.11 100 75.76
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

21 22.22 100 68.69 55.56 100 9.082 33.33 100 81.82 22.22 100 82.83
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

5 ppt
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

7 0 11.11 3.03 0 33.33 7.13 0 25.00 8.37 0 25.00 5.59
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

14 0 22.22 6.06 0 55.56 13.89 0 44.44 18.18 0 33.33 14.43
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

21 0 33.33 4.04 0 0 0 0 11.11 1.01 0 22.22 4.04
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

3.3. Length and developmental stage at hatching
Salinity and temperature both influenced length at hatching and developmental stage at hatching
(table 3b,c; electronic supplementary material, table S1b,c), with salinity and temperature interacting to
affect stage (table 3c; electronic supplementary material, table S1c), but not length (table 3b; electronic
supplementary material, table S1b) at hatching. Embryos reared in saline solutions hatched significantly
smaller (figure 4b) and less developed (figure 4c) than those in the control. Effects on development
were most dramatically seen at 7°C and 5 ppt (figure 4c), and Soap Creek animals were consistently
less developed (though not smaller) than animals from any of the Hunter Creek populations (table 3b,c,
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Tukey–Kramer post hoc multiple comparisons among populations p < 0.05; figure 4b,c). There was a
marginal (population × salinity: p = 0.08) trend of the eggs of Soap Creek females hatching especially
less developed in 5 ppt (figure 4c). Females within populations varied in both length (table 3b; electronic
supplementary material, table S3 and figures S6–S8) and developmental stage (table 3c; electronic
supplementary material, table S4 and figures S9–S11) of their offspring at hatching under different
salinity × temperature combinations.

3.4. Developmental deformities
The interactions of salinity, temperature and population all significantly affected the percentage of
embryos hatching deformed (table 3d; electronic supplementary material, table S1d). Increasing salinity
leads to increased rates of deformities, with up to 100% of hatchlings being deformed at 5 ppt (figure 4d).
This pattern was most extreme at 7°C, and dampened significantly at 14°C, with Soap Creek pond
animals generally more prone to deformities than Hunter Creek animals in increased salinity (although
HUF also tended to have more deformities than HF at various salinities; Tukey–Kramer post hoc multiple
comparisons among populations p < 0.05). This pattern of SC newts suffering from deformities was
especially obvious at 7°C, where over 30% of SC embryos hatched deformed, even in the freshwater
control (significant effect of population × temperature, table 3d; figure 4d). In addition, while the effects
of salinity (especially 2 ppt) on deformities were dampened significantly at 14°C compared with 7°C,
over 40% of SC hatchlings in 2 ppt and 14°C still hatched deformed (far higher than any of the Hunter
Creek populations; significant effect of population × salinity × temperature, table 3d and figure 4d).
Intrapopulation variation in the presence of deformities was low across salinity and temperature
combinations, but higher when examining the interacting effects of salinity and female alone (i.e.
averaged across temperatures; table 3d; electronic supplementary material, table S5 and figures S12–S14).
Developmental deformities ranged from abnormal spinal bending to reduced gill or limb development,
and abdominal cysts/oedemas (i.e. as seen in [73]).

4. Discussion
Salinity and temperature strongly interacted to affect the survival and development of newt embryos
in this study, with salinity generally having the greatest effect at temperature extremes. We also
detected variation in responses both between and within populations, with different females in
each population having different temperature and salinity combinations best suited to the survival
and development of their eggs. These results highlight the complex, interacting nature of common
abiotic stressors facing organisms, and provide important information for the potential resiliency of
populations.

Increased salinity led to decreased survival, increased time to hatching, decreased length and
developmental stage at hatching, and a high percentage of developmental deformities, as seen before
for amphibians (e.g. [26,28,46,73–75]) and other freshwater organisms (e.g. [25,29,76]). Survival at 5 ppt
salinity was especially low (less than 20% across temperatures and populations, and over 90% of
survivors being small and deformed), perhaps representing an upper limit of salinity tolerance of newt
eggs. While these results were not unexpected due to the high permeability of amphibian eggs, and their
lack of effective osmoregulatory mechanisms [77], we found that the effects of salinity were strongly
dependent on temperature, with most lethal and sublethal salinity effects being strongest at temperature
extremes (7 and 21°C). Even if eggs escaped mortality at these stressor combinations, hatching smaller,
less well developed and more deformed has important fitness consequences [78,79]. Similar synergistic
patterns of combined salinity and temperature stress have also been shown in fish (e.g. [41,44]) and
anuran tadpoles [54–56], where animals were able to tolerate some degree of temperature or salinity
stress in isolation, but not in interaction. The toxicity of other stressors, such as pesticides [42,80],
polychlorinated biphenyls [8] and dissolved oxygen [41], has also been shown to be amplified at marginal
temperatures and/or salinities.

Although relatively little work has been conducted on freshwater organisms, salinity and temperature
have repeatedly been shown to interact to affect survival, growth and development of marine and
estuarine fishes (e.g. [17,22,81]) and invertebrates (e.g. [12,16,82,83]), with the most favourable conditions
for survival and development often found at median temperatures [16,17,22,82]. Indeed, our results,
in concordance with these studies, appear to support the general assertion that the interaction of
environmental stressors is most impactful at the marginal limits of tolerance of a species to any
given stressor [12,43,83], as organisms may be more vulnerable to further stressors when already
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stressed. As temperature extremes continue to become the norm with climate change, the toxicity
of other, interacting, stressors to aquatic organisms, both marine and freshwater, may therefore
also increase.

The exact optima of salinity and temperature for marine organisms often varies substantially for
different populations or closely related species (e.g. [16,45,58,84,85]). Similar patterns have been found
for different populations of the euryhaline European toads E. calamita [55] and B. viridis [56] (but not for
the frog A. truei [54]), where the interaction of salinity and temperature impacted some populations
more than others. We found in general that population was often a significant predictor of survival
and development in our study, with the three Hunter Creek populations grouping together in their
responses compared with the Soap Creek pond newts. Soap Creek newts had particularly high egg
mortality in salt solutions, and high rates of developmental deformities in 7°C and 2 ppt compared
with Hunter Creek newts. Soap Creek pond newts are found furthest from the ocean and are not
naturally or anthropogenically exposed to salinity (see [46]). In addition, newts from Soap Creek pond
very rarely experience water temperatures as cold as 7°C (G.R.H. and E.D.B. 2012–2104, unpublished
data), while newts in Hunter Creek experience a wide range of temperatures ranging from 7 to 21°C,
largely dependent on microhabitat depth, flow-rate and weather (Z. M. Hopkins and G.R.H. 2012–2104,
unpublished data). Indeed, lentic habitats in general typically experience more stable (and warmer)
temperatures than those in lotic habitats. Thus, thermal stress at this temperature may synergize
with salinity stress in particular for this lentic population. This combined lack of history with low
temperatures and even moderate salinities may thus help explain the relatively high mortality and
high occurrence of sublethal effects, the embryos of these animals experienced on average at 2 ppt and
7°C relative to animals from coastal, lotic, Hunter Creek. Interestingly, the embryos of animals in the
tidal environment of Hunter Creek (HT) were generally no more saline tolerant than other upstream
populations, contrary to our hypothesis and recent results on adult physiology of newts from HT versus
HF populations [67]. This may be due to the fact that amphibian eggs cannot osmoregulate as effectively
as later life stages [77,78], and so subtle differences among closely grouped populations in any one
area (i.e. within Hunter Creek) do not appear at the egg stage. Our ability to extrapolate these findings
more generally is hampered by only having one lentic, inland population to compare with several lotic
populations from the same coastal stream. Further work is needed sampling across a wider variety
of populations in different habitat types in order to gather the evidence needed to fully explain the
population-level variation in salinity × temperature tolerance we observe.

While we did not always find significant differences among populations for most traits examined
in the interaction of temperature and salinity, we did find a consistent pattern of variation in the
responses of different females’ eggs within populations to different salinity × temperature combinations,
which provides important information on the capacity for the population to evolve in the future
[9]. Within any given population, it appears that the eggs of some females persist best in certain
salinities at low temperatures, while others do much better at higher temperatures, and the eggs
of other females all react similarly to temperature. Although almost all individuals do poorly at
5 ppt, (except one HT female in 14°C, table 2; electronic supplementary material, figure S2), at least
at lower salinities, at any given temperature combination, there are individuals within populations
whose offspring will survive significantly better than others, and thus shift the mean response value
of the population in response to a selection event. If this variation is heritable (which has yet to be
definitively determined), then the population can evolve, and evolutionary rescue [86] may occur in
future climate change scenarios for this species. It will be important, however, for further work to
compare a larger sample size of females from each population and control for other possible sources
of variance before definitive interpretations of population adaptability are made. In addition, the
importance of this adaptive possibility for conservation must be balanced with the dangers of bottlenecks
and inbreeding depression inherent with reduced population sizes resulting from selection events
[75,86]. The severity of selection will also be dependent on the severity of the stressor applied (i.e.
there may be more potential for population persistence in response to 2 versus 5 ppt salinity), and it
is possible that simultaneous selection from multiple stressors may impact the ability for adaptation
[55]. Despite these limitations, our results, combined with those of previous studies [46,62], clearly
show an intriguing pattern of strong differences in the survival of individual females’ offspring in
response to salinity and temperature stress, which have the potential to be important for adaptation.
While responses of populations and individuals to multiple environmental stressors are clearly complex,
taking into account intrapopulation variation in response to multiple, interacting stressors has the
potential to provide important insights into the abilities of populations and species to persist in the
future [9].
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By examining the effects of two of the most common abiotic stressors predicted to interact with

climate change on a model freshwater organism, our study has emphasized the importance, as well
as complexities therein, of predicting responses of vulnerable organisms to environmental change.
Such complexities will undoubtedly only increase in a more natural setting, where additional stressors
will also interact, and be applied in unpredictable ways that are difficult to mimic in the laboratory.
Taking into account the interacting nature of stressors, in both the laboratory and the field, as well
as the variation in responses of organisms both between and within populations, will allow us better
predictive power in striving to understand the ability of organisms to survive, develop and reproduce
in increasingly stressful environments, now and in the future.

Ethics. Newts were used in accordance with the Utah State University Institutional Animal Care and Use committee
permit 1524, and collected under Oregon Department of Fish and Wildlife permit 009-13.
Data accessibility. Original data for this experiment are found in the electronic supplementary material.
Authors’ contributions. G.R.H., S.S.F. and E.D.B. devised the study. G.R.H. conducted field and laboratory work, analysed
the data and drafted the manuscript. S.S.F. and E.D.B. contributed laboratory space and supplies. All authors
contributed to writing of the manuscript, and gave their final approval for publication.
Competing interests. We declare we have no competing interests.
Funding. This research was funded by the USU Ecology Center, a graduate research award from the Society for
Northwestern Vertebrate Biology, and was supported by the USU Department of Biology. G.R.H. was additionally
supported by a postgraduate fellowship from the Natural Sciences and Engineering Research Council of Canada.
Acknowledgements. We thank Brittany Chamberlain for assistance in the laboratory, and Zoë Hopkins for help in the
field. We thank Turtle Rock Resort and Oregon State University for access to our field sites. Thanks to Susan Durham
(Utah State University) for help with data analysis, and Zoë Hopkins, Jessi Henneken (University of Melbourne) and
Hieu Pham (University of Melbourne) for reviewing a previous draft of the manuscript. G.R.H. acknowledges the
support of Dr Therésa Jones and the University of Melbourne during the drafting of this manuscript.

References
1. Wingfield JC. 2013 Ecological processes and the

ecology of stress: the impacts of abiotic
environmental factors. Funct. Ecol. 27, 37–44.
(doi:10.1111/1365-2435.12039)

2. Gunderson AR, Armstrong EJ, Stillman JH. 2016
Multiple stressors in a changing world: the need for
an improved perspective on physiological responses
to the dynamic marine environment. Annu. Rev.
Mar. Sci. 8, 357–378. (doi:10.1146/annurev-marine-
122414-033953)

3. Coors A, De Meester L. 2008 Synergistic,
antagonistic and additive effects of multiple
stressors: predation threat, parasitism and pesticide
exposure in Daphnia magna. J. Appl. Ecol. 45,
1820–1828. (doi:10.1111/j.1365-2664.2008.01566.x)

4. Rohr JR, Elskus AA, Shepherd BS, Crowley PH,
McCarthy TM, Niedzwiecki JH, Sager T, Sih A, Palmer
BD. 2004 Multiple stressors and salamanders:
effects of an herbicide, food limitation, and
hydroperiod. Ecol. Appl. 14, 1028–1040.

5. Ban SS, Graham N.AJ, Connolly SR. 2014 Evidence
for multiple stressor interactions and effects on
coral reefs. Glob. Change Biol. 20, 681–697.
(doi:10.1111/gcb.12453)

6. Todgham AE, Stillman JH. 2013 Physiological
responses to shifts in multiple environmental
stressors: relevance in a changing world. Integr.
Comp. Biol. 53, 539–544. (doi:10.1093/icb/ict086)

7. Kimberly DA, Salice CJ. 2015 Evolutionary responses
to climate change and contaminants: evidence and
experimental approaches. Curr. Zool. 61, 690–701.
(doi:10.1093/czoolo/61.4.690)

8. Hooper MJ, Ankley GT, Cristol DA, Maryoung LA,
Noyes PD, Pinkerton KE. 2013 Interactions between
chemical and climate stressors: a role for
mechanistic toxicology in assessing climate change

risks. Environ. Toxicol. Chem. 32, 32–48.
(doi:10.1002/etc.2043)

9. Urban MC et al. 2016 Improving the forecast for
biodiversity under climate change. Science 353,
1113–1125. (doi:10.1126/science.aaf4802)

10. Schiedek D, Sundelin B, Readman JW, Macdonald
RW. 2007 Interactions between climate change and
contaminants.Mar. Pollut. Bull. 54, 1845–1856.
(doi:10.1016/j.marpolbul.2007.09.020)

11. Cole VJ, Parker LM, O’Connor SJ, O’Connor WA,
Scanes E, Byrne M, Ross PM. 2016 Effects of multiple
climate change stressors: ocean acidification
interacts with warming, hyposalinity, and low food
supply on the larvae of the brooding flat oyster
Ostrea angasi.Mar. Biol. 163, 1–17. (doi:10.1007/
s00227-015-2782-x)

12. Chen X, Stillman JH. 2012 Multigenerational analysis
of temperature and salinity variability effects on
metabolic rate, generation time, and acute thermal
and salinity tolerance in Daphnia pulex. J. Therm.
Biol 37, 185–194. (doi:10.1016/j.jtherbio.2011.
12.010)

13. Somero GN. 2005 Linking biogeography to
physiology: evolutionary and acclimatory
adjustments of thermal limits. Front. Zool. 2, 1–9.
(doi:10.1186/1742-9994-2-1)

14. Karraker NE, Gibbs JP, Vonesh JR. 2008 Impacts of
road deicing salt on the demography of vernal
pool-breeding amphibians. Ecol. Appl. 18, 724–734.
(doi:10.1890/07-1644.1)

15. Gunter G. 1956 Some relations of faunal
distributions to salinity in estuarine waters. Ecology
37, 616–619. (doi:10.2307/1930196)

16. Browne RA, Wanigasekera G. 2000 Combined
effects of salinity and temperature on survival and
reproduction of five species of Artemia. J. Exp. Mar.

Biol. Ecol. 244, 29–44. (doi:10.1016/S0022-0981
(99)00125-2)

17. Alderdice DF, Forrester CR. 1968 Some effects of
salinity and temperature on early development and
survival of the English sole (Parophrys vetulus).
J. Fish. Res. Board Can. 25, 495–521. (doi:10.1139/
f68-043)

18. Costlow Jr JD. 1967 The effect of salinity and
temperature on survival and metamorphosis of
megalops of the blue crab Callinectes sapidus.
Helgolander Wiss. Meeresunters. 15, 84–97.
(doi:10.1007/BF01618611)

19. Gutiérrez J, Soriano-Redondo A, Dekinga A, Villegas
A, Masero J, Piersma T. 2015 How salinity and
temperature combine to affect physiological state
and performance in red knots with contrasting
non-breeding environments. Oecologia 178,
1077–1091. (doi:10.1007/s00442-015-3308-4)

20. Glova GJ, McInerney JE. 1977 Critical swimming
speeds of coho salmon (Oncorhynchus kisutch) fry to
smolt stages in relation to salinity and temperature.
J. Fish. Res. Board Can. 34, 151–154. (doi:10.1139/
f77-021)

21. Anderson MT, Kiesecker JM, Chivers DP, Blaustein
AR. 2001 The direct and indirect effects of
temperature on a predator–prey relationship.
Can. J. Zool. 79, 1834–1841. (doi:10.1139/
z01-158)

22. Huang Z-H, Ma A-J, Wang X-A, Lei J-L. 2014 The
interaction of temperature, salinity and body
weight on growth rate and feed conversion rate in
turbot (Scophthalmus maximus). Aquaculture 432,
237–242. (doi:10.1016/j.aquaculture.2014.
04.013)

23. Dimock Jr RV, Groves KH. 1975 Interaction of
temperature and salinity on oxygen consumption of

 on July 7, 2017http://rsos.royalsocietypublishing.org/Downloaded from 

http://dx.doi.org/10.1111/1365-2435.12039
http://dx.doi.org/10.1146/annurev-marine-122414-033953
http://dx.doi.org/10.1146/annurev-marine-122414-033953
http://dx.doi.org/10.1111/j.1365-2664.2008.01566.x
http://dx.doi.org/10.1111/gcb.12453
http://dx.doi.org/10.1093/icb/ict086
http://dx.doi.org/10.1093/czoolo/61.4.690
http://dx.doi.org/10.1002/etc.2043
http://dx.doi.org/10.1126/science.aaf4802
http://dx.doi.org/10.1016/j.marpolbul.2007.09.020
http://dx.doi.org/10.1007/s00227-015-2782-x
http://dx.doi.org/10.1007/s00227-015-2782-x
http://dx.doi.org/10.1016/j.jtherbio.2011.12.010
http://dx.doi.org/10.1016/j.jtherbio.2011.12.010
http://dx.doi.org/10.1186/1742-9994-2-1
http://dx.doi.org/10.1890/07-1644.1
http://dx.doi.org/10.2307/1930196
http://dx.doi.org/10.1016/S0022-0981(99)00125-2
http://dx.doi.org/10.1016/S0022-0981(99)00125-2
http://dx.doi.org/10.1139/f68-043
http://dx.doi.org/10.1139/f68-043
http://dx.doi.org/10.1007/BF01618611
http://dx.doi.org/10.1007/s00442-015-3308-4
http://dx.doi.org/10.1139/f77-021
http://dx.doi.org/10.1139/f77-021
http://dx.doi.org/10.1139/z01-158
http://dx.doi.org/10.1139/z01-158
http://dx.doi.org/10.1016/j.aquaculture.2014.04.013
http://dx.doi.org/10.1016/j.aquaculture.2014.04.013
http://rsos.royalsocietypublishing.org/


12

rsos.royalsocietypublishing.org
R.Soc.opensci.4:161057

................................................
the estuarine crab Panopeus herbstii.Mar. Biol. 33,
301–308. (doi:10.1007/BF00390568)

24. Van Meter R, Swan CM. 2014 Road salts as
environmental constraints in urban pond food
webs. PLoS ONE 9, 1–12. (doi:10.1371/journal.pone.
0090168)

25. Benbow EM. 2004 Road-salt toxicity of select
Michigan wetland macroinvertebrates under
different testing conditions.Wetlands 24, 68–76.
(doi:10.1672/0277-5212(2004)024[0068:RTOSMW]
2.0.CO;2)

26. Dougherty CK, Smith GR. 2006 Acute effects of road
de-icers on the tadpoles of three anurans. Appl.
Herpetol. 3, 87–93. (doi:10.1163/157075406776
984266)

27. van Doorslaer W, Stoks R. 2005 Thermal reaction
norms in two Coenagrion damselfly species:
contrasting embryonic and larval life-history traits.
Freshw. Biol. 50, 1982–1990. (doi:10.1111/j.1365-2427.
2005.01443.x)

28. Chinathamby K, Reina RD, Bailey PCE, Lees BK. 2006
Effects of salinity on the survival, growth and
development of tadpoles of the brown tree frog,
Litoria ewingii. Aust. J. Zool. 54, 97–105.
(doi:10.1071/ZO06006)

29. Gonçalves AMM, Castro BB, Pardal MA, Gonçalves F.
2007 Salinity effects on survival and life history of
two freshwater cladocerans (Daphnia magna and
Daphnia longispina). Ann. Limnol.Int. J. Limnol. 43,
13–20. (doi:10.1051/limn/2007022)

30. Sweeney BW, Vannote RL, Dodds PJ. 1986 Effects of
temperature and food quality on growth and
development of a Mayfly, Leptophlebia intermedia.
Can. J. Fish. Aquat. Sci. 43, 12–18. (doi:10.1139/
f86-002)

31. Komaki S, Igawa T, Lin S-M, Sumida M. 2016 Salinity
and thermal tolerance of Japanese stream tree frog
(Buergeria japonica) tadpoles from island
populations. Herpetol. J. 26, 209–213.

32. Burraco P, Gomez-Mestre I. 2016 Physiological
stress responses in aphibian larvae to multiple
stressors reveal marked anthropogenic effects even
below lethal levels. Physiol. Biochem. Zool. 89,
462–472. (doi:10.1086/688737)

33. Kaushal SS, Groffman PM, Likens GE, Belt KT, Stack
WP, Kelly VR, Band LE, Gisher GT. 2005 Increased
salinization of fresh water in the northeastern
United States. Proc. Natl Acad. Sci. USA 102,
13 517–13 520. (doi:10.1073/pnas.0506414102)

34. Petranka JW, Francis RA. 2013 Effects of road salts
on seasonal wetlands: poor prey performance may
compromise growth of predatory salamanders.
Wetlands 33, 707–715. (doi:10.1007/s13157-013-
0428-7)

35. Williams WD. 2001 Anthropogenic salinisation
of inland waters. Hydrobiologia 466, 329–337.
(doi:10.1023/A:1014598509028)

36. Kearney BD, Byrne PG, Reina RD. 2012 Larval
tolerance to salinity in three species of Australian
anuran: an indication of saline specialisation in
Litoria aurea. PLoS ONE 7, e43427. (doi:10.1371/
journal.pone.0043427)

37. Gornitz V. 1995 Sea-level rise: a review of recent
past and near-future trends. Earth Surf. Processes
Landforms 20, 7–20. (doi:10.1002/esp.
3290200103)

38. Rios-López N. 2008 Effects of increased salinity on
tadpoles of two anurans from a Caribbean coastal
wetland in relation to their natural abundance.

Amphib.-Reptil. 29, 7–18. (doi:10.1163/15685380878
3431451)

39. Cañedo-Argülles M, Kefford BJ, Piscart C, Prat N,
Schäfer RB, Schulz C-J. 2013 Salinization of rivers: an
urgent ecological issue. Environ. Pollut. 173,
157–167. (doi:10.1016/j.envpol.2012.10.011)

40. Uliano E, Cataldi M, Carella F, Migliaccio O, Iaccarino
D, Agnisola C. 2010 Effects of acute changes in
salinity and temperature on routine metabolism
and nitrogen excretion in gambusia (Gambusia
affinis) and zebrafish (Danio rerio). Comp. Biochem.
Physiol. A 157, 283–290. (doi:10.1016/j.cbpa.2010.
07.019)

41. Kinne O, Kinne EM. 1962 Rates of development in
embryos of a cyprinodont fish exposed to different
temperature–salinity–oxygen combinations. Can.
J. Zool. 40, 231–253. (doi:10.1139/z62-025)

42. Hemmer MJ, Middaugh DP, Moore JC. 1990 Effects
of temperature and salinity onMenidia beryllina
embryos exposed to terbufos. Dis. Aquat. Organ. 8,
127–136. (doi:10.3354/dao008127)

43. Garside ET, Chin-Yuen-Kee ZK. 1972 Influence of
osmotic stress on upper lethal temperatures in the
cyprinodontid fish Fundulus heteroclitus (L.). Can. J.
Zool. 50, 787–791. (doi:10.1139/z72-107)

44. Tay KL, Garside ET. 1974 Some embryonic responses
of mummichog, Fundulus heteroclitus (L.)
(Cyprinodontidae) to continuous incubation in
various combinations of temperature and salinity.
Can. J. Zool. 53, 920–933. (doi:10.1139/z75-107)

45. Garside ET, Morrison GC. 1977 Thermal preferences
of mummichog, Fundulus heteroclitus L, and banded
killifish, F. diaphanus (LeSueur), (Cyprinodontidae)
in relation to thermal acclimation and salinity.
Can. J. Zool. 55, 1190–1194. (doi:10.1139/z77-154)

46. Hopkins GR, French SS, Brodie J. 2013 Potential for
local adaptation in response to an anthropogenic
agent of selection: effects of road deicing salts on
amphibian embryonic survival and development.
Evol. Appl. 6, 384–392. (doi:10.1111/eva.12016)

47. Brown HA. 1975 The time–temperature relation of
embryonic development in the northwestern
salamander, Ambystoma gracile. Can. J. Zool. 54,
552–558. (doi:10.1139/z76-063)

48. Arrighi JM, Lencer ES, Jukar A, Park D, Phillips PC,
Kaplan RH. 2013 Daily temperature fluctuations
unpredictably influence developmental rate and
morphology at a critical early larval stage in a frog.
BMC Ecol. 13, 1–11. (doi:10.1186/1472-6785-13-18)

49. Bernabò I, Bonacci A, Coscarelli F, Tripepi M,
Brunelli E. 2013 Effects of salinity stress on Bufo
balearicus and Bufo bufo tadpoles: tolerance,
morphological gill alterations and Na+/K+-ATPase
localization. Aquat. Toxicol. 132–133, 119–133.
(doi:10.1016/j.aquatox.2013.01.019)

50. Katz U. 1973 Studies on the adaptation of the toad
Bufo viridis to high salinities: oxygen consumption,
plasma concentration and water content of the
tissues. J. Exp. Biol. 58, 785–796.

51. Dunson WA. 1977 Tolerance to high temperature
and salinity by tadpoles of the Philippine frog, Rana
cancrivora. Copeia 1977, 375–378. (doi:10.2307/
1443921)

52. Smith GD, Hopkins GR, Mohammadi S, Skinner HM,
Hansen T, Brodie ED, French SS. 2015 Effects of
temperature on embyronic and early larval growth
and development in the rough-skinned newt
(Taricha granulosa). J. Therm. Biol 51, 89–95.
(doi:10.1016/j.jtherbio.2015.03.010)

53. Peabody RB, Brodie Jr ED. 1975 Effect of
temperature, salinity and photoperiod on the
number of trunk vertebrae in Ambystoma
maculatum. Copeia 1975, 741–746. (doi:10.2307/
1443326)

54. Metter DE. 1966 Some temperature and salinity
tolerances of Ascaphus truei Stejneger. J. Idaho
Acad. Sci. 4, 44–47.

55. Rogell B, Hofman M, Eklund M, Laurila A, Höglund
J. 2009 The interaction of multiple environmental
stressors affects adaptation to a novel habitat in the
natterjack toad Bufo calamita. J. Evol. Biol. 22,
2267–2277. (doi:10.1111/j.1420-9101.2009.01842.x)

56. Rogell B, Berglund A, Laurila A, Höglund J. 2011
Population divergence of life history traits in the
endangered green toad: implications for a support
release programme. J. Zool. 285, 46–55.
(doi:10.1111/j.1469-7998.2011.00843.x)

57. Kefford BJ, Buchwalter D, Cañedo-Argülles M, Davis
J, Duncan RP, Hoffman A, Thompson R. 2016
Salinized rivers: degraded systems or new habitats
for salt-tolerant faunas? Biol. Lett. 12, 1–7.
(doi:10.1098/rsbl.2015.1072)

58. Gonzalez A, Bell G. 2013 Evolutionary rescue and
adaptation to abrupt environmental change
depends upon the history of stress. Phil. Trans. R.
Soc. B 368, 1–6.

59. Schoville SD, Barreto FS, Moy GW, Wolff A, Burton
RS. 2012 Investigating the molecular basis of local
adaptation to thermal stress: population differences
in gene expression across the transcriptome of the
copepod Tigriopus californicus. BMC Evol. Biol. 12,
170–186. (doi:10.1186/1471-2148-12-170)

60. Sih A, Ferrari MCO, Harris DJ. 2011 Evolution and
behavioural responses to human-induced rapid
environmental change. Evol. Appl. 4, 367–387.
(doi:10.1111/j.1752-4571.2010.00166.x)

61. Schulte PM. 2007 Responses to environmental
stressors in an estuarine fish: interacting stressors
and the impacts of local adaptation. J. Therm. Biol
32, 152–161. (doi:10.1016/j.jtherbio.2007.01.012)

62. Hopkins GR, Gall BG, French SS, Brodie Jr ED. 2012
Interfamily variation in amphibian early life-history
traits: rawmaterial for natural selection? Ecol. Evol.
2, 1637–1643. (doi:10.1002/ece3.287)

63. Barrett RDH, Schluter D. 2007 Adaptation from
standing genetic variation. Trends Ecol. Evol. 23,
38–44. (doi:10.1016/j.tree.2007.09.008)

64. Carroll SP, Hendry AP, Reznick DN, Fox CW. 2007
Evolution on ecological time-scales. Funct. Ecol.
21, 387–393. (doi:10.1111/j.1365-2435.2007.
01289.x)

65. Hopkins, GR. 2015 Salt and the rough-skinned newt
(Taricha granulosa): evolutionary investigations of
local adaptation to an anthropogenic and natural
stressor. PhD dissertation, Utah State University,
Logan, UT, USA.

66. Nussbaum RA, Brodie Jr ED, Storm RM. 1983
Amphibians and reptiles of the Pacific northwest.
Moscow, ID: University of Idaho Press.

67. Hopkins GR, Brodie J, Mohammadi S, Neuman-Lee
LA, Hopkins ZM, French SS. 2016 Physiological
responses to salinity vary with distance to the ocean
in a coastal amphibian. Physiol. Biochem. Zool. 89,
322–330. (doi:10.1086/687292)

68. Hopkins GR, Hopkins ZM. 2015 Salty salamander:
occurrence of Dicamptodon tenebrosus in a tidal
stream. Northwest. Nat. 96, 147–149. (doi:10.1898/
nwnt-96-02-147-149.1)

 on July 7, 2017http://rsos.royalsocietypublishing.org/Downloaded from 

http://dx.doi.org/10.1007/BF00390568
http://dx.doi.org/10.1371/journal.pone.0090168
http://dx.doi.org/10.1371/journal.pone.0090168
http://dx.doi.org/10.1672/0277-5212(2004)024[0068:RTOSMW]2.0.CO;2
http://dx.doi.org/10.1672/0277-5212(2004)024[0068:RTOSMW]2.0.CO;2
http://dx.doi.org/10.1163/157075406776984266
http://dx.doi.org/10.1163/157075406776984266
http://dx.doi.org/10.1111/j.1365-2427.2005.01443.x
http://dx.doi.org/10.1111/j.1365-2427.2005.01443.x
http://dx.doi.org/10.1071/ZO06006
http://dx.doi.org/10.1051/limn/2007022
http://dx.doi.org/10.1139/f86-002
http://dx.doi.org/10.1139/f86-002
http://dx.doi.org/10.1086/688737
http://dx.doi.org/10.1073/pnas.0506414102
http://dx.doi.org/10.1007/s13157-013-0428-7
http://dx.doi.org/10.1007/s13157-013-0428-7
http://dx.doi.org/10.1023/A:1014598509028
http://dx.doi.org/10.1371/journal.pone.0043427
http://dx.doi.org/10.1371/journal.pone.0043427
http://dx.doi.org/10.1002/esp.3290200103
http://dx.doi.org/10.1002/esp.3290200103
http://dx.doi.org/10.1163/156853808783431451
http://dx.doi.org/10.1163/156853808783431451
http://dx.doi.org/10.1016/j.envpol.2012.10.011
http://dx.doi.org/10.1016/j.cbpa.2010.07.019
http://dx.doi.org/10.1016/j.cbpa.2010.07.019
http://dx.doi.org/10.1139/z62-025
http://dx.doi.org/10.3354/dao008127
http://dx.doi.org/10.1139/z72-107
http://dx.doi.org/10.1139/z75-107
http://dx.doi.org/10.1139/z77-154
http://dx.doi.org/10.1111/eva.12016
http://dx.doi.org/10.1139/z76-063
http://dx.doi.org/10.1186/1472-6785-13-18
http://dx.doi.org/10.1016/j.aquatox.2013.01.019
http://dx.doi.org/10.2307/1443921
http://dx.doi.org/10.2307/1443921
http://dx.doi.org/10.1016/j.jtherbio.2015.03.010
http://dx.doi.org/10.2307/1443326
http://dx.doi.org/10.2307/1443326
http://dx.doi.org/10.1111/j.1420-9101.2009.01842.x
http://dx.doi.org/10.1111/j.1469-7998.2011.00843.x
http://dx.doi.org/10.1098/rsbl.2015.1072
http://dx.doi.org/10.1186/1471-2148-12-170
http://dx.doi.org/10.1111/j.1752-4571.2010.00166.x
http://dx.doi.org/10.1016/j.jtherbio.2007.01.012
http://dx.doi.org/10.1002/ece3.287
http://dx.doi.org/10.1016/j.tree.2007.09.008
http://dx.doi.org/10.1111/j.1365-2435.2007.01289.x
http://dx.doi.org/10.1111/j.1365-2435.2007.01289.x
http://dx.doi.org/10.1086/687292
http://dx.doi.org/10.1898/nwnt-96-02-147-149.1
http://dx.doi.org/10.1898/nwnt-96-02-147-149.1
http://rsos.royalsocietypublishing.org/


13

rsos.royalsocietypublishing.org
R.Soc.opensci.4:161057

................................................
69. Trenham PC. 1998 Demography, migration, and

metapopulation structure of pond breeding
salamanders. PhD dissertation, University of
California Davis, Davis, CA, USA.

70. Environment Canada. 2001 Priority substances
list assessment report: road salts, p. 283. Ottawa,
Canada: Environment Canada.

71. Vernberg FJ, Vernberg WB. 2001 The coastal zone:
past, present, and future. Columbia, SC: University of
South Carolina Press.

72. Harrison RG. 1969 Harrison stages and description of
the normal development of the spotted
salamander, Amblystoma punctatum (Linn.). In
Organization and development of the embryo (ed. RG
Harrison), pp. 44–66. New Haven, CT: Yale
University Press.

73. Hopkins GR, French SS, Brodie J. 2013 Increased
frequency and severity of developmental
deformities in rough-skinned newt (Taricha
granulosa) embryos exposed to road deicing salts
(NaCl & MgCl2). Environ. Pollut. 173, 264–269.
(doi:10.1016/j.envpol.2012.10.002)

74. Sanzo D, Hecnar SJ. 2006 Effects of road de-icing
salt (NaCl) on larval wood frogs (Rana sylvatica).
Environ. Pollut. 140, 247–256. (doi:10.1016/
j.envpol.2005.07.013)

75. Brady SP. 2013 Microgeographic maladaptive
performance and deme depression in response to

roads and runoff. PeerJ 1, e163. (doi:10.7717/
peerj.163)

76. Blasius BJ, Merritt RW. 2002 Field and laboratory
investigations on the effects of road salt (NaCl) on
streammacroinvertebrate communities. Environ.
Pollut. 120, 219–231. (doi:10.1016/S0269-7491
(02)00142-2)

77. Karraker NE, Gibbs JP. 2011 Road deicing salt
irreversibly disrupts osmoregulation of salamander
egg clutches. Environ. Pollut. 159, 833–835.
(doi:10.1016/j.envpol.2010.11.019)

78. Hopkins GR, Brodie J, ED, French SS. 2014
Developmental and evolutionary history affect
survival in stressful environments. PLoS ONE 9,
e95174. (doi:10.1371/journal.pone.
0095174)

79. Gall BG, Stokes AN, French SS, Schlepphorst EA,
Brodie III ED, Brodie Jr ED. 2011 Tetrodotoxin levels
in larval and metamorphosed newts (Taricha
granulosa) and palatability to predatory
dragonflies. Toxicon 57, 978–983. (doi:10.1016/
j.toxicon.2011.03.020)

80. Lau E.TC, Karraker NE, Leung KMY. 2015
Temperature-dependent acute toxicity of
methomyl pesticide on larvae of three Asian
amphibian species. Environ. Toxicol. Chem. 34,
2322–2327. (doi:10.1002/etc.3061)

81. Alderdice DF, Forrester CR. 1971 Effects of salinity,
temperature, and dissolved oxygen on early
development of the Pacific Cod (Gadus
macrocephalus). J. Fish. Res. Board Can. 28,
883–902. (doi:10.1139/f71-130)

82. Cain TD. 1973 The combined effects of temperature
and salinity on embryos and larvae of the clam
Rangia cuneata.Mar. Biol. 21, 1–6. (doi:10.1007/
BF00351185)

83. Coles SL, Jokiel PL. 1978 Synergistic effects of
temperature, salinity and light on the hermatypic
coralMontipora verrucosa.Mar. Biol. 49, 187–195.
(doi:10.1007/BF00391130)

84. Dorgelo J. 1974 Comparative ecophysiology of
gammarids (Crustacea: Amphipoda) frommarine,
brackish and fresh-water habitats, exposed to the
influence of salinity–temperature combinations.
Hydrobiol. Bull. 8, 90–108. (doi:10.1007/
BF02254909)

85. Yoshimatsu T, Yamaguchi H, Iwamoto H,
Nishimura T, Adachi M. 2014 Effects of
temperature, salinity and their interaction on
growth of Japanese Gambierdiscus spp.
(Dinophyceae). Harmful Algae 35, 29–37.
(doi:10.1016/j.hal.2014.03.007)

86. Bell G. 2013 Evolutionary rescue and the limits
of adaptation. Phil. Trans. R. Soc. B 368, 1–6.

 on July 7, 2017http://rsos.royalsocietypublishing.org/Downloaded from 

http://dx.doi.org/10.1016/j.envpol.2012.10.002
http://dx.doi.org/10.1016/j.envpol.2005.07.013
http://dx.doi.org/10.1016/j.envpol.2005.07.013
http://dx.doi.org/10.7717/peerj.163
http://dx.doi.org/10.7717/peerj.163
http://dx.doi.org/10.1016/S0269-7491(02)00142-2
http://dx.doi.org/10.1016/S0269-7491(02)00142-2
http://dx.doi.org/10.1016/j.envpol.2010.11.019
http://dx.doi.org/10.1371/journal.pone.0095174
http://dx.doi.org/10.1371/journal.pone.0095174
http://dx.doi.org/10.1016/j.toxicon.2011.03.020
http://dx.doi.org/10.1016/j.toxicon.2011.03.020
http://dx.doi.org/10.1002/etc.3061
http://dx.doi.org/10.1139/f71-130
http://dx.doi.org/10.1007/BF00351185
http://dx.doi.org/10.1007/BF00351185
http://dx.doi.org/10.1007/BF00391130
http://dx.doi.org/10.1007/BF02254909
http://dx.doi.org/10.1007/BF02254909
http://dx.doi.org/10.1016/j.hal.2014.03.007
http://rsos.royalsocietypublishing.org/

	Introduction
	Material and methods
	Organism
	Populations and field collection
	Female newt husbandry and oviposition
	Salinity and temperature treatments
	Experimental procedure
	Statistical analyses

	Results
	Egg survival
	Time to hatching
	Length and developmental stage at hatching
	Developmental deformities

	Discussion
	References

