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To reveal the effects of climate, a generalized linearmixedmodelwas used to explore the variation in onset of spawningmigration for
the two newt speciesT. cristatus and L. vulgaris in southernNorway. Amphibians are highly influenced by the physical environment,
such as temperature and rainfall.The firstmigrating newts were observed subsequently to the three first consecutive days withmean
temperature close to or above 4∘C. Further,migration ofL. vulgariswas facilitated at lower temperatures compared toT. cristatus, but
themigration was dependent on higher precipitation levels. Northern populations of T. cristatus and L. vulgarismay already benefit
from a warmer climate due to increased recruitment and juvenile survival. However, an offset in the migration phenology due to
climate change might further alter the recruitment and survival rates with either positive or negative outcome. Thus, variations in
migration phenology for newts due to climate changemayhave implications formanagement andprotection status inmany systems.
In a general context, we should increase emphasis on protecting newts and support increased populations and distribution.

1. Introduction

Amphibian populations are declining at an alarming pace
in many parts of the world [1–6]. As amphibians, and
ectotherms in general, are highly influenced by the physical
environment, a number of these declines could be directly or
indirectly linked to climate change [7–9]. In general, global
meta-analyses document significant range shifts for different
species averaging 6.1 km per decade towards the poles and
significantmean advancement of spring events by 2.3 days per
decade [10]. Precipitation level and temperature especially
are expected to be affected by climate change, and in the
Northern Hemisphere a decadal increase in temperature of
0.7–1.0% and a decadal increase in precipitation 10−20% are
observed [11, 12].

These are key climate components acting directly on
processes important for the population dynamics, especially
for amphibians. As the skin is highly permeable, amphibians
are sensitive to moisture conditions [13, 14]. Temperature
acts as a controlling agent for many physiological processes
including rates of oxygen uptake, heart rate, locomotion,
water balance, digestion, developmental rate, sex determina-
tion, and immune function [15]. Further, the gametogenesis

and growth rates of larval and postmetamorphic individuals
are also temperature dependent [16, 17]. Additionally, climatic
factors may affect important processes such as breeding
phenology, migrations, and mating [16, 18–20].

It is perhaps surprising that even though the effect of
single environmental variables on different physiological
aspectsmight bewell represented in the literature, population
declines as a consequence of climate change are not always
well understood [7, 8]. However, the natural environment
is rarely defined by single variables, but rather a range of
potential interactions that paints a more complex feedback
picture of climate change for ectotherms [21–23]. There
exists some knowledge in the literature on how changes in
single components of the environment (e.g., temperature)
might alter the phenology of amphibians (see, e.g., [19,
24, 25]); however empirical studies on the combined effect
of multiple interacting environmental variables in the wild
are rare. Nonetheless, such information is vital for future
understanding of climate change, conservation efforts, and
management decisions for amphibians [26].

In this study we focused on two amphibian species,
Triturus cristatus (Laurenti, 1768) and Lissotriton vulgaris
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(Linnaeus, 1758). T. cristatus populations are declining in
many European countries [27–29], whereas L. vulgaris are
still widespread and locally abundant [30–33]. Both species
are semiaquatic with overlapping timing of daily and seasonal
activities and they often inhabit the same landscapes and
water bodies [30, 34–36]. The interspecific interactions are
expected to be weak due to differences in their feeding habits,
microhabitats, and diel activity pattern [30, 31]. T. cristatus
depend more on water depth and aquatic vegetation than
L. vulgaris, but both species are believed to be affected by
the same ecological processes [37]. Both species have their
northern limit of distribution in Scandinavia. L. vulgaris
are more widespread than T. cristatus in Norway [38]. Cli-
matic regimes influence species distribution, often through
species-specific physiological thresholds of temperature and
precipitation tolerance. The migration between breeding and
hibernation areas in spring and autumn is a critical phase
with increasedmortality, and possible shifts in this migration
event due to climate change could thus have consequences at
a population level.

Normally newts initiate their migration in spring at the
end of frost periods with increasing temperatures and when
stimulated by rainfall [39, 40]. Here we wanted to explore
variations in phenology, that is, onset of spawning migration,
as a function of these two fundamental environmental factors
which are affected by climate change [12]. Further, we discuss
how expected future climate scenarios might influence the
breeding migration of newts and how an expected shift
to earlier spawning migration might influence population
development of the two species.

2. Material and Methods

The study pond and surrounding area in Lier municipality,
Buskerud County, southeastern Norway (UTM WGS84 33N
0236699 33S 6630232), are severely impacted by human use
and dominated by agriculture, private homes, and infrastruc-
ture (Figure 1). The breeding pond Lahelldammen (30m asl)
has an area of 6,050m2, max depth of 4m, and a volume
of 13,000m3. Mean annual air temperature is 5.0∘C and
mean annual precipitation is 860mm. Mean monthly air
temperatures in March, April, and May are −1.0, 3.9, and
10.1∘C, respectively (eKlima.no). The 0.392 km2 area within
a 300m distance from the pond is used for agriculture (33%),
roads (6%), and housing (17%) (GIS-based analysis of FKB-
map from the Norwegian Mapping Authority). Forest and
nature-like areas constitute 44% of the area. Only 29% of
the area is easily accessible for newts due to two roads
(Røykenveien and Grimsrudveien) with high motor traffic
and a nearby river. Approximately 10% of the area is charac-
terized as “well suited” newt habitat. The pond is a breeding
site for T. cristatus, L. vulgaris, Rana temporaria,and Bufo
bufo. The local road around Lahelldammen is used by only
a few cars every day and is therefore suitable for observing
newt crossings. In a mark-recapture experiment, we found
that approximately 25% of the population of T. cristatus
hibernated in the area inside the road and furthermore the
study revealed that approximately 40% of the newts crossing
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Figure 1: Map of the pond Lahelldammen (UTM WGS84 33N
0236699 33S 6630232) in southeastern Norway with the route for
observation (Lahelldammen road, black line) and areas which are
difficult to access are hatched.

the road were observed by our road counts (Dervo unpubl.).
Based on the mark-recapture study, the average annual T.
cristatus population was estimated (Chapman estimator) to
be 1 156 (95%CI = 738–1 573) mature individuals for the years
2012–2015. For L. vulgaris, nomark-recapture data existed for
population estimates; however based on the counts during
migration and the ratio between T. cristatus and L. vulgaris
captured, L. vulgaris population was estimated to include
approximately 7 600 mature individuals.

Newt spring migration patterns were recorded every
day in five consecutive years (2010–2014) from February
to May. The exceptions were days with very unfavorable
conditions for migration (e.g., freezing temperatures),
where no recordings were conducted. The newts were
counted using a flashlight at night [41, 42] on a 501m
long and 6m wide paved road, encircling the breeding
pond Lahelldammen. For each individual count, time,
position, species, and sex were registered. The number of
observation rounds each night ranged from 0 to 15 starting
approximately 1 hour after sunset. When conditions were
unfavorable, that is, cold weather and more than a week
since the last rainfall, we skipped the observations. When
the numbers of newts observed were low (<5 ind.) only two
observation rounds were performed. Overall, 1 460 great
crested newts and 8 234 smooth newts were observed during
163 observation days and 648 observation rounds (Table 1).
On selected days we made observations to find the time
when the first newts crossed the road. Temperature and
precipitation data are from the Norwegian Meteorological
Institute’s weather station at Berskog-Drammen (8m asl)
located 8 km from the study area (eKlima.no). Temperature
and light conditions were measured by a HOBO Pendant
Temperature Data Logger (±0.53∘C and ±2.5% FS for light)
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Table 1: Number of observed individuals of T. cristatus (Tc) and
L. vulgaris (Lv), the first and last day of observation, the number
of observation days, and the number of observation rounds for the
period 2010 to 2014.

Year 2010 2011 2012 2013 2014
Number of ind. Tc 200 170 396 326 368
Number of ind. Lv 1240 1088 2663 2066 1177
First obs. day Tc Apr. 7 Apr. 3 Mars 17 Apr. 11 Feb. 27
Last obs. day Tc May 19 Apr. 25 May 11 May 7 May 9
First obs. day Lv Apr. 7 Apr. 4 Mars 17 Apr. 11 Mars 7
Last obs. day Lv May 19 Apr. 29 May 11 May 7 May 9
Number of obs. days 34 27 40 23 39∗

Number of obs. rounds 109 79 200 139 121
∗On April 7 no observations of L. vulgaris were made because of too many
T. cristatus.

(http://www.onsetcomp.com/products/data-loggers/ua-001-
64) when the first crossing newts were observed.

3. Statistical Analyses

All statistical analyses were done in the statistical software
R, version 3.01 [43], utilizing the lme4 package [44]. We
used a generalized linear mixed model approach to explore
the count of newts per observation round as functions of
temperature and precipitation and the interaction between
these two explanatory variables. Specifically the newt count
was assumed to be strictly proportional to the numbers
of observation rounds (i.e., using numbers of observation
rounds as an offset). Further, we assumed the response
variable (i.e., newt counts) to have a Poisson distribution. We
constructed multiple candidate models, for both T. cristatus
and L. vulgaris, that included different variations of the vari-
ables in focus (Table 2) as fixed effects. We also included year
and year specific proportion of newts that already migrated
(divided in 5 quartile groups) as random intercept terms.
The proportion of newts that already migrated each year was
included to account for the reduced migration potential in
the population as the proportion increased towards one.

The different candidate models exploring numbers of
migrators for each migration potential group thus repre-
sented either of the following models:
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where 𝑥
𝑇
and 𝑥

𝑃
each represent one of the temperature and

precipitation candidate variables (Table 2), respectively, for
year 𝑖 and grouped proportion of newts that migrated 𝑗. 𝛽s
represent coefficients under estimation, 𝑎

𝑖
is the random year

intercept, and 𝜀
𝑖𝑗
is the random residual variation.

As we might expect a nonlinear response of migration
pattern to both precipitation and temperature, polynomials of

degrees 2 and 3 were also included in some candidatemodels.
The rationality of also exploring polynomials of degree 3
was to explore a smoother nonlinear relationship, compared
to the assumption of a stricter parabola shaped relationship
produced by the polynomial of degree 2.Themost supported
model was selected based on weighted AICc-values [45]
derived from the AICcmodavg package [46].

4. Results

Thespringmigration period and number ofmigrators of both
T. cristatus and L. vulgaris varied between years (Figure 2).
In general, the first observations of migrating newts were
done subsequently to the three first consecutive days of the
year with mean temperature close to or above 4∘C (Table 3).
This occurred as early as February 27 in 2014 and as late as
April 11 in 2013 for T. cristatus (Table 1, Figure 2). L. vulgaris
had its earliest spring migration on March 7 in 2014 and
as late as April 11 in 2013 (Table 1). The migrations were
initiated in the evening when the light conditions diminished
to roughly 5 lux, that is, around 8 PM at the beginning of the
migration period in February and at 10 PM at the end ofMay.
Most individuals migrated during the first three hours and
the migrations usually peaked around midnight (Figure 3).
Migrations at temperatures below zero were registered only
once whereas most migrating newts (94%) were observed at
temperatures above 1.5∘C.

For T. cristatus, the most supported model describing
the migration pattern included an interaction term of daily
mean temperature and a third-degree polynomial of the
accumulated day specific precipitation (Tables 4 and 5). This
model (approximated conditional 𝑅2 = 0.12) predicted an
almost exponential increase in numbers of migrators starting
at mean daily temperatures between 13 and 14∘C.The positive
temperature effect was however very much dependent on the
precipitation levels, where accumulated daily precipitation at
approximately 6mm seemed to facilitate the highest migra-
tion rates (Figure 4). Consequently, increasing or decreasing
precipitations levels above or below ∼6mm resulted in fewer
migrators. This trend was especially apparent at higher
temperatures.

The most supported model of migration pattern for L.
vulgaris included an interaction term of the mean temper-
ature over the last 3 days and a third-degree polynomial of
the accumulated day specific precipitation (Tables 5 and 6).
The model (approximated conditional 𝑅2 = 0.13) predicted
a positive response of temperature. As for T. cristatus, this
response was also very dependent on the precipitation level
(Figure 5). In general, migration of L. vulgaris was facilitated
at lower temperatures compared to T. cristatus, but the
migration was dependent on higher precipitation levels.
Numbers of smooth newt migrators were generally low when
daily precipitation was below 11-12mm at all temperatures
but increased when the daily precipitation was in the range
from ∼11 to ∼17mm.The latter trend was especially apparent
at higher temperatures. Precipitation levels above ∼17mm
generally resulted in decreasing numbers of migrators; how-
ever these high precipitation levels facilitated migration
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Table 2: Variables considered in the fixed effect structure of the various candidate models for describing newt migration phenology pattern
as a function of temperature and precipitation.

Candidate variables Description
Accumulated temperature total (AT) Degree days of daily mean temperatures in ∘C after 1 observation of migrating newts

Accumulated temperature 3 (AT3) Degree days of daily mean temperatures in ∘C over the 3 last days since each
respective migration observation

Accumulated temperature 5 (AT5) Degree days of daily mean temperatures in ∘C over the 5 last days since each
respective migration observation

Mean temperature (MT) Mean air temperature of the last 24 hours since each respective observation
Mean temperature 3 (MT3) Mean air temperature of the last 72 hours since each respective observation
Mean temperature 5 (MT5) Mean air temperature of the last 120 hours since each respective observation

Precipitation (P) Sum of precipitation values in mm during the last 24 hours since each respective
observation

Precipitation 3 (P3) Sum of precipitation values in mm during the last 72 hours since each respective
observation

Precipitation 5 (P5) Sum of precipitation values in mm during the last 120 hours since each respective
observation
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Figure 2: The daily numbers of observed spring migrators of great crested newt T. cristatus (open bars) and smooth newt L. vulgaris (black
bars) at Lahelldammen in the period 2010 (a) to 2014 (e).
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Figure 3: Time of the day for observations of migrating T. cristatus
(open bars, April 7-8, 2014) and L. vulgaris (black bars, April 6-7) at
Lahelldammen in 2014.
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Figure 4: Contour plot of predicted numbers of migrating T. crista-
tus per observation unit, as a function of daily mean temperatures
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Maximum numbers of migrators are restricted to 20 individuals in
the plot to ease visualization.
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Figure 5: Contour plot of predicted numbers of migrating L. vul-
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third contour is shown in the plot to ease visualization.

Table 3: Temperature statistics and specific dates for the first day
of observation of T. cristatus from 2010 to 2014. Precipitation levels
are not included in the table as they were all 0–0.1mm. Detailed
variable descriptions are provided in Table 2. First observations of
L. vulgaris coincided with T. cristatus for all years, except for 2011
and 2014, where the first observations were registered one and eight
days later, respectively.

Date MT/AT MT3 MT5 AT3 AT5
April 7, 2010 5.2 4.4 3.9 13.1 19.7
April 3, 2011 4.8 4.1 2.4 12.4 12
March 17, 2012 5.2 3.8 5.5 11.3 27.3
April 14, 2013 2.6 6.3 7.5 18.9 37.6
February 27, 2014 3.8 3.5 4.3 10.5 21.5

Table 4: Parameter estimates for the most supported model
exploring effects of temperature and precipitation on the breeding
migration pattern of T. cristatus.

Parameters Estimate Std. error 𝑧-value Pr > 𝑧
Intercept −7.73 1.54 −5.01 <0.001
MT 0.13 0.03 4.99 <0.001
P −6.82 1.18 −5.77 <0.001
P2 20.17 1.08 18.61 <0.001
P3 −4.24 1.14 −3.70 <0.001
MT × P 1.81 0.16 11.04 <0.001
MT × P2 −2.44 0.14 −16.93 <0.001
MT × P3 1.87 0.20 9.45 <0.001

Table 5: Model selection table based on AIC-values for the three
most supportedmixedmodels exploring breedingmigration pattern
for T. cristatus (upper) and L. vulgaris (lower).

Model 𝐾 AICc ΔAIC AIC-weight
Great crested newt

MT × P3 10 5518.45 0 1
MT × P33 10 5718.74 200.29 0
MT3× P 10 5824.60 306.16 0

Smooth newt
MT3 × P3 10 34887.85 0 1
MT × P3 10 35471.67 583.82 0
AT × P3 10 36089.54 1201.69 0

at low temperatures (i.e., <10∘C). Analysis did not reveal
any significant differences between females and males in
migration pattern.

5. Discussion

We found interspecific variation in spawning migration
pattern between the two amphibian species, T. cristatus and
L. vulgaris, as functions of temperature and precipitation.
Both species initiated their spring migration subsequently to
the first-three-day period with mean temperature at approx-
imately 4∘C. Interannual variation in climate conditions
resulted in a variance of 43 days for the initiation of the
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Table 6: Parameter estimates for the most supported model
exploring effects of temperature and precipitation on the breeding
migration pattern of L. vulgaris.

Parameters Estimate Std. error 𝑧-value Pr > 𝑧
Intercept −1.21 1.24 −0.97 0.332
MT3 −0.29 0.01 −26.12 <0.001
P 3.84 0.35 11.06 <0.001
P2 4.56 0.41 11.19 <0.001
P3 11.94 0.30 40.19 <0.001
MT3 × P 0.94 0.05 17.34 <0.001
MT3 × P2 −0.36 0.07 −5.01 <0.001
MT3 × P3 −1.29 0.05 −25.54 <0.001

migration during the study period. Precipitation was impor-
tant for the migration pattern of both species. For L. vulgaris,
numbers of migrators increased at lower temperatures but
were dependent on higher precipitation levels as compared
to T. cristatus. Further, the most supported model for L.
vulgaris included mean temperature during the last 72 hours
instead of mean temperature of the last 24 hours, as for T.
cristatus. This could indicate that L. vulgaris are dependent
on more stable temperatures compared to T. cristatus in
order to sustain high numbers of migrators. In late springs
with cold weather the migration period was short, that is,
23 days, compared to early and warm springs, that is, 40
days. In general, the migration periods in these northern
populations of newts were shorter compared to what was
found for populations further south [19, 40, 47, 48]. However,
this differencewas less inwarm springswith earlymigrations.

The observed decline in amphibian populations may
directly or indirectly be linked to climate change as pre-
cipitation and temperature are key climate components
acting directly on processes important for the population
dynamics for amphibians [9, 16, 18, 19, 24, 25]. The migration
phenology of both newt species in our study was clearly
affected by the combined effect of both temperature and
precipitation levels, with an overall trend of earlier onset
of breeding migration with increasing temperatures. Our
predicted change in reproductive timing because of global
warming concurs with other studies on amphibians (e.g.,
[49, 50]) as well as species from other taxa (e.g., [51–54]).
Very few studies, however, focus on the combined effect of
multiple climate components. Given the strong support for
the interactive effect for both precipitation and temperature
on the migration phenology of the amphibians in our study,
we urge that both components should be considered in future
studies of climate effects. Though the population effects of
climate change are not straightforward as multiple climate
components, life history traits and environmental properties
interact to alter the population effects depending on settings
(e.g., [21, 55, 56]). The ecological consequences of an earlier
spring may be positive for amphibian populations that live
on the northern border of their range [9, 57]. Early migration
and breeding might increase the time available for juveniles
to feed before their first winter, thus providing increased
recruitment [58]. Numerous field studies have supported the

idea that juveniles are more likely to disperse to new sites
than adults and, therefore, likely constitute the dispersal stage
for pond-breeding species [59–61]. Increased recruitment
might facilitate colonization of new localities and increase the
poleward distribution [57]. Earlier spring might also reduce
predation risk before the first reproduction and increasing
breeding opportunity [62].

Northern populations of T. cristatus and L. vulgaris may
already benefit from a warmer climate due to increased
recruitment and juvenile survival whereas population may
decline in other areas due to the combination of climate
change and the local climate. In our study area, the winters
are cold, snowmay accumulate in winter providing improved
hibernation condition (e.g., better isolation) for newts, and
combined with a longer growth period this will enhance
survival. Increased winter precipitation in Southern England
however had the adverse effect as survival was reduced [29].

6. Conclusions

Themodels reveal interspecific variation in spawning migra-
tion pattern between the two amphibian species, T. cristatus
and L. vulgaris, as functions of temperature and precipitation.
Both climate components are thus important to include
for future understanding of climate effects on amphibians
in general. Northern populations of T. cristatus and L.
vulgaris may already benefit from a warmer climate due to
increased recruitment and juvenile survival. Both species
have increased in numbers and distribution in Norway
the last decade [38, 63]. This may influence management
and Red List status in northern regions and reduce the
protection regime. However, in a general context we should
increase emphasis on protecting newts and support increased
populations and distribution as climate change may have
adverse effects on populations further south.
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