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Abstract. Lake Baikal, the world’s most voluminous freshwater lake, has experienced unprecedented

warming during the last decades. A uniquely diverse amphipod fauna inhabits the littoral zone and can
serve as a model system to identify the role of thermal tolerance under climate change. This study aimed
to identify sublethal thermal constraints in two of the most abundant endemic Baikal amphipods, Eulimnogammarus verrucosus and Eulimnogammarus cyaneus, and Gammarus lacustris, a ubiquitous gammarid of
the Holarctic. As the latter is only found in some shallow isolated bays of the lake, we further addressed
the question whether rising temperatures could promote the widespread invasion of this non-endemic
species into the littoral zone. Animals were exposed to gradual temperature increases (4 week, 0.8 °C/d;
24 h, 1 °C/h) starting from the reported annual mean temperature of the Baikal littoral (6 °C). Within the
framework of oxygen- and capacity-limited thermal tolerance (OCLTT), we used a nonlinear regression
approach to determine the points at which the changing temperature-dependence of relevant physiological processes indicates the onset of limitation. Limitations in ventilation representing the first limits of
thermal tolerance (pejus (= “getting worse”) temperatures (Tp)) were recorded at 10.6 (95% confidence
interval; 9.5, 11.7), 19.1 (17.9, 20.2), and 21.1 (19.8, 22.4) °C in E. verrucosus, E. cyaneus, and G. lacustris,
respectively. Field observations revealed that E. verrucosus retreated from the upper littoral to deeper and
cooler waters once its Tp was surpassed, identifying Tp as the ecological thermal boundary. Constraints in
oxygen consumption at higher than critical temperatures (Tc) led to an exponential increase in mortality
in all species. Exposure to short-term warming resulted in higher threshold values, consistent with a time
dependence of thermal tolerance. In conclusion, species-specific limits to oxygen supply capacity are likely key in the onset of constraining (beyond pejus) and then life-threatening (beyond critical) conditions.
Ecological consequences of these limits are mediated through behavioral plasticity in E. verrucosus. However, similar upper thermal limits in E. cyaneus (endemic, Baikal) and G. lacustris (ubiquitous, Holarctic)
indicate that the potential invader G. lacustris would not necessarily benefit from rising temperatures.
Secondary effects of increasing temperatures remain to be investigated.
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characterized by a comparatively high content
of benthic organic matter, high temperatures in
summer and low wave impact. At present, it is
not found in the typical Baikal littoral benthos
(Kozhova and Izmest’eva 1998, Timoshkin 2001).
It is unknown whether climate change will affect
the distribution patterns of ubiquitous and endemic species; the biotic and abiotic factors constituting the “immiscibility barrier” separating
the endemic Baikal and the ubiquitous Palearctic
faunas remain to be identified (Mazepova 1990,
Timoshkin 2001).
Here we compare G. lacustris with two Baikal amphipods, Eulimnogammarus verrucosus
(Gerstfeldt, 1858) and Eulimnogammarus cyaneus
(Dybowsky, 1874), which are two of the most
abundant species of the littoral and thus highly important components of the unique benthic
ecosystem. They inhabit rocky habitats at depths
of 0–15 m and 0–1.5 m, respectively. As a sedentary species of the upper littoral, E. cyaneus is
exposed to higher temperature fluctuations than
E. verrucosus, which migrates to deeper waters
in summer (Weinberg and Kamaltynov 1998).
Previous short-term studies of preference temperatures (Timofeyev et al. 2001, Timofeyev and
Kirichenko 2004, Timofeyev and Shatilina 2007),
heat shock proteins (Shatilina et al. 2011, Bedulina et al. 2013, Protopopova et al. 2014), enzyme
activities, and products of metabolism (Axenov-
Gribanov et al. 2012) indicated that E. verrucosus
is more sensitive to thermal stress than E. cyaneus and G. lacustris, but ecophysiological thermal
limits and performances at the whole animal level have not been investigated.
Field observations of ecological consequences of climate change have been explained by the
concept of oxygen- and capacity-limitation of
thermal tolerance (OCLTT) (Pörtner 2010). Each
species (and even life stage) has a limited thermal range of aerobic performance. Pejus (lat.)
(= progressively deleterious) temperatures (Tp)
characterize the first level of thermal limitations and the ecological thermal boundaries of
a species. In the field, occurrence of temperatures beyond these thermal boundaries leads to
decreasing abundance of a species (Pörtner and
Knust 2007). Surpassing Tp implies decreased
performance until reaching the critical temperature (Tc), which precludes long-term survival.

Introduction
Lakes are sentinel ecosystems of climate
change (Adrian et al. 2009). Lake Baikal, the
world’s largest freshwater body, has a volume of
23,615 km3 (De Batist et al. 2006) and comprises
20% of global unfrozen surface freshwater resources. Since 1946 its mean surface water temperature increased by 1.21 °C (annual mean) and
by 1.6 °C during summer (Hampton et al. 2008).
Further, the ice-free season was prolonged by
18 d between 1869 and 2000 and the ice thickness
in winter decreased by 12 cm in the southern
basin between 1949 and 2000 (Shimaraev et al.
2002). By 2100 the surface water of Lake Baikal is
projected to warm by more than 4.5 °C compared
with present temperature (Moore et al. 2009).
Temperature is arguably the overarching abiotic factor for ectothermic organisms. Climate
change will thus affect most aquatic ectotherms
and challenge their physiological and ecological
plasticity. This study focuses on the ecophysiological effects of rising temperature on amphipods,
which comprise up to 90% of benthic biomass
and species in Lake Baikal (Rusinek et al. 2012)
and are key benthic decomposers in the complex
nutrient cycling system of the lake. Lake Baikal
is famous for its rich endemic amphipod fauna
and is inhabited by more than 45% of the world’s
known gammaroidean species, all belonging to
the suborder Gammaridea Latreille, 1802 (Takhteev et al. 2015). It is thus an ideal ecosystem to
study ecosystem changes elicited through direct
impacts of climate on the interaction of closely
related species. Baikal endemics experienced stable abiotic conditions for millions of years with
moderately fluctuating temperatures as contributing streams, currents, and winds are driving
continuous mixing. Temperature fluctuates between 2.2 ° and 6.5 °C at 100 m depth (Kozhov
1963) and an annual mean temperature of 6 °C
was measured in the littoral (Falkner et al. 1991,
Weiss et al. 1991, Yoshioka et al. 2002). Hence,
Baikal amphipods might be more vulnerable to
a quickly changing environment than ubiquitous
species like Gammarus lacustris Sars, 1863, a widespread amphipod of the Holarctic, including Siberia (Karaman and Pinkster 1977). The latter is
a candidate species to widely invade Lake Baikal as it inhabits various shallow water bodies in
proximity and even isolated bays of Lake Baikal
v www.esajournals.org
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G. lacustris, or 25 of E. verrucosus were quickly
placed into 2 L tanks (high-density polypropylene of food grade quality or glass) containing
aerated 6 °C Baikal water and kept for at least
2 d with low illumination. About two-thirds
of the tank bottoms were covered with pebbles
from the littoral, precleaned with boiling Baikal
water. Water was exchanged once every 1 to
3 d (increasing the exchange rate with rising
temperatures). Commercial food for crustaceans
(Tetra, Melle, Germany) was applied in
2011/2012 and animals were fed with a mix of
amphipods, algae, water plants, and detritus
collected in the Baikal littoral (frozen, air-dried
at ≈ 30 °C and roughly mortared) in 2013. Food
was supplied ad libitum and there was no
visible difference in condition of animals fed
with either food. Control animals were kept
at a water temperature of 6 ± 0.8 °C, the reported annual mean temperature of the littoral.
For G. lacustris an extra “Lake 14” control was
set up containing water from “Lake 14” and
animals were fed with alder, willow, and birch
leaves collected in the pond. The cation composition (in μmol/L) was Na+: 210, K+: 10, Mg2+:
240, Ca2+: 300 in “Lake 14 and Na+: 220, K+:
40, Mg2+: 140, Ca2+: 450 in the Baikal littoral.
In June 5.3–7.0 °C and 7.2–11 °C and in
September 8.5–15 °C and 12.0–13.3 °C were
monitored during sampling at depths of 0–1.2 m
in Lake Baikal and “Lake 14,” respectively.
During long-term (4 week) experiments, water
tanks were stored in an incubator (Sanyo MIR-
254 (238 L), Osaka, Japan), and the water temperature was increased by 0.8 °C/d. In short-term
(24 h) exposures, 2 L tanks were placed in
water baths, increasing temperature by 1 °C/h
by use of a thermostat (WiseCircu, Witeg GmbH,
Wertheim, Germany). The experimental protocols were designed to mimic temperature fluctuations during a summer season and diurnal
changes but went beyond natural habitat temperatures in order to clearly identify thermal
limits. For each individual analysis, animals of
a certain species were randomly taken out of
6–10 individual tanks.

This study aimed to determine the points at
which the changing temperature-dependence of
relevant physiological processes indicates the onset of limitation in E. verrucosus, E. cyaneus, and
G. lacustris. In light of the observations made,
we discuss whether ecophysiological findings
support an assessment of how increasing water
temperatures will affect the three species and
whether warming will be beneficial for G. lacustris in comparison with the Baikal endemics.

Material and methods
Sampling site

Eulimnogammarus verrucosus (550–885 mg) and
E. cyaneus (19–49 mg) were caught with a hand
net (kick sampling) in the Baikal littoral in the
vicinity of Bolshie Koty (51°9137″ N, 105°0691″
E) at depths of 0–1.2 m. The sampling site
represents the beach zone, according to underwater landscape zoning (Kravtsova et al. 2004)
characterized by algae-covered boulders (mainly
Ulothrix zonata), half-immersed in sand, and
intensive hydrodynamics. G. lacustris (26–
145 mg) was sampled in the same way in “Lake
14” (51° 55′ 14.39″ N, 105° 4′ 19.48″ E). This
well-aerated eutrophic pond is supplied by
groundwater and connected to a backwater of
Bolshie Koty river. It is inhabited by fauna
common in freshwaters across the Holarctic.
The ground consists of boulders and gravel,
submerged in a silty sediment and covered by
detritus and macrophytes. See Protopopova
et al. (2014) for a map with sampling locations.
The investigated amphipod species are depicted
in the Supporting Information in Fig. S1.

Experimental setup and animal maintenance

Experiments were performed between June
and October (2011–2013) in the Institute of
Biology at Irkutsk State University and its field
station in Bolshie Koty. Adult animals were
selected with a similar or larger size than those
of previous studies in which body length was
used to classify adult animals (E. verrucosus:
30 mm, E. cyaneus: 14 mm and G. lacustris:
14 mm) (Timofeyev et al. 2001). Immediately
after sampling, amphipods were transported to
the laboratory in insulated boxes and sorted
under temperature-controlled conditions. Two
hundred individuals of E. cyaneus, 75 of
v www.esajournals.org

Mortality

Dead animals were removed and counted
daily to obtain the temperature-dependent cumulative mortality for each species excluding
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study in June/July 2013, E. verrucosus was video-
recorded in the flow-through systems during
simultaneous measurements of RMR. As pleopods of E. cyaneus and G. lacustris are small
and transparent, simultaneous recordings of
ventilation rate and RMR were impossible for
these species. After recordings individuals were
treated in the same way as after measuring
RMR. Video-taped ventilation rates were analyzed manually in slow motion (0.5× or 0.25×).
If irregular changes were noted in RMR or ventilation, movies recorded for studying ventilation rates were examined by eye for any changes
in movement activity by determining the ratio
of time spent in motion in comparison to resting
periods.

cannibalized individuals. The Weibull model
(5-parametric; sigmoidal) was fitted to the data
in order to calculate lethal temperatures (LT)
for certain percentages of the test group (LTx%).

Routine metabolic rate

Routine metabolic rate (RMR), measured as
oxygen consumption (MO2) per gram of fresh
weight (FW), was analyzed with optical sensors
purchased from Presens, Regensburg, Germany:
Microx TX3 and OXY4, Oxygen Micro-Optode
(NTH-P St1-L 5-T F-N S*35**x1,20-P C3,1-Y OP),
with airtight connections to flow-through respiration chambers. Sensors were calibrated to
0% oxygen in oversaturated sodium sulfite
(AppliChem, Darmstadt, Germany) and to 100%
air saturation in the running system. After calibration, the 100% value was recorded for several
minutes, and animals were carefully placed in
airtight Teflon® chambers closed with plexiglass
lids. Tanks and plasticizer-free tubing (MHSL
2001, Ismatec, Wertheim, Germany) were submerged in thermostatic baths to ensure temperature stability (±0.2 °C). Flow rate was
adjusted so that oxygen consumption was in
steady state and the outflow drop in air saturation ranged between 6% and 23%. When
the values were stable for about 20 min, the
animals were removed from the chambers,
quickly and gently dried with lint-free paper
towel, weighed on a fine scale, immediately
placed back into the incubation system, and
allowed to recover from manipulation for at
least 3 d. No differences in RMR were found
between nontreated and previously treated animals. The Q10 temperature coefficients were
determined for each temperature increment to
study irregular changes across temperatures.

Ion regulation

Extracellular concentrations of inorganic cations (Na+, K+, Mg2+, and Ca2+) were determined
chromatographically using a Dionex ICS
1500/2000 equipped with an Ion Pac CS16 column operated at 40 °C. Methane sulfonic acid
(30 mM) was used as an eluent at a flow rate
of 0.36 mL/min. Hemolymph was extracted
manually using capillaries with ultrafine tips.
Animals were dried with paper tissue and capillaries were introduced dorsally preventing
damage to the guts. Samples (0.5–2.5 μL) were
diluted with 50 μL of H2O and stored at −20 °C
prior to analysis. For peak identification and
quantification (based on peak areas) three-point
calibrations of the Dionex Six Cation II Standard
were used. All products for ion analyses were
obtained from Dionex GmbH, Idstein, Germany.

Tissue characteristics

To study percentages of water and inorganic
content, frozen animals were thawed, weighed,
dried for 24 h at 40 °C in a drying cabinet
and reweighed. We checked whether all water
had evaporated after another 3 h in the drying
cabinet. Eventually, animals were incinerated
in a muffle furnace at 560 °C and the ash-
weights were determined.

Resting ventilation

Ventilation (pleopod beat rate) was analyzed
in periods of resting defined as the time spent
in relaxed posture without locomotor or intense
grooming activity. Animals were transferred to
Teflon® chambers with perforated depressions
to allow unhindered water circulation in
temperature-controlled 2 L tanks containing
aerated Baikal water. As the animals did not
show any reaction to red light, a 625 nm LED
light source was used for illumination during
3 min video recording sequences. In the 4-week
v www.esajournals.org

Abundance

Abundance was measured in the field on a
relative scale by calculating the personal catching success per unit time at different ambient
temperatures (5.3 to 15.0 °C). Animals were
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sampled at ten sampling occasions in the period
from the beginning of June to the beginning
of September 2013. Only adult animals of the
respective weight classes described in “Materials
and methods: Sampling site” were taken into
account. The amphipods were sampled at depths
of 0–1.2 m.

increase in heart rate) from physiological responses to rising temperatures. However, we
emphasize that these values are only rough
estimates. All model equations are available in
the Supporting Information in Table S1.

Data analysis and statistics

Mortality

Results

Data were tested for normal distribution and
homoscedasticity with the Ryan-Joiner and
Levene’s test, respectively, using Minitab 17
(Minitab Inc, State College, Pennsylvania, USA).
They are presented as means ± standard error
of the mean (SE) unless otherwise indicated.
Standard statistical tests were applied to reveal
significant differences (P < 0.05) and are mentioned in the results. If data showed no normal
distribution, respective nonparametric tests were
applied (e.g., ANOVA on ranks). The “Dynamic
Fit Wizard” in SigmaPlot 13 (Systat Software
Inc, San Jose, California, USA) was used to
find the best-fit model (those with lowest
Akaike’s information criterion) for the data sets
of cumulative mortality, ventilation, and RMR.
Candidate models were preselected by shape.
Weibull and lognormal models were fitted to
all data sets of mortality, ventilation and to
RMR data sets of E. verrucosus and G. lacustris
(6–22 °C). We aimed to find the upper breakpoint temperature (BPT) defined as the point
where temperature stopped being the driver
of ventilation (= BPTVent.) or RMR (= BPTOx.),
i.e., when the slope of the curve started to
flatten out and approach zero. The upper BPT
was defined according to Marshall et al. (2013),
i.e., as the point where the model’s slope equals
0.065 (nonlinear regression approach). The 95%
confidence intervals (CI) are given in parentheses
for the modeled BPT values of RMR and ventilation. In case none of the selected parametric
models fitted the data sets, BPTs were estimated
to correspond to the maximum values of the
exponentially increasing rates that were followed
by significant declines. These maximum values
were similar to those derived by the nonlinear
regression approach in this study (for comparison see Fig. 1). Only measurements at which
survival was > 75% were taken into account
to distinguish physiological phenomena that
may appear right before death (e.g., a sudden
v www.esajournals.org

LT50 values of 21.1, 28.4, and 28.3 °C were
derived from Weibull models fitted to the data
sets of E. verrucosus, E. cyaneus, and G. lacustris
(Fig. 1a–c; 4-week study, June/July 2013). In
comparison to June/July, the LT50 values determined in September/October were similar in
E. verrucosus (21.5 °C) and slightly higher in
E. cyaneus and G. lacustris (30.4 and 30.3 °C)
(Table 1).

Routine metabolic rate

At control temperature (6 °C), oxygen consumption (μmol g (FW)−1 h−1) was lowest in
E. verrucosus (3.3 ± 0.2) (Fig. 1a) and similar
in E. cyaneus und G. lacustris (5.3 ± 0.4 and
5.7 ± 0.3, respectively) (Figs. 1b and c; 4-week
study, June/July 2013). RMR increased up to
15.0 (14.0, 16.1) °C in E. verrucosus determined
as BPTOx.. At 20.4 °C RMRs decreased with
increasing weights of E. verrucosus specimens
(Pearson correlation, P = 0.0029) and beyond
20.4 °C only relatively small animals were still
alive (ANOM, P < 0.05). E. cyaneus and G. lacustris increased RMRs exponentially up to
25.2 ° and 23.6 °C, respectively. As parametric
models (e.g., Weibull or lognormal) failed to
fit these data sets, BPTOx.-values for E. cyaneus
and G. lacustris could only be estimated and
were considered to approximately correspond
to the measured maximum values of the exponential increases, which were followed by
significant declines in respiration rate (Figs. 1b
and c).
In all species, the highest thermal sensitivity
of RMR, deduced from the largest Q10-values,
occurred close to the upper BPTVent.. This leap
in RMR was most pronounced in G. lacustris between 22.0 ° and 23.6 °C coinciding with a significant increase in movement activity from 52 ± 20%
to 93 ± 13% (t test, P = 0.002). For the other species
no such sudden elevations of movement activity
were statistically detectable. Passing the BPTOx.
5
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Fig. 1. Routine oxygen consumption (black symbols, a–c), cumulative mortality (red lines, a–c) and resting
ventilation (black symbols, d–f) of E. verrucosus (left panels), E. cyaneus (central panels), and G. lacustris (right
panels) exposed to gradual temperature increase (0.8 °C/d, 6–30 °C) (experimental period: June/July 2013). Model
fits are represented by solid lines and model equations are summarized in the Supporting Information in
Table S1. Field abundance (0–1.2 m depth) at different ambient temperatures is only depicted for E. verrucosus
(blue dots, d). On each panel, vertical lines indicate the upper BPTVent. (black dotted lines) and the upper BPTOx.
(black dashed lines) and the LT50 values (red solid lines), respectively. Gray symbols mark data subsets in which
a) > 25% of the investigated population had died, b) negative deviations from the overall mean animal weight
were stated (ANOM, P < 0.05) or c) only three replicates could be analyzed and were excluded from further
analyses. Data are displayed as means ± SE (n = 5–18).

coincided with the onset of exponentially increasing mortality in all species.

increased exponentially, reaching an upper
BPTVent. of 19.1 (17.9, 20.2) °C in E. cyaneus
and 21.1 (19.8, 22.4) °C in G. lacustris. Individuals
of G. lacustris incubated in “Lake 14”-water
showed a BPTVent. of 21.8 (19.2, 24.4) °C (data
not depicted).
Table 1 compiles BPTVent. values from experiments differing with regard to duration and season. The BPTVent. values of the two Baikal species
from a 24-h study slightly exceeded those determined in 4-week investigations from the same

Resting ventilation

The results of the 4-week study (June/July
2013) are depicted in Fig. 1d–f. A BPTVent. of
10.6 (9.5, 11.7) °C was determined for E. verrucosus (Fig. 1d). Ventilation in E. cyaneus
(Fig. 1e) and G. lacustris (Fig. 1f) was insensitive
to temperatures up to 12.4 ° and 14.0 °C, respectively. Beyond those temperatures it
v www.esajournals.org
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Table 1. LT50 and BPTVent. (95% CI) of E. verrucosus, E. cyaneus, and G. lacustris. Values are displayed for long-
term (4 week; 0.8 °C/d) studies conducted in different seasons (start of experiment in June or September) and
for long- and short-term (24 h; 1 °C/h) studies performed in the same season (September), (n.a. = not
analyzed).
Endemic – Lake Baikal
Season
Duration
LT50 (°C)
BPTVent
(95%
CI) (°C)

Ubiquitous – Holarctic

E. verrucosus

Parameter

June
September September
4 week
4 week
24 h
21.1
21.5
29–29.5†
10.6
9.6
(11.4)‡
(9.5, 11.7) (8.7, 10.5)

E. cyaneus

G. lacustris

June
September September
4 week
4 week
24 h
28.4
30.4
n.a.
19.1
20.8
21.3
(17.9, 20.2) (20.0, 21.6) (20.5, 22.1)

June
September September
4 week
4 week
24 h
28.3
30.3
n.a.
≥ 27
21.1
21.8
(19.8, 22.4)
(20.5,
23.1)

† Axenov-Gribanov et al. (2012).
‡ Value could be derived from the model but with low confidentiality.

experimental season (September/October). They
were determined as 11.4 °C (24 h) and 9.6 (8.7,
10.5) °C (4 week) in E. verrucosus and 21.3 (20.5,
22.1) °C (24 h) and 20.8 (20.0, 21.6) °C (4 week)
in E. cyaneus. We were unable to determine the
BPTVent. for short-term-incubated G. lacustris as
they tended to increase ventilation rates until
reaching lethal temperatures (BPTVent. ≥ 27 °C).
In the 4-week study performed in September/October, G. lacustris showed a BPTVent. of 21.8 (20.5,
23.1) °C.

were seen between the effects of short- and
long-term gradual temperature increases on ion
levels except for [K+] that in contrast to long-
term experiments were not correlated with
temperature (6–24 °C) in short-term studies.
Data for controls (6 °C), 24-h studies and data
recorded in different seasons in E. verrucosus
are available in Supporting Information (Tables
S2 & S3; Fig. S2). They are consistent with the
patterns of regulation described here.

Tissue characteristics

The percentage of ash-weight based on the
animal’s wet weight was not significantly different between E. verrucosus (7.8 ± 0.4%) and
G. lacustris (6.7 ± 0.3%), but higher in E. cyaneus
(9.4 ± 0.3%) (ANOVA; P < 0.001; Holm-Sidak
(post hoc test)); E. verrucosus vs. E. cyaneus,
P = 0.015 and E. cyaneus vs. G. lacustris,
P < 0.001). The water content of G. lacustris
tissue was higher than found for the Baikal
amphipods (ANOVA; P < 0.001; Holm-Sidak
(post hoc test)); E. cyaneus vs. G. lacustris,
P < 0.001 and E. verrucosus vs. G. lacustris,
P = 0.014) (Table 2).

Ion regulation

Extracellular ion concentrations are displayed
in Fig. 2 (4-week study, June/July 2013).
Potassium concentrations tended to be higher
at 25.2 °C in all species and were positively
correlated with temperature (6–25.2 °C) in E. cyaneus and G. lacustris (Pearson correlation,
P < 0.001) (Fig. 2h–i). Sodium and calcium
concentrations showed no clear trends in the
investigated species. In the hemolymph of
E. verrucosus and G. lacustris [Mg2+] was reduced
by 16–31% and 28–45%, respectively, at temperatures above 14.0 °C and negatively correlated with temperature (Pearson correlation,
P < 0.05). E. cyaneus showed large interindividual
variation and no clear temperature-dependent
trend in [Mg2+] (Fig. 2b). Only G. lacustris
showed progressively decreasing [Mg2+] over
time at 6 °C (control). Likewise, in temperature
treatment and control incubations with water
from “Lake 14” [Mg2+] also decreased in G. lacustris (Pearson correlation, P = 0.033) suggesting
no effect from water from different sources on
extracellular ion concentrations. No differences
v www.esajournals.org

Abundance

Temperature and field abundance of E. verrucosus (550–885 mg) were negatively correlated
(Spearman rank correlation, P < 0.001; Fig. 1d).
The highest relative sampling success was recorded in June at water temperatures of 5–6 °C.
At 14 °C, only a few small adults and juveniles
of E. verrucosus were found. At temperatures
≥ 12 °C individuals showed lower weights than
the overall mean (ANOM, P < 0.05). For
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Fig. 2. Concentrations of Mg2+, Na+, K+, Ca2+ in hemolymph of E. verrucosus (right panels), E. cyaneus (central
panels), and G. lacustris (left panels) exposed to gradual temperature increase (0.8 °C/d) (experimental period:
June/July 2013). Horizontal black lines (a–l) represent mean ion concentrations and dashed lines are linear fits (h
and i). Data are presented as means ± SE, (n = 5–14).

Table 2. Wet weight, water content and inorganic content of E. verrucosus, E. cyaneus, and G. lacustris. Statistically
significant differences (ANOVA, P < 0.05) are indicated by different superscripted letters in each column.
Values represent means ± SE, n = 5–6.
Species
E. verrucosus
E. cyaneus
G. lacustris

Wet weight
(mg)

Water content
(%)

693.9A ± 94.4
41.8B ± 4.1
65.6C ± 9.8

v www.esajournals.org

73.6A ± 0.5
71.0A ± 1.2
77.4B ± 0.8

8

Inorganic content
(percentage of wet weight)
7.8A ± 0.4
9.4B ± 0.3
6.7A ± 0.3
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E. cyaneus sampling success was independent
of ambient temperatures (5.3–14 °C; R2 = 0.024)
and highly variable over time (data not displayed). Field abundance was not quantitatively
evaluated for G. lacustris as the small pond
only provided few sampling sites and some of
them were not accessible due to the funnel-
shape of this small waterbody. However, we
observed that adult individuals were far less
frequently found in regions close to the water’s
edge when water temperatures reached up to
22 °C in July and August.

Metabolic rate “sets the pace of life” and changes
are thus fundamental to any animal (Brown
et al. 2004). Evidently, beyond the limitations
in ventilatory capacity the situation was progressively turning deleterious for E. verrucosus
as a slight increase in the mortality rate (lag
phase) was visible. The upper limit of the thermal optimum of E. verrucosus found in this
study matches previous findings of a threefold
increase in heat shock protein levels (Hsp70)
and a doubling of catalase activity at 11 °C in
a 24-h study (1 °C/h) (Axenov-Gribanov et al.
2012) indicating that physiological and biochemDiscussion
ical transition phases go hand in hand (Pörtner
2010).
Our discussion mainly focuses on the results
In all species studied here, resting ventilation
for long-term studies (4 week; 0.8 °C/d) conducted failed to continually follow the increasing oxyin June/July (Figs 1 and 2). These are considered gen consumption rate, indicating an extended
to be most ecologically relevant as animals were pejus range, which in a study investigating spisampled at water temperatures close to control der crab Maja squinado was also paralleled by
values (6 °C) and the rate of temperature change heart rate leveling off (Frederich and Pörtner
in the experiments is considered to be similar 2000). Ventilation comprises a significant fracto field conditions. Thus, at 1–1.2 m depth water tion of metabolic costs (Glass and Wood 2009)
temperatures of around 6 °C were measured in and can thus reach capacity limits before the
the beginning of July, whereas by the end of aerobic metabolic capacity becomes exploited. In
the month up to 20 °C can be reached. Inter- addition, heart rate, oxygen affinity, and oxygen
experimental comparisons regarding duration transport capacity of hemocyanin are likely to
and season (Table 1) are discussed in a separate play a crucial role for maintaining aerobic metabsection. Experiments performed in September/ olism at elevated temperatures or hypoxic conOctober addressed the question whether the an- ditions (Booth et al. 1982, Wilkes and McMahon
imals had adapted to higher temperature during 1982, Giomi and Pörtner 2013). Factors involved
summer whereas short-term studies (24 h, 1 °C/h) in modulating hemocyanin oxygen transport inreflect the responses to quick, e.g., diurnal, clude changes in pH and lactate levels (indepenchanges in the thermal regime.
dent of pH), in [Mg2+] as well as in hormonal determinants (Mangum 1997, McMahon 2001). In
Mortality, routine metabolic rate, and resting
the optimum range, hemocyanin might remain
oxygen-saturated and might not be involved in
ventilation
The limit of oxygen supply capacity is likely tissue oxygen supply. Diffusion processes at low
key in the onset of constraining (beyond oxygen demand might play a large role for oxBPTVent.) and then life-threatening (beyond ygen supply in highly oxygenated Baikal water,
BPTOx.) conditions. Hypoxemic conditions (be- contributing to energy savings and low costs of
yond BPTOx.) correlate with the start of expo- oxygen supply in the cold. At low temperatures,
nentially increasing mortality in all species. The RMR was even independent of ventilation in the
observed leaps in RMR reflect the highest ther- similar-sized E. cyaneus and G. lacustris but not in
mal responsiveness and indicate a metabolic the much larger E. verrucosus.
switch. As they occurred close to the first limit
Eulimnogammarus verrucosus is considerably
of thermal limitation represented by the BPTVent., more thermally sensitive than E. cyaneus and
they might reflect a startling or escape response G. lacustris, which may partly be due to its large
supported by the corresponding loss of field body size, consistent with the allometry of therabundance in E. verrucosus and significant in- mal tolerance seen, e.g., in fishes (Pörtner et al.
crease in movement activity in G. lacustris. 2008). Warming exploits the capacity of the
v www.esajournals.org
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s ystem to increase metabolic rate, reaching levels
similar to those after maximum exercise before
it collapses. Aerobic metabolic scope depends on
three parameters, namely oxygen uptake, distribution and cellular exploitation. Oxygen uptake
is a function of gill surface, which was shown to
scale to body mass by an allometric coefficient of
0.792–0.843 in different species of the genus Gammarus (Moore and Taylor 1984). Thus, small animals have a relatively enlarged gill surface area,
which is beneficial if oxygen is limited, likely
contributing to higher thermal tolerance.
It has been stated as a unifying principle that
climate warming benefits small organisms (Daufresne et al. 2009, Storch et al. 2014). Consistent
with these studies and field observations in fish
(Pörtner and Knust 2007), mortality occurred
earliest in the largest individuals of E. verrucosus
during the experimental temperature increase.
Furthermore, at 20.4 °C RMR decreased with increasing animal weight. This indicates that smaller animals have a higher physiological capability
to deal with elevated temperatures. However,
other aspects also need to be considered when
assessing the overall consequences of elevated
temperatures for the species such as behavioral adaptations as discussed below. As smaller
individuals have a smaller number of offspring
the absence of large individuals will result in a
declining population. Since food web structures
and dynamics are mainly determined by body
size (Woodward et al. 2005, 2010a,b, Barnes 2008,
Yvon-Durocher et al. 2010), ecosystems would be
severely affected by any temperature-mediated
changes in organism sizes.

metabolism and growth. Decreasing intracellular
[Mg2+] correlate with lowered protein synthesis
rates (Terasaki and Rubin 1985). However, as our
findings are not uniform across the species, we
suggest that the adjustment and regulation of
Mg2+ is species-specific and possibly reflects its
involvement in the control of hemocyanin or locomotor activity level more than other aspects.
The facultative hibernator G. lacustris might
depend on elevated temperatures in summer to
increase activity levels, forage and fill up energy stores. Animals caught at 6–7 °C in June were
mostly found inactive in leaf litter suggesting that
these individuals were still in their hibernation
retreats. When kept at 6 °C after removing them
from wintering substrates, extracellular [Mg2+]
progressively decreased. Moreover, individuals
of G. lacustris that were caught in June showed a
higher mortality than those sampled in September when they were kept at 6 °C for 4 weeks.
The positive correlation of extracellular [K+] and
temperature in E. cyaneus and G. lacustris, which
are much smaller than E. verrucosus, is possibly
due to the fact that small specimens were prone to
membrane damage when extracting hemolymph
with a glass capillary as the effect was absent
in E. verrucosus. We suggest that the stability of
membranes decreased during long-term warming as this effect was only visible in the 4-week
studies. There is, however, no close relationship
between sublethal thermal limits and [K+].
In summary, ion regulation is a rather insensitive parameter when investigating sublethal
thermal constraints in Baikal amphipods. This
might be an indication of their excellent ion regulation capacities. Baikal amphipods need to
efficiently take up essential ions as Baikal water is of extremely low ionic content (Na+ = 155;
Ca2+ = 402; Mg2+ = 126; Cl− = 12; SO42− = 57 μmol/
kg; Zerbst-Boroffka et al. (2000)).

Ion regulation

The decrease in [Mg2+] seen in E. verrucosus
and G. lacustris at > 14 °C but not in E. cyaneus
might be linked to increased activity as low
extracellular [Mg2+] in crustaceans go together
with increased heart rate and support muscular
activity. This might trigger behavioral changes,
which in turn might influence field abundance.
Moreover, a decrease in [Mg2+] can counteract
a temperature-dependent decrease in oxygen
affinity of hemocyanin and support enhanced
oxygen demand.
Magnesium is a modulator for numerous enzyme systems (Morritt and Spicer 1993) and
important for regulatory processes concerning
v www.esajournals.org

Abundance

Decreasing abundance of adult E. verrucosus
at the field sampling sites paralleled rising water
temperatures and can be explained through a
decline in physiological performance and associated aerobic scope. Consistent with the allometry of thermal tolerance the largest animals
reacted most sensitively. Similar to the field
situation, E. verrucosus preferred temperatures of
5–6 °C in a previous behavioral laboratory study,
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The abundance of G. lacustris was difficult to
quantify but it was noticeable that only few small
adult individuals and large numbers of juveniles
were found close to the water’s edge in August
and September when up to 22 °C were reached in
“Lake 14”. These findings suggest that G. lacustris also escaped rising surface temperatures in
summer to stay below Tp.

which showed progressive decreases in abundance with rising temperatures in the experimental temperature gradient (Timofeyev and
Shatilina 2007). It has previously been hypothesized that the migration patterns of E. verrucosus
are temperature-dependent (Weinberg and
Kamaltynov 1998). The present data suggest that
migration behavior is initiated when temperatures
exceed pejus limits. Considering that ecological
niches are densely occupied in the Baikal littoral
by 60–70% of the highly diverse macroinvertebrate fauna (Takhteev et al. 2003) the seasonal
and diurnal migration behavior of E. verrucosus
indicates a high ecological competitiveness of
this species. This dominance of E. verrucosus is
possibly due to the large size of adult specimens
and their low metabolic rate; the latter may become advantageous as food availability decreases
further with increasing depth in the oligotrophic
lake. E. verrucosus is clearly dependent on the
ability to escape to deeper zones, as in the upper
littoral its Tc of 15.0 (14.0, 16.1) °C can easily
be surpassed in summer.
Eulimnogammarus cyaneus is found in the upper littoral throughout the year and experiences
temperatures from close to the freezing point
up to 20 °C. It rarely faces its preferred temperature of 11–12 °C determined in a behavioral
study (Timofeyev and Kirichenko 2004). A broad
thermal tolerance range has been suggested as
the most important trait for a species successful under climate change (Tepolt and Somero
2014), yet eurythermal species living at the edge
of their thermal window are likely to be affected by global warming (Somero 2010). E. cyaneus
was probably able to occupy its current niche
due to its wide thermal window but summer
temperatures in the littoral can reach the pejus
range (> 19.1 °C). If temperatures exceed 19.1 °C
in summer for extended periods of time, E. cyaneus may suffer as it, due to its small size and lower
competitiveness, might not be able to conquer
deeper habitats as niches are densely occupied.
At any site this will depend on the community
responses given that ecological interactions in
the Baikal benthos are profoundly complex. In
the bay of Bolshie Koty, 93 species of amphipods
were found at depths of 0–20 m (Kravtsova et al.
2003). While E. verrucosus is less thermally tolerant than E. cyaneus, its temperature-related migration indicates behavioral plasticity.
v www.esajournals.org

Inter-experimental comparison—exposure duration
and season

Long-term experimental warming led to falling thermal thresholds, which was most striking
when comparing the LT50 values of E. verrucosus. These findings are likely due to the time
dependence of lethal limits (Peck et al. 2009).
Exploiting the passive range of tolerance during
longer-term protocols possibly results in lower
LTs. Considering ventilation, the divergence of
limits between long- and short-term warming
was highest in G. lacustris. Hence, we conclude
that it is the most tolerant to diurnal temperature increases among the studied species, consistent with its shallow water habitat
characterized by restricted hydrodynamics.
In comparison to June/July, the BPTVent. of
E. cyaneus and G. lacustris were marginally higher in September/October possibly due to acclimatization to higher temperatures during summer.
In support of this, their LT50 values also exceeded those determined in June/July, which is likely mirrored in slightly right-shifted Tc following
thermal acclimation. In contrast, the BPTVent. of
E. verrucosus was slightly lower in late summer
and the LT50 remained unchanged probably because this species escapes rising temperatures
and might thus not acclimatize.
[Mg2+] decreased similarly in 24-h and 4-
week experiments, indicating its early decrease
and then stabilization. [K+] was not positively
correlated with temperature in E. cyaneus and
G. lacustris in 24-h, but in 4-week studies. Maintaining a high stability might be energetically
costly and effects thus only discernible in the
long-term studies.

Gammarus lacustris—a potential invader to Lake
Baikal?

To date G. lacustris is outcompeted by Baikal
endemics in most Baikal habitats; low food
availability, lack of hibernation retreats, and/
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or intensive hydrodynamics might limit its distribution. Further, we observed that at low
temperature (6 °C) Baikal amphipods were active
whereas G. lacustris individuals were more rigid
(sampling time: June). Animals sampled in
September were more active than those caught
in June indicating seasonal differences in physiological status causing different reactions to
cold temperature. However, the observations
suggest that the Eulimnogammarus species are
more cold-tolerant than G. lacustris and should
benefit from this advantage during cold seasons.
Our results also show that the upper thermal
limits of G. lacustris and E. cyaneus are similar
and from the perspective of tolerance to high
temperature G. lacustris should not be more
competitive at elevated temperatures, but the
competitive advantage from cold adaptation of
Baikal endemics may be diminished.
Low metabolic rates likely improve a specie’s
fitness in the oligotrophic Lake Baikal. Even
though mass-specific metabolic rates generally
decrease with increasing body size, E. cyaneus
(endemic, Baikal) has a lower mass-specific metabolic rate than the larger G. lacustris, (ubiquitous,
Holarctic), which could be due to higher activity of the latter. Assuming that energy efficiency
and savings are optimized in food-limited Baikal amphipods, it is likely that G. lacustris would
be affected by low food availability. However,
increasing temperatures will possibly lead to
higher amounts of benthic organic matter, which
could benefit G. lacustris.
Considering the intensive hydrodynamics
in the Baikal littoral, we hypothesize that resistance to mechanical stress is another key parameter that prevents G. lacustris from invading the
Baikal littoral. G. lacustris is generally found in
lakes and slow-moving rivers (Matafonov 2007).
A preliminary experiment revealed that in comparison to E. verrucosus and E. cyaneus, G. lacustris was less resistant to mechanical stress when
gradually increasing pressure was applied to
their exoskeleton by use of a glass capillary (diameter: 100 μm). Exoskeletons of G. lacustris
were highly elastic and compressed completely
in 45% of the tested animals. In contrast, Baikal
species resisted equal pressure with little deformation. In addition, the inorganic content of
whole animals was lowest in G. lacustris. This
might indicate a lower resistance to mechanical
v www.esajournals.org

disturbance than in Baikal endemics. It remains
to be shown whether the exoskeleton of G. lacustris can evolve to resist the enormous physical
disturbances in the Baikal littoral. Furthermore,
a soft exoskeleton increases predation risk as we
observed predation pressure to be highest on
freshly molted amphipods. The abundance of
G. lacustris correlates negatively with that of fish
but positively with the occurrence of submerged
aquatic vegetation (Anteau et al. 2011). Bullhead
fish prey on benthic amphipods in Lake Baikal
and submerged vegetation is absent around Bolshie Koty. This may also prevent the settlement
of G. lacustris along the rocky shores of Lake Baikal but this situation may change due to ongoing
coastal eutrophication (Silow 2014, Timoshkin
et al. 2014).

Conclusions
Our data show the complex interaction of
physiological constraints and habitat characteristics in shaping ecological patterns. In all investigated amphipod species, oxygen supply
constraints became limiting at high temperatures. Comparing the two endemic species inhabiting the littoral of Lake Baikal, E. verrucosus
(Tp = 10.6 (9.5, 11.7) °C) is significantly less
thermally tolerant than E. cyaneus (Tp = 19.1
(17.9, 20.2) °C). By determining the upper (pejus) threshold temperature of physiological
performance we could explain the warming
induced retreat and loss of abundance of E. verrucosus in its natural habitat.
At first sight E. verrucosus may be more
adversely affected by climate change than E. cyaneus, but as the former is able to escape from unfavorable conditions it might be the latter more
sedentary species which is more vulnerable to
increasing water temperatures despite its higher
thermal tolerance. Temperatures of 20 °C can be
reached in the upper littoral of Bolshie Koty bay,
slightly exceeding the Tp of E. cyaneus. Following
recent climate models for the Baikal region, this
temperature is likely to be reached or even surpassed more often in future summer seasons and
could negatively impact the fitness of E. cyaneus.
If it is unable to escape from the rising temperatures to colder, deeper waters this species might
be affected, e.g., suffer from reduced body size
and, consequently, lower numbers of offspring.
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Gammarus lacustris (Tp = 21.1 (19.8, 22.4) °C)
showed similarities in thermal tolerance to E. cyaneus and displayed no distinct characteristics of
thermal physiology that would benefit G. lacustris at higher temperatures. A combination of various other ecophysiological traits might prevent
G. lacustris from becoming established in Lake
Baikal. The importance of the variables food limitation, degree of cold adaptation, and sturdiness
of exoskeletons to biomechanical stress remain to
be investigated in future studies as well as further secondary factors of global warming and
eutrophication.

Acknowledgments
We thank the students of Irkutsk State University
who assisted field and laboratory work. Lena
Perkuhn, Lukas Ehlers, Jan Arriens, and Alexander
Massing are acknowledged for technical assistance.
Moreover, we thank Christian Hamm and Gisela
Lannig for scientific advice. This work was performed
within the LabEglo project HRJRG-221, financed by
the bilateral funding program “Helmholtz-Russia
Joint Research Groups” (HRJRG) from the Helmholtz
Association and the Russian Foundation for Basic
Research (RFBR). Russian participants received further funding by the RFBR (grants: 15-29-01003; 14-
04-00501; 15-04-06685), the Civilian Research and
Development Foundation (CRDF) (grant: FSCX-15-
61168-0) and were partially supported by the Russian
Science Foundation (grant: 14-14-00400).

Data accessibility
Data presented here are available at: http://
dx.doi.org/10.1594/PANGAEA.845942

Literature Cited
Adrian, R., et al. 2009. Lakes as sentinels of climate
change. Limnology and Oceanography 54:2283–
2297.
Anteau, M. J., A. D. Afton, A. C. E. Anteau, and E. B.
Moser. 2011. Fish and land use influence Gammarus
lacustris and Hyalella azteca (Amphipoda) densities
in large wetlands across the upper Midwest. Hydrobiologia 664:69–80.
Axenov-Gribanov, D. V., J. A. Lubyaga, N. S. Shakhtanova, A. N. Gurkov, D. S. Bedulina, Z. M. Shatilina,
E. M. Kondratyeva, K. P. Vereshchagina, and M.
A. Timofeyev. 2012. Determination of Lake Baikal
endemic amphipod Eulimnogammarus verrucosus

v www.esajournals.org

13

(Gerstf., 1858) thermal optima limits by changes in
its metabolic markers. Journal of Stress Physiology
& Biochemistry 8:289–301.
Barnes, C. 2008. Predator and prey body sizes in marine food webs. Ecology 89:881.
Bedulina, D. S., et al. 2013. Expression patterns and
organization of the hsp70 genes correlate with
thermotolerance in two congener endemic amphipod species (Eulimnogammarus cyaneus and E.
verrucosus) from Lake Baikal. Molecular Ecology
22:1416–1430.
Booth, C. E., B. R. McMahon, and A. W. Pinder. 1982.
Oxygen uptake and the potentiating effects of increased hemolymph lactate on oxygen transport
during exercise in the blue crab, Callinectes sapidus.
Journal of Comparative Physiology - B 148:111–
121.
Brown, J. H., J. F. Gillooly, A. P. Allen, V. M. Savage,
and G. B. West. 2004. Toward a metabolic theory of
ecology. Ecology 85:1771–1789.
Daufresne, M., K. Lengfellner, and U. Sommer. 2009.
Global warming benefits the small in aquatic ecosystems. Proceedings of the National Academy of
Sciences of the United States of America 106:12788–
12793.
De Batist, M., M. Canals, P. Sherstyankin, and S. Alekseev; INTAS Project 99-1669 Team. 2006. A new
bathymetric map of Lake Baikal. GeoForschungsZentrum GFZ, Potsdam, Germany. http://dx.doi.
org/10.1594/GFZ.SDDB.1100.
Falkner, K. K., C. I. Measures, S. E. Herbelin, J. M. Edmond, and R. F. Weiss. 1991. The major and minor
element geochemistry of Lake Baikal. Limnology
and Oceanography 36:413–423.
Frederich, M., and H. O. Pörtner. 2000. Oxygen limitation of thermal tolerance defined by cardiac and
ventilatory performance in spider crab, Maja squinado. American Journal of Physiology-Regulatory
Integrative and Comparative Physiology 279:1531–
1538.
Giomi, F., and H. O. Pörtner. 2013. A role for
haemolymph oxygen capacity in heat tolerance
of eurythermal crabs. Frontiers in Physiology
4:110.
Glass, M. L., and S. C. Wood. 2009. Cardio-respiratory
control in vertebrates, Twelfth edition. Springer,
Berlin Heidelberg, Germany.
Hampton, S. E., L. R. Izmest’eva, M. V. Moore, S. L.
Katz, B. Dennis, and E. A. Silow. 2008. Sixty years of
environmental change in the world’s largest freshwater lake - Lake Baikal, Siberia. Global Change
Biology 14:1947–1958.
Karaman, G. S., and S. Pinkster. 1977. Freshwater
Gammarus species from Europe, North-Africa and
adjacent regions of Asia (Crustacea-Amphipoda):

March 2016 v Volume 7(3) v Article e01308

JAKOB ET AL.

Part I. Gammarus pulex-group and related species.
Bijdragen tot de Dierkunde 47:1–97.
Kozhov, M. 1963. Lake Baikal and its life. Dr. W. Junk
Publishers, The Hague, The Netherlands.
Kozhova, O. M., and L. R. Izmest’eva. 1998. Lake Baikal - evolution and biodiversity. Backhuys Publishers, Leiden, The Netherlands.
Kravtsova, L. S., E. B. Karabanov, R. M. Kamaltynov, S.
K. Krivonogov, and D. Y. Shcherbakov. 2003. Macrozoobenthos of subaqueous landscapes in shoal of
southern Lake Baikal. 1. Local diversity of bottom
population and peculiarities of its spatial distribution. Zoologicheskii Zhurnal 82:307–317.
Kravtsova, L. S., et al. 2004. Macrozoobenthic communities of underwater landscapes in the shallow-
water zone of southern Lake Baikal. Hydrobiologia
522:193–205.
Mangum, C. P. 1997. Adaptation of the oxygen transport system to hypoxia in the blue crab Callinectes
sapidus. American Zoologist 37:604–611.
Marshall, D. J., M. Bode, and C. R. White. 2013. Estimating physiological tolerances – a comparison
of traditional approaches to nonlinear regression techniques. Journal of Experimental Biology
216:2176–2182.
Matafonov, D. V. 2007. Ecology of Gammarus lacustris
Sars (Crustacea: Amphipoda) in Transbaikalian
water bodies. Biology Bulletin 34:148–155.
Mazepova, G. F. 1990. Baikal ostracoda. Nauka, Novosibirsk, Russia.
McMahon, B. R. 2001. Respiratory and circulatory
compensation to hypoxia in crustaceans. Respiration Physiology 128:349–364.
Moore, P., and A. Taylor. 1984. Gill area relationships
in an ecological series of gammaridean amphipods
(Crustacea). Journal of Experimental Marine Biology and Ecology 74:179–186.
Moore, M. V., S. E. Hampton, L. R. Izmest’eva, E. A. Silow, E. V. Peshkova, and B. K. Pavlov. 2009. Climate
change and the world’s “Sacred Sea”-Lake Baikal,
Siberia. BioScience 59:405–417.
Morritt, D., and J. I. Spicer. 1993. Mini review: a brief
reexamination of the function and regulation of
extra-cellular magnesium and its relationship to
activity in crustacean arthropods. Comparative
Biochemistry and Physiology -Part A 106:19–23.
Peck, L. S., M. S. Clark, S. A. Morley, A. Massey, and H.
Rossetti. 2009. Animal temperature limits and ecological relevance: effects of size, activity and rates
of change. Functional Ecology 23:248–256.
Pörtner, H. O. 2010. Oxygen- and capacity-limitation
of thermal tolerance: a matrix for integrating
climate-related stressor effects in marine ecosystems. Journal of Experimental Biology 213:881–
893.

v www.esajournals.org

14

Pörtner, H. O., and R. Knust. 2007. Climate change affects marine fishes through the oxygen limitation
of thermal tolerance. Science 315:95–97.
Pörtner, H. O., C. Bock, R. Knust, G. Lannig, M. Lucassen, F. C. Mark, and F. J. Sartoris. 2008. Cod and
climate in a latitudinal cline: physiological analyses of climate effects in marine fishes. Climate Research 37:253–270.
Protopopova, M. V., V. V. Pavlichenko, R. Menzel, A.
Putschew, T. Luckenbach, and C. E. W. Steinberg.
2014. Contrasting cellular stress responses of Baikalian and Palearctic amphipods upon exposure
to humic substances: environmental implications.
Environmental Science and Pollution Research
21:14124–14137.
Rusinek, O. T., V. V. Takhteev, D. P. Gladkochub, T. V.
Khodzher, and N. M. Budnev. 2012. Baikalovedenie (Baikalogy). Nauka, Novosibirsk, Russia.
Shatilina, Z. M., H. W. Riss, M. V. Protopopova, M.
Trippe, E. I. Meyer, V. V. Pavlichenko, D. S. Bedulina, D. V. Axenov-Gribanov, and M. A. Timofeyev.
2011. The role of the heat shock proteins (HSP70
and sHSP) in the thermotolerance of freshwater
amphipods from contrasting habitats. Journal of
Thermal Biology 36:142–149.
Shimaraev, M. N., L. N. Kuimova, V. N. Sinyukovich,
and V. V. Tsekhanovskii. 2002. Manifestation of
global climatic changes in Lake Baikal during the
20th century. Doklady Earth Sciences 383:288–291.
Silow, E. A. 2014. Lake Baikal: current environmental
problems. Pages 1–9 in S. E. Jørgensen, editor. Encyclopedia of environmental management. Taylor
and Francis, New York, New York, USA.
Somero, G. N. 2010. The physiology of climate change:
how potentials for acclimatization and genetic adaptation will determine “winners” and “losers”.
Journal of Experimental Biology 213:912–920.
Storch, D., L. Menzel, S. Frickenhaus, and H.-O. Pörtner. 2014. Climate sensitivity across marine domains of life: limits to evolutionary adaptation
shape species interactions. Global Change Biology
20:3059–3067.
Takhteev, V. V., I. V. Mechanikova, and E. B. Govoruchina. 2003. Ecological mechanisms of endemic
evolution of amphipods (Crustacea Amphipoda)
from Lake Baikal. Sibirskij Jecologicheskij Zhurnal
3:305–310.
Takhteev, V., N. A. Berezina, and D. A. Sidorov. 2015.
Checklist of the Amphipoda (Crustacea) from continental waters of Russia, with data on alien species. Arthropoda Selecta 24:335–370.
Tepolt, C. K., and G. N. Somero. 2014. Master of all
trades: thermal acclimation and adaptation of cardiac function in a broadly distributed marine invasive species, the European green crab, Carcinus

March 2016 v Volume 7(3) v Article e01308

JAKOB ET AL.

Wilkes, P. R. H., and B. R. McMahon. 1982. Effect of
maintained hypoxic exposure on the crayfish
Oronectes Rusticus. 1. Ventilatory, acid-base and
cardiovascular adjustments. Journal of Experimental Biology 98:119–137.
Woodward, G., B. Ebenman, M. Emmerson, J. M. Montoya, J. M. Olesen, A. Valido, and P. H. Warren.
2005. Body size in ecological networks. Trends in
Ecology & Evolution 20:402–409.
Woodward, G., J. Blanchard, R. B. Lauridsen, F. K. Edwards, J. I. Jones, D. Figueroa, P. H. Warren, and
O. L. Petchey. 2010a. Individual-based food webs:
species identity, body size and sampling effects.
Pages 211–266 in G. Woodward, editor. Advances
in ecological research, Vol 43: integrative ecology:
from molecules to ecosystems. Academic Press,
Waltham, Massachusetts, USA.
Woodward, G., D. M. Perkins, and L. E. Brown.
2010b. Climate change and freshwaterecosystems:
impacts across multiple levels of organization.
Philosophical Transactions of the Royal Society B-
Biological Sciences 365:2093–2106.
Yoshioka, T., S. Ueda, T. Khodzher, I. Bashenkhaeva, L.
Korovyakova, L. Sorokovikova, and L. Gorbunova.
2002. Distribution of dissolved organic carbon in
Lake Baikal and its watershed. Limnology 3:159–
168.
Yvon-Durocher, G., J. I. Jones, M. Trimmer, G. Woodward, and J. M. Montoya. 2010. Warming alters the
metabolic balance of ecosystems. Philosophical
Transactions of the Royal Society B-Biological Sciences 365:2117–2126.
Zerbst-Boroffka, I., T. Grospietsch, I. Mekhanikova,
and V. Takhteev. 2000. Osmotic and ionic
hemolymph concentrations of bathyal and abyssal
amphipods of Lake Baikal (Siberia) in relation to
water depth. Journal of Comparative Physiology
-B 170:615–625.

maenas. Journal of Experimental Biology 217:1129–
1138.
Terasaki, M., and H. Rubin. 1985. Evidence that intracellular magnesium is present in cells at a regulatory concentration for protein synthesis. Proceedings
of the National Academy of Sciences of the United
States of America 82:7324–7326.
Timofeyev, M. A., and K. A. Kirichenko. 2004. Experimental estimation of the role of abiotic factors in containment of endemics beyond the bounds of Lake
Baikal. Sibirskij Jecologicheskij Zhurnal 1:41–50.
Timofeyev, M., and Z. Shatilina. 2007. Different preference reactions of three Lake Baikal endemic amphipods to temperature and oxygen are correlated
with symbiotic life. Crustaceana 80:129–138.
Timofeyev, M. A., J. M. Shatilina, and D. I. Stom. 2001.
Attitude to temperature factor of some endemic
amphipods from Lake Baikal and Holarctic Gammarus lacustris Sars, 1863: a comparative experimental study. Arthropoda Selecta 10:93–101.
Timoshkin, O. A. 2001. Lake Baikal: diversity of fauna,
problems of its immiscibility and origin, ecology
and “exotic” communities. Pages 74–117 in O. A.
Timoshkin, editor. Index of animal species inhabiting Lake Baikal and its catchment area. Nauka,
Novosibirsk, Russia.
Timoshkin, O. A., N. A. Bondarenko, E. A. Volkova,
I. V. Tomberg, V. S. Vishnyakov, and V. V. Maljnik.
2014. Mass development of filamentous algae of
genera Spirogyra and Stigeoclonium (Chlorophyta)
in the coastal zone of southern Baikal. Hydrobiological Journal 50:15–26.
Weinberg, I. V., and R. M. Kamaltynov. 1998. Zoobenthos communities on stony beach of Lake Baikal.
Zoologichesky Zhurnal 77:259–265.
Weiss, R. F., E. C. Carmarck, and V. M. Koropalov.
1991. Deep water renewal and biological production in Lake Baikal. Nature 349:665–669.

Supporting Information
Additional Supporting Information may be found online at: http://onlinelibrary.wiley.com/
doi/10.1002/ecs2.1308/supinfo

v www.esajournals.org

15

March 2016 v Volume 7(3) v Article e01308

