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Abstract.   Lake ”aikal, the world’s most voluminous freshwater lake, has experienced unprecedented 
warming during the last decades. “ uniquely diverse amphipod fauna inhabits the litoral 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 ”aikal amphipods, Eulim-
nogammarus verrucosus and Eulimnogammarus cyaneus, and Gammarus lacustris, a ubiquitous gammarid of 
the Holarctic. “s the later 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 litoral zone. “nimals were exposed to gradual temperature increases ǻŚ week, Ŗ.Ş °C/dǲ 
ŘŚ h, ŗ °C/hǼ starting from the reported annual mean temperature of the ”aikal litoral ǻŜ °CǼ. Within the 
framework of oxygen-  and capacity- limited thermal tolerance ǻOCLTTǼ, we used a nonlinear regression 
approach to determine the points at which the changing temperature- dependence of relevant physiolog-
ical processes indicates the onset of limitation. Limitations in ventilation representing the irst limits of 
thermal tolerance ǻpejus ǻ= ȃgeting worseȄǼ temperatures ǻTpǼǼ were recorded at ŗŖ.Ŝ ǻşś% conidence 
intervalǲ ş.ś, ŗŗ.ŝǼ, ŗş.ŗ ǻŗŝ.ş, ŘŖ.ŘǼ, and Řŗ.ŗ ǻŗş.Ş, ŘŘ.ŚǼ °C in E. verrucosus, E. cyaneus, and G. lacustris, 
respectively. Field observations revealed that E. verrucosus retreated from the upper litoral 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 ǻTcǼ 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- speciic limits to oxygen supply capacity are like-
ly key in the onset of constraining ǻbeyond pejusǼ and then life- threatening ǻbeyond criticalǼ conditions. 
 Ecological consequences of these limits are mediated through behavioral plasticity in E. verrucosus. How-
ever, similar upper thermal limits in E. cyaneus ǻendemic, ”aikalǼ and G. lacustris ǻubiquitous, HolarcticǼ 
indicate that the potential invader G. lacustris would not necessarily beneit from rising temperatures. 
Secondary efects of increasing temperatures remain to be investigated.
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IntroductIon

Lakes are sentinel ecosystems of climate 
change ǻ“drian et al. ŘŖŖşǼ. Lake ”aikal, the 
world’s largest freshwater body, has a volume of 
Řř,Ŝŗś km3 ǻDe ”atist et al. ŘŖŖŜǼ and comprises 
ŘŖ% of global unfrozen surface freshwater re-
sources. Since ŗşŚŜ its mean surface water tem-
perature increased by ŗ.Řŗ °C ǻannual meanǼ and 
by ŗ.Ŝ °C during summer ǻHampton et al. ŘŖŖŞǼ. 
Further, the ice- free season was prolonged by 
ŗŞ d between ŗŞŜş and ŘŖŖŖ and the ice thickness 
in winter decreased by ŗŘ cm in the southern 
basin between ŗşŚş and ŘŖŖŖ ǻShimaraev et al. 
ŘŖŖŘǼ. ”y ŘŗŖŖ the surface water of Lake ”aikal is 
projected to warm by more than Ś.ś °C compared 
with present temperature ǻMoore et al. ŘŖŖşǼ.

Temperature is arguably the overarching abi-
otic factor for ectothermic organisms. Climate 
change will thus afect most aquatic ectotherms 
and challenge their physiological and ecological 
plasticity. This study focuses on the ecophysiolog-
ical efects of rising temperature on amphipods, 
which comprise up to şŖ% of benthic biomass 
and species in Lake ”aikal ǻRusinek et al. ŘŖŗŘǼ 
and are key benthic decomposers in the complex 
nutrient cycling system of the lake. Lake ”aikal 
is famous for its rich endemic amphipod fauna 
and is inhabited by more than Śś% of the world’s 
known gammaroidean species, all belonging to 
the suborder Gammaridea Latreille, ŗŞŖŘ ǻTakh-
teev et al. ŘŖŗśǼ. It is thus an ideal ecosystem to 
study ecosystem changes elicited through direct 
impacts of climate on the interaction of closely 
related species. ”aikal endemics experienced sta-
ble abiotic conditions for millions of years with 
moderately luctuating temperatures as contrib-
uting streams, currents, and winds are driving 
continuous mixing. Temperature luctuates be-
tween Ř.Ř ° and Ŝ.ś °C at ŗŖŖ m depth ǻKozhov 
ŗşŜřǼ and an annual mean temperature of Ŝ °C 
was measured in the litoral ǻFalkner et al. ŗşşŗ, 
Weiss et al. ŗşşŗ, Yoshioka et al. ŘŖŖŘǼ. Hence, 
”aikal amphipods might be more vulnerable to 
a quickly changing environment than ubiquitous 
species like Gammarus lacustris Sars, ŗŞŜř, a wide-
spread amphipod of the Holarctic, including Si-
beria ǻKaraman and Pinkster ŗşŝŝǼ. The later is 
a candidate species to widely invade Lake ”ai-
kal as it inhabits various shallow water bodies in 
proximity and even isolated bays of Lake ”aikal 

characterized by a comparatively high content 
of benthic organic mater, high temperatures in 
summer and low wave impact. “t present, it is 
not found in the typical ”aikal litoral benthos 
ǻKozhova and Izmest’eva ŗşşŞ, Timoshkin ŘŖŖŗǼ. 
It is unknown whether climate change will afect 
the distribution paterns of ubiquitous and en-
demic speciesǲ the biotic and abiotic factors con-
stituting the ȃimmiscibility barrierȄ separating 
the endemic ”aikal and the ubiquitous Palearctic 
faunas remain to be identiied ǻMazepova ŗşşŖ, 
Timoshkin ŘŖŖŗǼ.

Here we compare G. lacustris with two ”ai-
kal amphipods, Eulimnogammarus verrucosus 
ǻGerstfeldt, ŗŞśŞǼ and Eulimnogammarus cyaneus 
ǻDybowsky, ŗŞŝŚǼ, which are two of the most 
abundant species of the litoral and thus high-
ly important components of the unique benthic 
ecosystem. They inhabit rocky habitats at depths 
of Ŗ–ŗś m and Ŗ–ŗ.ś m, respectively. “s a sed-
entary species of the upper litoral, E. cyaneus is 
exposed to higher temperature luctuations than 
E. verrucosus, which migrates to deeper waters 
in summer ǻWeinberg and Kamaltynov ŗşşŞǼ. 
Previous short- term studies of preference tem-
peratures ǻTimofeyev et al. ŘŖŖŗ, Timofeyev and 
Kirichenko ŘŖŖŚ, Timofeyev and Shatilina ŘŖŖŝǼ, 
heat shock proteins ǻShatilina et al. ŘŖŗŗ, ”eduli-
na et al. ŘŖŗř, Protopopova et al. ŘŖŗŚǼ, enzyme 
activities, and products of metabolism ǻ“xenov- 
Gribanov et al. ŘŖŗŘǼ indicated that E. verrucosus 
is more sensitive to thermal stress than E. cyane-
us and G. lacustris, but ecophysiological thermal 
limits and performances at the whole animal lev-
el have not been investigated.

Field observations of ecological consequenc-
es of climate change have been explained by the 
concept of oxygen-  and capacity- limitation of 
thermal tolerance ǻOCLTTǼ ǻPörtner ŘŖŗŖǼ. Each 
species ǻand even life stageǼ has a limited ther-
mal range of aerobic performance. Pejus ǻlat.Ǽ 
ǻ= progressively deleteriousǼ temperatures ǻTp) 
characterize the irst level of thermal limita-
tions and the ecological thermal boundaries of 
a species. In the ield, occurrence of tempera-
tures beyond these thermal boundaries leads to 
decreasing abundance of a species ǻPörtner and 
Knust ŘŖŖŝǼ. Surpassing Tp implies decreased 
performance until reaching the critical tem-
perature ǻTcǼ, which precludes long- term sur-
vival.
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This study aimed to determine the points at 
which the changing temperature- dependence of 
relevant physiological processes indicates the on-
set of limitation in E. verrucosus, E. cyaneus, and 
G. lacustris. In light of the observations made, 
we discuss whether ecophysiological indings 
 support an assessment of how increasing water 
temperatures will afect the three species and 
whether warming will be beneicial for G. lacus-
tris in comparison with the ”aikal endemics.

MaterIal and Methods

Sampling site
Eulimnogammarus verrucosus ǻśśŖ–ŞŞś mgǼ and 

E. cyaneus ǻŗş–Śş mgǼ were caught with a hand 
net ǻkick samplingǼ in the ”aikal litoral in the 
vicinity of ”olshie Koty ǻśŗ°şŗřŝȞ N, ŗŖś°ŖŜşŗȞ 
EǼ at depths of Ŗ–ŗ.Ř m. The sampling site 
represents the beach zone, according to under-
water landscape zoning ǻKravtsova et al. ŘŖŖŚǼ 
characterized by algae- covered boulders ǻmainly 
Ulothrix zonataǼ, half- immersed in sand, and 
intensive hydrodynamics. G. lacustris ǻŘŜ–
ŗŚś mgǼ was sampled in the same way in ȃLake 
ŗŚȄ ǻśŗ° śśȝ ŗŚ.řşȞ N, ŗŖś° Śȝ ŗş.ŚŞȞ EǼ. This 
well- aerated eutrophic pond is supplied by 
groundwater and connected to a backwater of 
”olshie 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. ǻŘŖŗŚǼ for a map with sampling locations. 
The investigated amphipod species are depicted 
in the Supporting Information in Fig. Sŗ.

Experimental setup and animal maintenance
Experiments were performed between June 

and October ǻŘŖŗŗ–ŘŖŗřǼ in the Institute of 
”iology at Irkutsk State University and its ield 
station in ”olshie Koty. “dult animals were 
selected with a similar or larger size than those 
of previous studies in which body length was 
used to classify adult animals ǻE. verrucosusǱ 
řŖ mm, E. cyaneusǱ ŗŚ mm and G. lacustrisǱ 
ŗŚ mmǼ ǻTimofeyev et al. ŘŖŖŗǼ. Immediately 
ater sampling, amphipods were transported to 
the laboratory in insulated boxes and sorted 
under temperature- controlled conditions. Two 
hundred individuals of E. cyaneus, ŝś of 

G. lacustris, or Řś of E. verrucosus were quickly 
placed into Ř L tanks ǻhigh- density polypro-
pylene of food grade quality or glassǼ containing 
aerated Ŝ °C ”aikal water and kept for at least 
Ř d with low illumination. “bout two- thirds 
of the tank botoms were covered with pebbles 
from the litoral, precleaned with boiling ”aikal 
water. Water was exchanged once every ŗ to 
ř d ǻincreasing the exchange rate with rising 
temperaturesǼ. Commercial food for crustaceans 
ǻTetra, Melle, GermanyǼ was applied in 
ŘŖŗŗ/ŘŖŗŘ and animals were fed with a mix of 
amphipods, algae, water plants, and detritus 
collected in the ”aikal litoral ǻfrozen, air- dried 
at ≈ řŖ °C and roughly mortaredǼ in ŘŖŗř. Food 
was supplied ad libitum and there was no 
visible diference in condition of animals fed 
with either food. Control animals were kept 
at a water temperature of Ŝ ± Ŗ.Ş °C, the re-
ported annual mean temperature of the litoral. 
For G. lacustris an extra ȃLake ŗŚȄ control was 
set up containing water from ȃLake ŗŚȄ and 
animals were fed with alder, willow, and birch 
leaves collected in the pond. The cation com-
position ǻin μmol/LǼ was Na+Ǳ ŘŗŖ, K+Ǳ ŗŖ, Mg2+Ǳ 
ŘŚŖ, Ca2+Ǳ řŖŖ in ȃLake ŗŚ and Na+Ǳ ŘŘŖ, K+Ǳ 
ŚŖ, Mg2+Ǳ ŗŚŖ, Ca2+Ǳ ŚśŖ in the ”aikal litoral. 
In June ś.ř–ŝ.Ŗ °C and ŝ.Ř–ŗŗ °C and in 
September Ş.ś–ŗś °C and ŗŘ.Ŗ–ŗř.ř °C were 
monitored during sampling at depths of Ŗ–ŗ.Ř m 
in Lake ”aikal and ȃLake ŗŚ,Ȅ respectively. 
During long- term ǻŚ weekǼ experiments, water 
tanks were stored in an incubator ǻSanyo MIR- 
ŘśŚ ǻŘřŞ LǼ, Osaka, JapanǼ, and the water tem-
perature was increased by Ŗ.Ş °C/d. In short- term 
ǻŘŚ hǼ exposures, Ř L tanks were placed in 
water baths, increasing temperature by ŗ °C/h 
by use of a thermostat ǻWiseCircu, Witeg GmbH, 
Wertheim, GermanyǼ. The experimental proto-
cols were designed to mimic temperature luc-
tuations during a summer season and diurnal 
changes but went beyond natural habitat tem-
peratures in order to clearly identify thermal 
limits. For each individual analysis, animals of 
a certain species were randomly taken out of 
Ŝ–ŗŖ individual tanks.

Mortality
Dead animals were removed and counted 

daily to obtain the temperature- dependent cu-
mulative mortality for each species excluding 
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cannibalized individuals. The Weibull model 
ǻś- parametricǲ sigmoidalǼ was ited to the data 
in order to calculate lethal temperatures ǻLTǼ 
for certain percentages of the test group ǻLTx%Ǽ.

Routine metabolic rate
Routine metabolic rate ǻRMRǼ, measured as 

oxygen consumption ǻMO2Ǽ per gram of fresh 
weight ǻFWǼ, was analyzed with optical sensors 
purchased from Presens, Regensburg, GermanyǱ 
Microx TXř and OXYŚ, Oxygen Micro- Optode 
ǻNTH- PStŗ- Lś- TF- NS*řś**xŗ,ŘŖ- PCř,ŗ- YOPǼ, 
with airtight connections to low- through res-
piration chambers. Sensors were calibrated to 
Ŗ% oxygen in oversaturated sodium sulite 
ǻ“ppliChem, Darmstadt, GermanyǼ and to ŗŖŖ% 
air saturation in the running system. “ter cal-
ibration, the ŗŖŖ% value was recorded for several 
minutes, and animals were carefully placed in 
airtight Telon® chambers closed with plexiglass 
lids. Tanks and plasticizer- free tubing ǻMHSL 
ŘŖŖŗ, Ismatec, Wertheim, GermanyǼ were sub-
merged in thermostatic baths to ensure tem-
perature stability ǻ±Ŗ.Ř °CǼ. Flow rate was 
adjusted so that oxygen consumption was in 
steady state and the outlow drop in air sat-
uration ranged between Ŝ% and Řř%. When 
the values were stable for about ŘŖ min, the 
animals were removed from the chambers, 
quickly and gently dried with lint- free paper 
towel, weighed on a ine scale, immediately 
placed back into the incubation system, and 
allowed to recover from manipulation for at 
least ř d. No diferences in RMR were found 
between nontreated and previously treated an-
imals. The Q10 temperature coeicients were 
determined for each temperature increment to 
study irregular changes across temperatures.

Resting ventilation
Ventilation ǻpleopod beat rateǼ was analyzed 

in periods of resting deined as the time spent 
in relaxed posture without locomotor or intense 
grooming activity. “nimals were transferred to 
Telon® chambers with perforated depressions 
to allow unhindered water circulation in 
temperature- controlled Ř L tanks containing 
aerated ”aikal water. “s the animals did not 
show any reaction to red light, a ŜŘś nm LED 
light source was used for illumination during 
ř min video recording sequences. In the Ś- week 

study in June/July ŘŖŗř, E. verrucosus was video- 
recorded in the low- through systems during 
simultaneous measurements of RMR. “s pleo-
pods of E. cyaneus and G. lacustris are small 
and transparent, simultaneous recordings of 
ventilation rate and RMR were impossible for 
these species. “ter recordings individuals were 
treated in the same way as ater measuring 
RMR. Video- taped ventilation rates were ana-
lyzed manually in slow motion ǻŖ.ś× or Ŗ.Řś×Ǽ.

If irregular changes were noted in RMR or ven-
tilation, movies recorded for studying ventila-
tion 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.

Ion regulation
Extracellular concentrations of inorganic cat-

ions ǻNa+, K+, Mg2+, and Ca2+Ǽ were determined 
chromatographically using a Dionex ICS 
ŗśŖŖ/ŘŖŖŖ equipped with an Ion Pac CSŗŜ col-
umn operated at ŚŖ °C. Methane sulfonic acid 
ǻřŖ mMǼ was used as an eluent at a low rate 
of Ŗ.řŜ mL/min. Hemolymph was extracted 
manually using capillaries with ultraine tips. 
“nimals were dried with paper tissue and cap-
illaries were introduced dorsally preventing 
damage to the guts. Samples ǻŖ.ś–Ř.ś μLǼ were 
diluted with śŖ μL of H2O and stored at −ŘŖ °C 
prior to analysis. For peak identiication and 
quantiication ǻbased on peak areasǼ three- point 
calibrations of the Dionex Six Cation II Standard 
were used. “ll 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 ŘŚ h at ŚŖ °C in a drying cabinet 
and reweighed. We checked whether all water 
had evaporated ater another ř h in the drying 
cabinet. Eventually, animals were incinerated 
in a mule furnace at śŜŖ °C and the ash- 
weights were determined.

Abundance
“bundance was measured in the ield on a 

relative scale by calculating the personal catch-
ing success per unit time at diferent ambient 
temperatures ǻś.ř to ŗś.Ŗ °CǼ. “nimals were 
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sampled at ten sampling occasions in the period 
from the beginning of June to the beginning 
of September ŘŖŗř. Only adult animals of the 
respective weight classes described in ȃMaterials 
and methodsǱ Sampling siteȄ were taken into 
account. The amphipods were sampled at depths 
of Ŗ–ŗ.Ř m.

Data analysis and statistics
Data were tested for normal distribution and 

homoscedasticity with the Ryan- Joiner and 
Levene’s test, respectively, using Minitab ŗŝ 
ǻMinitab Inc, State College, Pennsylvania, US“Ǽ. 
They are presented as means ± standard error 
of the mean ǻSEǼ unless otherwise indicated. 
Standard statistical tests were applied to reveal 
signiicant diferences ǻP < Ŗ.ŖśǼ and are men-
tioned in the results. If data showed no normal 
distribution, respective nonparametric tests were 
applied ǻe.g., “NOV“ on ranksǼ. The ȃDynamic 
Fit WizardȄ in SigmaPlot ŗř ǻSystat Sotware 
Inc, San Jose, California, US“Ǽ was used to 
ind the best- it model ǻthose with lowest 
“kaike’s information criterionǼ for the data sets 
of cumulative mortality, ventilation, and RMR. 
Candidate models were preselected by shape. 
Weibull and lognormal models were ited to 
all data sets of mortality, ventilation and to 
RMR data sets of E. verrucosus and G. lacustris 
ǻŜ–ŘŘ °CǼ. We aimed to ind the upper break-
point temperature ǻ”PTǼ deined as the point 
where temperature stopped being the driver 
of ventilation ǻ= ”PTVent.Ǽ or RMR ǻ= ”PTOx.Ǽ, 
i.e., when the slope of the curve started to 
laten out and approach zero. The upper ”PT 
was deined according to Marshall et al. ǻŘŖŗřǼ, 
i.e., as the point where the model’s slope equals 
Ŗ.ŖŜś ǻnonlinear regression approachǼ. The şś% 
conidence intervals ǻCIǼ are given in parentheses 
for the modeled ”PT values of RMR and ven-
tilation. In case none of the selected parametric 
models ited the data sets, ”PTs were estimated 
to correspond to the maximum values of the 
exponentially increasing rates that were followed 
by signiicant declines. These maximum values 
were similar to those derived by the nonlinear 
regression approach in this study ǻfor compar-
ison see Fig. ŗǼ. Only measurements at which 
survival was > ŝś% were taken into account 
to distinguish physiological phenomena that 
may appear right before death ǻe.g., a sudden 

increase in heart rateǼ from physiological re-
sponses to rising temperatures. However, we 
emphasize that these values are only rough 
estimates. “ll model equations are available in 
the Supporting Information in Table Sŗ.

results

Mortality
LTśŖ values of Řŗ.ŗ, ŘŞ.Ś, and ŘŞ.ř °C were 

derived from Weibull models ited to the data 
sets of E. verrucosus, E. cyaneus, and G. lacustris 
ǻFig. ŗa–cǲ Ś- week study, June/July ŘŖŗřǼ. In 
comparison to June/July, the LTśŖ values de-
termined in September/October were similar in 
E. verrucosus ǻŘŗ.ś °CǼ and slightly higher in 
E. cyaneus and G. lacustris ǻřŖ.Ś and řŖ.ř °CǼ 
ǻTable ŗǼ.

Routine metabolic rate
“t control temperature ǻŜ °CǼ, oxygen con-

sumption ǻμmol g ǻFWǼ−ŗ h−ŗǼ was lowest in 
E. verrucosus ǻř.ř ± Ŗ.ŘǼ ǻFig. ŗaǼ and similar 
in E. cyaneus und G. lacustris ǻś.ř ± Ŗ.Ś and 
ś.ŝ ± Ŗ.ř, respectivelyǼ ǻFigs. ŗb and cǲ Ś- week 
study, June/July ŘŖŗřǼ. RMR increased up to 
ŗś.Ŗ ǻŗŚ.Ŗ, ŗŜ.ŗǼ °C in E. verrucosus determined 
as ”PTOx.. “t ŘŖ.Ś °C RMRs decreased with 
increasing weights of E. verrucosus specimens 
ǻPearson correlation, P = Ŗ.ŖŖŘşǼ and beyond 
ŘŖ.Ś °C only relatively small animals were still 
alive ǻ“NOM, P < Ŗ.ŖśǼ. E. cyaneus and G. la-
custris increased RMRs exponentially up to 
Řś.Ř ° and Řř.Ŝ °C, respectively. “s parametric 
models ǻe.g., Weibull or lognormalǼ failed to 
it these data sets, ”PTOx.- values for E. cyaneus 
and G. lacustris could only be estimated and 
were considered to approximately correspond 
to the measured maximum values of the ex-
ponential increases, which were followed by 
signiicant declines in respiration rate ǻFigs. ŗb 
and cǼ.

In all species, the highest thermal sensitivity 
of RMR, deduced from the largest Q10- values, 
occurred close to the upper ”PTVent.. This leap 
in RMR was most pronounced in G. lacustris be-
tween ŘŘ.Ŗ ° and Řř.Ŝ °C coinciding with a signii-
cant increase in movement activity from śŘ ± ŘŖ% 
to şř ± ŗř% ǻt test, P = Ŗ.ŖŖŘǼ. For the other species 
no such sudden elevations of movement activity 
were statistically detectable. Passing the ”PTOx. 
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coincided with the onset of exponentially in-
creasing mortality in all species.

Resting ventilation
The results of the Ś- week study ǻJune/July 

ŘŖŗřǼ are depicted in Fig. ŗd–f. “ ”PTVent. of 
ŗŖ.Ŝ ǻş.ś, ŗŗ.ŝǼ °C was determined for E. ver-
rucosus ǻFig. ŗdǼ. Ventilation in E. cyaneus 
ǻFig. ŗeǼ and G. lacustris ǻFig. ŗfǼ was insensitive 
to temperatures up to ŗŘ.Ś ° and ŗŚ.Ŗ °C, re-
spectively. ”eyond those temperatures it 

increased exponentially, reaching an upper 
”PTVent. of ŗş.ŗ ǻŗŝ.ş, ŘŖ.ŘǼ °C in E. cyaneus 
and Řŗ.ŗ ǻŗş.Ş, ŘŘ.ŚǼ °C in G. lacustris. Individuals 
of G. lacustris incubated in ȃLake ŗŚȄ- water 
showed a ”PTVent. of Řŗ.Ş ǻŗş.Ř, ŘŚ.ŚǼ °C ǻdata 
not depictedǼ.

Table ŗ compiles ”PTVent. values from experi-
ments difering with regard to duration and sea-
son. The ”PTVent. values of the two ”aikal species 
from a ŘŚ- h study slightly exceeded those deter-
mined in Ś- week investigations from the same 

Fig. ŗ.ȳRoutine oxygen consumption ǻblack symbols, a–cǼ, cumulative mortality ǻred lines, a–cǼ and resting 
ventilation ǻblack symbols, d–fǼ of E. verrucosus ǻlet panelsǼ, E. cyaneus ǻcentral panelsǼ, and G. lacustris ǻright 
panelsǼ exposed to gradual temperature increase ǻŖ.Ş °C/d, Ŝ–řŖ °CǼ ǻexperimental periodǱ June/July ŘŖŗřǼ. Model 
its are represented by solid lines and model equations are summarized in the Supporting Information in 
Table Sŗ. Field abundance ǻŖ–ŗ.Ř m depthǼ at diferent ambient temperatures is only depicted for E. verrucosus 
ǻblue dots, dǼ. On each panel, vertical lines indicate the upper ”PTVent. ǻblack doted linesǼ and the upper ”PTOx. 
ǻblack dashed linesǼ and the LTśŖ values ǻred solid linesǼ, respectively. Gray symbols mark data subsets in which 
aǼ > Řś% of the investigated population had died, bǼ negative deviations from the overall mean animal weight 
were stated ǻ“NOM, P < Ŗ.ŖśǼ or cǼ only three replicates could be analyzed and were excluded from further 
analyses. Data are displayed as means ± SE ǻn = ś–ŗŞǼ.
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experimental season ǻSeptember/OctoberǼ. They 
were determined as ŗŗ.Ś °C ǻŘŚ hǼ and ş.Ŝ ǻŞ.ŝ, 
ŗŖ.śǼ °C ǻŚ weekǼ in E. verrucosus and Řŗ.ř ǻŘŖ.ś, 
ŘŘ.ŗǼ °C ǻŘŚ hǼ and ŘŖ.Ş ǻŘŖ.Ŗ, Řŗ.ŜǼ °C ǻŚ weekǼ 
in E. cyaneus. We were unable to determine the 
”PTVent. for short- term- incubated G. lacustris as 
they tended to increase ventilation rates until 
reaching lethal temperatures ǻ”PTVent. ≥ Řŝ °CǼ. 
In the Ś- week study performed in September/Oc-
tober, G. lacustris showed a ”PTVent. of Řŗ.Ş ǻŘŖ.ś, 
Řř.ŗǼ °C.

Ion regulation
Extracellular ion concentrations are displayed 

in Fig. Ř ǻŚ- week study, June/July ŘŖŗřǼ. 
Potassium concentrations tended to be higher 
at Řś.Ř °C in all species and were positively 
correlated with temperature ǻŜ–Řś.Ř °CǼ in E. cy-
aneus and G. lacustris ǻPearson correlation, 
P < Ŗ.ŖŖŗǼ ǻFig. Řh–iǼ. 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 ŗŜ–řŗ% and ŘŞ–Śś%, respectively, at tem-
peratures above ŗŚ.Ŗ °C and negatively cor-
related with temperature ǻPearson correlation, 
P < Ŗ.ŖśǼ. E. cyaneus showed large interindividual 
variation and no clear temperature- dependent 
trend in [Mg2+] ǻFig. ŘbǼ. Only G. lacustris 
showed progressively decreasing [Mg2+] over 
time at Ŝ °C ǻcontrolǼ. Likewise, in temperature 
treatment and control incubations with water 
from ȃLake ŗŚȄ [Mg2+] also decreased in G. la-
custris ǻPearson correlation, P = Ŗ.ŖřřǼ suggesting 
no efect from water from diferent sources on 
extracellular ion concentrations. No diferences 

were seen between the efects 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 ǻŜ–ŘŚ °CǼ in short- term studies. 
Data for controls ǻŜ °CǼ, ŘŚ- h studies and data 
recorded in diferent seasons in E. verrucosus 
are available in Supporting Information ǻTables 
SŘ & Sřǲ Fig. SŘǼ. They are consistent with the 
paterns of regulation described here.

Tissue characteristics
The percentage of ash- weight based on the 

animal’s wet weight was not signiicantly dif-
ferent between E. verrucosus ǻŝ.Ş ± Ŗ.Ś%Ǽ and 
G. lacustris ǻŜ.ŝ ± Ŗ.ř%Ǽ, but higher in E. cyaneus 
ǻş.Ś ± Ŗ.ř%Ǽ ǻ“NOV“ǲ P < Ŗ.ŖŖŗǲ Holm- Sidak 
ǻpost hoc testǼǼǲ E. verrucosus vs. E. cyaneus, 
P = Ŗ.Ŗŗś and E. cyaneus vs. G. lacustris, 
P < Ŗ.ŖŖŗǼ. The water content of G. lacustris 
tissue was higher than found for the ”aikal 
amphipods ǻ“NOV“ǲ P < Ŗ.ŖŖŗǲ Holm- Sidak 
ǻpost hoc testǼǼǲ E. cyaneus vs. G. lacustris, 
P < Ŗ.ŖŖŗ and E. verrucosus vs. G. lacustris, 
P = Ŗ.ŖŗŚǼ ǻTable ŘǼ.

Abundance
Temperature and ield abundance of E. ver-

rucosus ǻśśŖ–ŞŞś mgǼ were negatively correlated 
ǻSpearman rank correlation, P < Ŗ.ŖŖŗǲ Fig. ŗdǼ. 
The highest relative sampling success was re-
corded in June at water temperatures of ś–Ŝ °C. 
“t ŗŚ °C, only a few small adults and juveniles 
of E. verrucosus were found. “t temperatures 
≥ ŗŘ °C individuals showed lower weights than 
the overall mean ǻ“NOM, P < Ŗ.ŖśǼ. For 

Table ŗ.ȳLTśŖ and ”PTVent. ǻşś% CIǼ of E. verrucosus, E. cyaneus, and G. lacustris. Values are displayed for long- 
term ǻŚ weekǲ Ŗ.Ş °C/dǼ studies conducted in diferent seasons ǻstart of experiment in June or SeptemberǼ and 
for long-  and short- term ǻŘŚ hǲ ŗ °C/hǼ studies performed in the same season ǻSeptemberǼ, ǻn.a. = not 
analyzedǼ.

Parameter
Endemic – Lake ”aikal Ubiquitous – Holarctic

E. verrucosus E. cyaneus G. lacustris

Season June September September June September September June September September
Duration Ś week Ś week 24 h Ś week Ś week 24 h Ś week Ś week 24 h
LTśŖ ǻ°CǼ Řŗ.ŗ Řŗ.ś Řş–Řş.ś† ŘŞ.Ś řŖ.Ś n.a. ŘŞ.ř řŖ.ř n.a.
”PTVent 

ǻşś%  
CIǼ ǻ°CǼ

ŗŖ.Ŝ  
ǻş.ś, ŗŗ.ŝǼ

ş.Ŝ  
ǻŞ.ŝ, ŗŖ.śǼ

ǻŗŗ.ŚǼ‡ ŗş.ŗ  
ǻŗŝ.ş, ŘŖ.ŘǼ

ŘŖ.Ş  
ǻŘŖ.Ŗ, Řŗ.ŜǼ

Řŗ.ř  
ǻŘŖ.ś, ŘŘ.ŗǼ

Řŗ.ŗ  
ǻŗş.Ş, ŘŘ.ŚǼ

Řŗ.Ş  
ǻŘŖ.ś, 
Řř.ŗǼ

≥ Řŝ

† “xenov- Gribanov et al. ǻŘŖŗŘǼ.
‡ Value could be derived from the model but with low conidentiality.
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Table Ř.ȳWet weight, water content and inorganic content of E. verrucosus, E. cyaneus, and G. lacustris. Statistically 
signiicant diferences ǻ“NOV“, P < Ŗ.ŖśǼ are indicated by diferent superscripted leters in each column. 
Values represent means ± SE, n = ś–Ŝ.

Species
Wet weight  

ǻmgǼ
Water content  

ǻ%Ǽ
Inorganic content  

ǻpercentage of wet weightǼ

E. verrucosus Ŝşř.şA ± şŚ.Ś ŝř.ŜA ± Ŗ.ś ŝ.ŞA ± Ŗ.Ś
E. cyaneus Śŗ.ŞB ± Ś.ŗ ŝŗ.ŖA ± ŗ.Ř ş.ŚB ± Ŗ.ř
G. lacustris Ŝś.ŜC ± ş.Ş ŝŝ.ŚB ± Ŗ.Ş Ŝ.ŝA ± Ŗ.ř

Fig. Ř.ȳConcentrations of Mg2+, Na+, K+, Ca2+ in hemolymph of E. verrucosus ǻright panelsǼ, E. cyaneus ǻcentral 
panelsǼ, and G. lacustris ǻlet panelsǼ exposed to gradual temperature increase ǻŖ.Ş °C/dǼ ǻexperimental periodǱ 
June/July ŘŖŗřǼ. Horizontal black lines ǻa–lǼ represent mean ion concentrations and dashed lines are linear its ǻh 
and iǼ. Data are presented as means ± SE, ǻn = ś–ŗŚǼ.
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E. cyaneus sampling success was independent 
of ambient temperatures ǻś.ř–ŗŚ °Cǲ R2 = Ŗ.ŖŘŚǼ 
and highly variable over time ǻdata not dis-
playedǼ. 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 
ŘŘ °C in July and “ugust.

dIscussIon

Our discussion mainly focuses on the results 
for long- term studies ǻŚ weekǲ Ŗ.Ş °C/dǼ conducted 
in June/July ǻFigs ŗ and ŘǼ. These are considered 
to be most ecologically relevant as animals were 
sampled at water temperatures close to control 
values ǻŜ °CǼ and the rate of temperature change 
in the experiments is considered to be similar 
to ield conditions. Thus, at ŗ–ŗ.Ř m depth water 
temperatures of around Ŝ °C were measured in 
the beginning of July, whereas by the end of 
the month up to ŘŖ °C can be reached. Inter- 
experimental comparisons regarding duration 
and season ǻTable ŗǼ are discussed in a separate 
section. Experiments performed in September/
October addressed the question whether the an-
imals had adapted to higher temperature during 
summer whereas short- term studies ǻŘŚ h, ŗ °C/hǼ 
relect the responses to quick, e.g., diurnal, 
changes in the thermal regime.

Mortality, routine metabolic rate, and resting 
ventilation

The limit of oxygen supply capacity is likely 
key in the onset of constraining ǻbeyond 
”PTVent.Ǽ and then life- threatening ǻbeyond 
”PTOx.Ǽ conditions. Hypoxemic conditions ǻbe-
yond ”PTOx.Ǽ correlate with the start of expo-
nentially increasing mortality in all species. The 
observed leaps in RMR relect the highest ther-
mal responsiveness and indicate a metabolic 
switch. “s they occurred close to the irst limit 
of thermal limitation represented by the ”PTVent., 
they might relect a startling or escape response 
supported by the corresponding loss of ield 
abundance in E. verrucosus and signiicant in-
crease in movement activity in G. lacustris. 

Metabolic rate ȃsets the pace of lifeȄ and changes 
are thus fundamental to any animal ǻ”rown 
et al. ŘŖŖŚǼ. Evidently, beyond the limitations 
in ventilatory capacity the situation was pro-
gressively turning deleterious for E. verrucosus 
as a slight increase in the mortality rate ǻlag 
phaseǼ was visible. The upper limit of the ther-
mal optimum of E. verrucosus found in this 
study matches previous indings of a threefold 
increase in heat shock protein levels ǻHspŝŖǼ 
and a doubling of catalase activity at ŗŗ °C in 
a ŘŚ- h study ǻŗ °C/hǼ ǻ“xenov- Gribanov et al. 
ŘŖŗŘǼ indicating that physiological and biochem-
ical transition phases go hand in hand ǻPörtner 
ŘŖŗŖǼ.

In all species studied here, resting ventilation 
failed to continually follow the increasing oxy-
gen consumption rate, indicating an extended 
pejus range, which in a study investigating spi-
der crab Maja squinado was also paralleled by 
heart rate leveling of ǻFrederich and Pörtner 
ŘŖŖŖǼ. Ventilation comprises a signiicant frac-
tion of metabolic costs ǻGlass and Wood ŘŖŖşǼ 
and can thus reach capacity limits before the 
aerobic metabolic capacity becomes exploited. In 
addition, heart rate, oxygen ainity, and oxygen 
transport capacity of hemocyanin are likely to 
play a crucial role for maintaining aerobic metab-
olism at elevated temperatures or hypoxic con-
ditions ǻ”ooth et al. ŗşŞŘ, Wilkes and McMahon 
ŗşŞŘ, Giomi and Pörtner ŘŖŗřǼ. Factors involved 
in modulating hemocyanin oxygen transport in-
clude changes in pH and lactate levels ǻindepen-
dent of pHǼ, in [Mg2+] as well as in hormonal de-
terminants ǻMangum ŗşşŝ, McMahon ŘŖŖŗǼ. In 
the optimum range, hemocyanin might remain 
oxygen-saturated and might not be involved in 
tissue oxygen supply. Difusion processes at low 
oxygen demand might play a large role for ox-
ygen supply in highly oxygenated ”aikal water, 
contributing to energy savings and low costs of 
oxygen supply in the cold. “t low temperatures, 
RMR was even independent of ventilation in the 
similar- sized E. cyaneus and G. lacustris but not in 
the much larger E. verrucosus.

Eulimnogammarus verrucosus is considerably 
more thermally sensitive than E. cyaneus and 
G. lacustris, which may partly be due to its large 
body size, consistent with the allometry of ther-
mal tolerance seen, e.g., in ishes ǻPörtner et al. 
ŘŖŖŞǼ. Warming exploits the capacity of the 
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 system to increase metabolic rate, reaching levels 
similar to those ater maximum exercise before 
it collapses. “erobic metabolic scope depends on 
three parameters, namely oxygen uptake, distri-
bution and cellular exploitation. Oxygen uptake 
is a function of gill surface, which was shown to 
scale to body mass by an allometric coeicient of 
Ŗ.ŝşŘ–Ŗ.ŞŚř in diferent species of the genus Gam-
marus ǻMoore and Taylor ŗşŞŚǼ. Thus, small ani-
mals have a relatively enlarged gill surface area, 
which is beneicial if oxygen is limited, likely 
contributing to higher thermal tolerance.

It has been stated as a unifying principle that 
climate warming beneits small organisms ǻDau-
fresne et al. ŘŖŖş, Storch et al. ŘŖŗŚǼ. Consistent 
with these studies and ield observations in ish 
ǻPörtner and Knust ŘŖŖŝǼ, mortality occurred 
earliest in the largest individuals of E. verrucosus 
during the experimental temperature increase. 
Furthermore, at ŘŖ.Ś °C RMR decreased with in-
creasing animal weight. This indicates that small-
er 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 behavior-
al adaptations as discussed below. “s smaller 
individuals have a smaller number of ofspring 
the absence of large individuals will result in a 
declining population. Since food web structures 
and dynamics are mainly determined by body 
size ǻWoodward et al. ŘŖŖś, ŘŖŗŖa,b, ”arnes ŘŖŖŞ, 
Yvon- Durocher et al. ŘŖŗŖǼ, ecosystems would be 
severely afected by any temperature- mediated 
changes in organism sizes.

Ion regulation
The decrease in [Mg2+] seen in E. verrucosus 

and G. lacustris at > ŗŚ °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 inluence ield abundance. 
Moreover, a decrease in [Mg2+] can counteract 
a temperature- dependent decrease in oxygen 
ainity of hemocyanin and support enhanced 
oxygen demand.

Magnesium is a modulator for numerous en-
zyme systems ǻMorrit and Spicer ŗşşřǼ and 
important for regulatory processes concerning 

metabolism and growth. Decreasing intracellular 
[Mg2+] correlate with lowered protein synthesis 
rates ǻTerasaki and Rubin ŗşŞśǼ. However, as our 
indings are not uniform across the species, we 
suggest that the adjustment and regulation of 
Mg2+ is species- speciic and possibly relects its 
involvement in the control of hemocyanin or lo-
comotor activity level more than other aspects.

The facultative hibernator G. lacustris might 
depend on elevated temperatures in summer to 
increase activity levels, forage and ill up ener-
gy stores. “nimals caught at Ŝ–ŝ °C in June were 
mostly found inactive in leaf liter suggesting that 
these individuals were still in their hibernation 
retreats. When kept at Ŝ °C ater 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 Septem-
ber when they were kept at Ŝ °C for Ś 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 efect was absent 
in E. verrucosus. We suggest that the stability of 
membranes decreased during long- term warm-
ing as this efect was only visible in the Ś- week 
studies. There is, however, no close relationship 
between sublethal thermal limits and [K+].

In summary, ion regulation is a rather insen-
sitive parameter when investigating sublethal 
thermal constraints in ”aikal amphipods. This 
might be an indication of their excellent ion reg-
ulation capacities. ”aikal amphipods need to 
eiciently take up essential ions as ”aikal wa-
ter is of extremely low ionic content ǻNa+ = ŗśśǲ 
Ca2+ = ŚŖŘǲ Mg2+ = ŗŘŜǲ Cl− = ŗŘǲ SO4

Ř− = śŝ μmol/
kgǲ Zerbst- ”oroka et al. ǻŘŖŖŖǼǼ.

Abundance
Decreasing abundance of adult E. verrucosus 

at the ield sampling sites paralleled rising water 
temperatures and can be explained through a 
decline in physiological performance and asso-
ciated aerobic scope. Consistent with the allom-
etry of thermal tolerance the largest animals 
reacted most sensitively. Similar to the ield 
situation, E. verrucosus preferred temperatures of 
ś–Ŝ °C in a previous behavioral laboratory study, 
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which showed progressive decreases in abun-
dance with rising temperatures in the experi-
mental temperature gradient ǻTimofeyev and 
Shatilina ŘŖŖŝǼ. It has previously been hypoth-
esized that the migration paterns of E. verrucosus 
are temperature- dependent ǻWeinberg and 
Kamaltynov ŗşşŞǼ. The present data suggest that 
migration behavior is initiated when temperatures 
exceed pejus limits. Considering that ecological 
niches are densely occupied in the ”aikal litoral 
by ŜŖ–ŝŖ% of the highly diverse macroinverte-
brate fauna ǻTakhteev et al. ŘŖŖřǼ 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 rateǲ the later may be-
come 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 
litoral its Tc of ŗś.Ŗ ǻŗŚ.Ŗ, ŗŜ.ŗǼ °C can easily 
be surpassed in summer.

Eulimnogammarus cyaneus is found in the up-
per litoral throughout the year and experiences 
temperatures from close to the freezing point 
up to ŘŖ °C. It rarely faces its preferred tem-
perature of ŗŗ–ŗŘ °C determined in a behavioral 
study ǻTimofeyev and Kirichenko ŘŖŖŚǼ. “ broad 
thermal tolerance range has been suggested as 
the most important trait for a species success-
ful under climate change ǻTepolt and Somero 
ŘŖŗŚǼ, yet eurythermal species living at the edge 
of their thermal window are likely to be afect-
ed by global warming ǻSomero ŘŖŗŖǼ. E. cyaneus 
was probably able to occupy its current niche 
due to its wide thermal window but summer 
temperatures in the litoral can reach the pejus 
range ǻ> ŗş.ŗ °CǼ. If temperatures exceed ŗş.ŗ °C 
in summer for extended periods of time, E. cyane-
us may sufer as it, due to its small size and lower 
competitiveness, might not be able to conquer 
deeper habitats as niches are densely occupied. 
“t any site this will depend on the community 
responses given that ecological interactions in 
the ”aikal benthos are profoundly complex. In 
the bay of ”olshie Koty, şř species of amphipods 
were found at depths of Ŗ–ŘŖ m ǻKravtsova et al. 
ŘŖŖřǼ. While E. verrucosus is less thermally toler-
ant than E. cyaneus, its temperature- related mi-
gration indicates behavioral plasticity.

The abundance of G. lacustris was diicult 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 “ugust 
and September when up to ŘŘ °C were reached in 
ȃLake ŗŚȄ. These indings suggest that G. lacus-
tris also escaped rising surface temperatures in 
summer to stay below Tp.

Inter- experimental comparison—exposure duration 
and season

Long- term experimental warming led to fall-
ing thermal thresholds, which was most striking 
when comparing the LTśŖ values of E. verru-
cosus. These indings are likely due to the time 
dependence of lethal limits ǻPeck et al. ŘŖŖşǼ. 
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 tempera-
ture increases among the studied species, con-
sistent with its shallow water habitat 
characterized by restricted hydrodynamics.

In comparison to June/July, the ”PTVent. of 
E. cyaneus and G. lacustris were marginally high-
er in September/October possibly due to acclima-
tization to higher temperatures during summer. 
In support of this, their LTśŖ values also exceed-
ed those determined in June/July, which is like-
ly mirrored in slightly right- shited Tc following 
thermal acclimation. In contrast, the ”PTVent. of 
E. verrucosus was slightly lower in late summer 
and the LTśŖ remained unchanged probably be-
cause this species escapes rising temperatures 
and might thus not acclimatize.

[Mg2+] decreased similarly in ŘŚ- h and Ś- 
week experiments, indicating its early decrease 
and then stabilization. [K+] was not positively 
 correlated with temperature in E. cyaneus and 
G. lacustris in ŘŚ- h, but in Ś- week studies. Main-
taining a high stability might be energetically 
costly and efects thus only discernible in the 
long- term studies.

Gammarus lacustris—a potential invader to Lake 
Baikal?

To date G. lacustris is outcompeted by ”aikal 
endemics in most ”aikal habitatsǲ low food 
availability, lack of hibernation retreats, and/



March ŘŖŗŜȲv Volume ŝǻřǼȲv Article e0130812ȲvȲwww.esajournals.org

JAKOB ET AL.

or intensive hydrodynamics might limit its dis-
tribution. Further, we observed that at low 
temperature ǻŜ °CǼ ”aikal amphipods were active 
whereas G. lacustris individuals were more rigid 
ǻsampling timeǱ JuneǼ. “nimals sampled in 
September were more active than those caught 
in June indicating seasonal diferences in phys-
iological status causing diferent reactions to 
cold temperature. However, the observations 
suggest that the Eulimnogammarus species are 
more cold- tolerant than G. lacustris and should 
beneit 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 
”aikal endemics may be diminished.

Low metabolic rates likely improve a specie’s 
itness in the oligotrophic Lake ”aikal. Even 
though mass- speciic metabolic rates generally 
decrease with increasing body size, E. cyaneus 
ǻendemic, ”aikalǼ has a lower mass- speciic meta-
bolic rate than the larger G. lacustris, ǻubiquitous, 
HolarcticǼ, which could be due to higher activi-
ty of the later. “ssuming that energy eiciency 
and savings are optimized in food- limited ”ai-
kal amphipods, it is likely that G. lacustris would 
be  afected by low food availability. However, 
increasing temperatures will possibly lead to 
higher amounts of benthic organic mater, which 
could beneit G. lacustris.

Considering the intensive hydrodynamics 
in the ”aikal litoral, we hypothesize that resis-
tance to mechanical stress is another key param-
eter that prevents G. lacustris from invading the 
”aikal litoral. G. lacustris is generally found in 
lakes and slow- moving rivers ǻMatafonov ŘŖŖŝǼ. 
“ preliminary experiment revealed that in com-
parison to E. verrucosus and E. cyaneus, G. lacus-
tris was less resistant to mechanical stress when 
gradually increasing pressure was applied to 
their exoskeleton by use of a glass capillary ǻdi-
ameterǱ ŗŖŖ μmǼ. Exoskeletons of G. lacustris 
were highly elastic and compressed completely 
in Śś% of the tested animals. In contrast, ”aikal 
species resisted equal pressure with litle de-
formation. In addition, the inorganic content of 
whole animals was lowest in G. lacustris. This 
might indicate a lower resistance to mechanical 

disturbance than in ”aikal endemics. It remains 
to be shown whether the exoskeleton of G. lacus-
tris can evolve to resist the enormous physical 
disturbances in the ”aikal litoral. Furthermore, 
a sot 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 ish 
but positively with the occurrence of submerged 
aquatic vegetation ǻ“nteau et al. ŘŖŗŗǼ. ”ullhead 
ish prey on benthic amphipods in Lake ”aikal 
and submerged vegetation is absent around ”ol-
shie Koty. This may also prevent the setlement 
of G. lacustris along the rocky shores of Lake ”ai-
kal but this situation may change due to ongoing 
coastal eutrophication ǻSilow ŘŖŗŚ, Timoshkin 
et al. ŘŖŗŚǼ.

conclusIons

Our data show the complex interaction of 
physiological constraints and habitat character-
istics in shaping ecological paterns. In all in-
vestigated amphipod species, oxygen supply 
constraints became limiting at high tempera-
tures. Comparing the two endemic species in-
habiting the litoral of Lake ”aikal, E. verrucosus 
ǻTp = ŗŖ.Ŝ ǻş.ś, ŗŗ.ŝǼ °CǼ is signiicantly less 
thermally tolerant than E. cyaneus ǻTp = ŗş.ŗ 
ǻŗŝ.ş, ŘŖ.ŘǼ °CǼ. ”y determining the upper ǻpe-
jusǼ threshold temperature of physiological 
performance we could explain the warming 
induced retreat and loss of abundance of E. ver-
rucosus in its natural habitat.

“t irst sight E. verrucosus may be more 
 adversely afected by climate change than E. cya-
neus, but as the former is able to escape from un-
favorable conditions it might be the later more 
sedentary species which is more vulnerable to 
increasing water temperatures despite its higher 
thermal tolerance. Temperatures of ŘŖ °C can be 
reached in the upper litoral of ”olshie Koty bay, 
slightly exceeding the Tp of E. cyaneus. Following 
recent climate models for the ”aikal region, this 
temperature is likely to be reached or even sur-
passed more oten in future summer seasons and 
could negatively impact the itness of E. cyaneus. 
If it is unable to escape from the rising tempera-
tures to colder, deeper waters this species might 
be afected, e.g., sufer from reduced body size 
and, consequently, lower numbers of ofspring.
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Gammarus lacustris ǻTp = Řŗ.ŗ ǻŗş.Ş, ŘŘ.ŚǼ °CǼ 
showed similarities in thermal tolerance to E. cy-
aneus and displayed no distinct characteristics of 
thermal physiology that would beneit G. lacus-
tris at higher temperatures. “ combination of var-
ious other ecophysiological traits might prevent 
G. lacustris from becoming established in Lake 
”aikal. The importance of the variables food lim-
itation, degree of cold adaptation, and sturdiness 
of exoskeletons to biomechanical stress remain to 
be investigated in future studies as well as fur-
ther secondary factors of global warming and 
eutrophication.
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