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Laboratory of Evolutionary Ecology of Hydrobionts, Nature Research Centre, Vilnius, Lithuania
Department of Zoology, Faculty of Natural Sciences, Vilnius University, Vilnius, Lithuania

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 8 April 2016
eceived in revised form 29 June 2016
ccepted 6 September 2016
vailable online 9 September 2016

eywords:
naerobic metabolism
ypoxia

nvasive species
actate dehydrogenase
akes

a  b  s  t  r  a  c  t

The  Ponto–Caspian  amphipod  Pontogammarus  robustoides  was  introduced  into  Lithuanian  inland  waters
more  than  50  years  ago  and  is  now  among  the  most  successful  local  crustacean  invaders.  Existing  as  an
oxyphilic  species  in  its  native  range,  in Lithuania  it managed  to  establish  in some  lentic eutrophic  waters
facing  long-term  hypoxic  conditions  under  winter  ice  cover,  or shorter  periods  of hypoxia  during  the
warm  season.  Recently,  it  has  been  observed  to be  further  expanding  in  such  waters.  The  aim  of this
study  was  to  explore  the  possible  divergence  in anaerobic  metabolism  among  introduced  populations
facing  different  selective  pressures.  A  closed-bottle  experiment  was conducted  using  individuals  from
three  Lithuanian  lentic  water  bodies  of  different  trophic  status:  mesotrophic,  eutrophic  and  hypertrophic.
Severe  hypoxia  was  gradually  reached,  after  which  lactate  dehydrogenase  activity  was  significantly
higher  in  amphipods  from  eutrophic  and  hypertrophic,  than from  mesotrophic  environments,  and  was
well  correlated  with  trophic  status  of  inhabited  environments  as  assessed  by  chlorophyll  a  concentration.

These  findings  suggest  a physiological  acclimation  response  to oxygen  deficiency  faced  by  the species  in
some  environments  in  the  northern  invaded  range,  which  may  have  a genetic  background.  Such resistance
to oxygen  deficiency  may  expand  the  environmental  niche  and  promote  species’  spread  into  previously
unsuitable  habitats,  which  may  pose  a threat  to native  species  residing  in refuges  that  are  currently  free
of  the  invader.

© 2016  Elsevier  GmbH.  All  rights  reserved.
. Introduction

Ponto–Caspian crustaceans are among the most successful
nvaders in Europe and the North American Great Lakes owing
o their wide environmental tolerances and high phenotypic vari-
bility arising from the complex geological past of their native
egion (Reid and Orlova, 2002). In the early 1960s, the amphi-
od Pontogammarus robustoides (Sars, 1894) and several other
onto–Caspian peracaridans from Ukrainian waters were deliber-
tely introduced into the Kaunas Water Reservoir (WR) located
n the Nemunas River in Lithuania to increase fish production.

fter a successful establishment they naturally spread downstream

o the Curonian Lagoon (Gasiūnas, 1972). In more recent years,
hese introduced peracaridans have been officially transferred to

∗ Corresponding author at: Nature Research Centre, Akademijos Str. 2, LT-08412
ilnius, Lithuania.

E-mail address: e.sidagyte@gmail.com (E. Šidagytė).

ttp://dx.doi.org/10.1016/j.limno.2016.09.001
075-9511/© 2016 Elsevier GmbH. All rights reserved.
numerous lakes and reservoirs in Lithuania (and beyond the bor-
ders of the country) but have failed to establish in all of them
(Arbačiauskas et al., 2010). Most introduced peracaridan species,
including P. robustoides,  also show an ability to spread within and
outside Lithuania naturally or at least without the intentional aid
of man  (Gasiūnas, 1972; Arbačiauskas et al., 2010, 2011b). The
initial purpose of the introduction, that is, the improvement of
fish production, seems not to have been achieved (Arbačiauskas
et al., 2010). Instead, P. robustoides proved to have a negative effect
on native macroinvertebrate communities (Arbačiauskas, 2005;
Gumuliauskaitė and Arbačiauskas, 2008).

The native habitat of P. robustoides ranges from the lower
reaches of freshwater rivers to large transitional waters (Morduhaj-
Boltovskoj et al., 1972); therefore, it is considered an oxyphilic
species. However, it has been observed that in native and new
ranges, P. robustoides is more likely to survive in lentic waters

and is less sensitive to adverse oxygen conditions than are
other Ponto–Caspian amphipods (Morduhaj-Boltovskoj et al., 1972;
Dedyu, 1980; Żytkowicz et al., 2008). Among alien amphipods in

dx.doi.org/10.1016/j.limno.2016.09.001
http://www.sciencedirect.com/science/journal/00759511
http://www.elsevier.com/locate/limno
http://crossmark.crossref.org/dialog/?doi=10.1016/j.limno.2016.09.001&domain=pdf
mailto:e.sidagyte@gmail.com
dx.doi.org/10.1016/j.limno.2016.09.001
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Table 1
Hydrochemical indicators of trophic status and morphological characteristics of
water bodies sustaining populations of the amphipod Pontogammarus robus-
toides used in the current study. BOD7 is the biochemical oxygen demand
for  7 days. Multiannual means of hydrochemical data were compiled from
available data for the period 2001–14 from the Lithuanian Environmental Pro-
tection Agency (http://vanduo.gamta.lt/cms/index?rubricId=8ea41f73-9742-4d71-
aa10-0a5988713fe5, accessed on 3 March 2016).

Water body Lake Dusia Kaunas WR Lake Simnas

Total P, �g L−1 34.0 114.0 79.3
Total N, �g L−1 763.4 1549.1 1591.7
Chlorophyll a, �g L−1 5.7 24.7 31.6
BOD7, mg L−1 1.9 3.3 4.2
Transparency, m 5.3 2.1 1.4
Trophic status Mesotrophic Eutrophic Hypereutrophic
Mean depth, m 15.4 10.5 2.3
Area, km2 23.3 63.5 2.4
Retention, years 16.7 0.2 0.6
 E. Šidagytė, K. Arbačiauska

ithuania, this species is the most widely distributed within lentic
abitats and is thus considered the best adapted to such environ-
ents (Arbačiauskas, 2005; Arbačiauskas et al., 2011b). Until now

ts distribution in lentic Lithuanian waters was mostly limited to
arge open mesotrophic lakes (Arbačiauskas, 2005; Arbačiauskas
t al., 2011b), in accordance with its oxyphilic preference.

In contrast, in several eutrophic reservoirs or lakes with high
ater turnover in which P. robustoides nevertheless successfully

stablished, populations have been facing substantial selective
ressure with respect to oxygen conditions, for more than 50
ears. In highly eutrophic lentic waters, these conditions may  sea-
onally worsen during summer algal blooms and even more so
nder winter ice cover, which persists for much longer periods
han in the southern native range of the species (Arbačiauskas and
umuliauskaitė, 2007). Such water bodies may  have provided con-
itions for this invasive species to evolve resistance to low oxygen

evels. This, and the fact that in Lithuania P. robustoides has been
ecently observed to have naturally spread through eutrophic and
ven hypertrophic waters (Arbačiauskas, unpublished data), may
rovide evidence for such a microevolutionary change.

Physiological responses to hypoxia have been broadly stud-
ed in invertebrates (Herreid II, 1980; Ellington, 1983; Livingstone,
983, 1991; Grieshaber et al., 1994). The main pathway of anaero-
ic metabolism in crustaceans is the lactate pathway (Livingstone,
983, 1991; Grieshaber et al., 1994); therefore, research on phys-

ological response to hypoxia usually relies on lactate build-up
nd recovery patterns (Pritchard and Eddy, 1979; Bridges and
rand, 1980; Agnew and Taylor, 1985; Agnew and Jones, 1986;
ill et al., 1991; Anderson et al., 1994; Spicer et al., 2002; Silva-
astiglioni et al., 2010, 2011) or quantification of the activity of
he glycolytic enzyme lactate dehydrogenase (LDH) (Pritchard and
ddy, 1979; Gonzalez and Quiñones, 2002; Yaikin et al., 2002;
ishop et al., 2004) catalysing the interconversion of pyruvate and

actate using nicotinamide adenine dinucleotide (NAD) as a coen-
yme. Animal response to temporal hypoxia events in the lactate
athway corresponds to a physiological acclimation, a type of phe-
otypic plasticity with a possibly underlying genetic basis. Such
ighly divergent inter- (Pritchard and Eddy, 1979; Gonzalez and
uiñones, 2002; Silva-Castiglioni et al., 2010, 2011) and intraspe-
ific (Agnew and Jones, 1986) responses in the lactate pathway have
een suggested to be outcomes of evolutionary change, i.e. genetic
daptations to selective pressures.

In this study, we set out to test whether, having been intro-
uced into environments with varying probabilities of emerging
dverse oxygen conditions, P. robustoides populations differ in LDH
ctivity levels under hypoxic stress, implying different physiolog-
cal acclimation response and possible microevolutionary change
n the northern invaded range. To this end, a closed-bottle exper-
ment was conducted involving P. robustoides populations from
hree Lithuanian lentic water bodies of different trophic status,
anging from mesotrophic to hypertrophic.

. Materials and methods

.1. Water bodies and experimental animals

Experimental animals were collected in August 2012, in three
ithuanian water bodies: mesotrophic Lake Dusia, eutrophic Kau-
as WR,  and hypereutrophic Lake Simnas (see Table 1 for water
ody characteristics). The species was deliberately introduced in
he early 1960s into all of these water bodies (Gasiūnas, 1972;

rbačiauskas et al., 2011b), where it has now been established for
t least 50 years. In each water body, sampling was  performed in
adeable depths of a 50-m stretch of open stony littoral areas in
abitats preferred by the species. Random adult amphipods were
Comp. catchment 4.7 ∼110.2 74.6

caught using a dip net and transported to the laboratory in a cooler.
Amphipods from each population were placed in a 5-L volume
of bacteria-filtered and constantly aerated (90–100% oxygen sat-
uration) water and kept for 48 h to acclimate to the experimental
temperature. Animals were fasted all this time in order to reduce
the thermic effect of food on their metabolism and thus on the
results of the experiment. Acclimation and the experiment were
performed at a constant temperature of 18 ◦C, which is typical of
Lithuanian lakes during summer. A water mixture from the three
water bodies was  used for animal pre-treatment and experiments.

2.2. Gradually induced hypoxia experiment

To simultaneously simulate poor oxygen conditions and esti-
mate detrimental oxygen levels, the experiment was performed in
closed bottles allowing animals to gradually self-induce hypoxia.
Avoiding gravid females, six amphipods of visually similar body size
from the same population were enclosed in a 250-mL glass vessel
of 7-cm bottom diameter filled with bacteria-filtered and oxyg-
enized (100% saturation) water. For each population, three such
vessel replicates were created and sealed. An experiment in each
vessel was terminated when three amphipods therein, that is, half
of the experimental animals, were inactivated (showed no move-
ment of any limb even after gently shaking the vessel). Observations
for individual inactivation were made every 30 min. A terminated
vessel was then opened and the inactivating oxygen concentration
was measured using an optic fibre oximeter (PreSens Precision Oxy-
4 mini, Germany) with a dipping probe, over a magnetic stirrer. All
the experimental specimens (active and inactive) were identified
to be sure of the species, then were filter dried, weighed, frozen in
liquid nitrogen and then stored at −70 ◦C until LDH activity analysis.

One control vessel for each of the three populations filled with
750 mL  of constantly aerated bacteria-filtered water (90–100% oxy-
gen saturation) and containing 18 amphipods was kept adjacent to
the experimental bottles. At the end of the experiment, to match
the number of independent observations (i.e., the number of exper-
imental vessels per population), three random specimens were
drawn from each of the control vessels and treated the same way
as the experimental animals to determine baseline levels of LDH
activity. Possible bacterial consumption of oxygen was  measured
in three additional sealed vessels filled with filtered water without
amphipods. In these vessels, oxygen content dropped from 100% to

approximately 97% throughout the experiment; therefore, bacte-
ria were considered to have a negligible effect on the experimental
results.

http://vanduo.gamta.lt/cms/index?rubricId=8ea41f73-9742-4d71-aa10-0a5988713fe5
http://vanduo.gamta.lt/cms/index?rubricId=8ea41f73-9742-4d71-aa10-0a5988713fe5
http://vanduo.gamta.lt/cms/index?rubricId=8ea41f73-9742-4d71-aa10-0a5988713fe5
http://vanduo.gamta.lt/cms/index?rubricId=8ea41f73-9742-4d71-aa10-0a5988713fe5
http://vanduo.gamta.lt/cms/index?rubricId=8ea41f73-9742-4d71-aa10-0a5988713fe5
http://vanduo.gamta.lt/cms/index?rubricId=8ea41f73-9742-4d71-aa10-0a5988713fe5
http://vanduo.gamta.lt/cms/index?rubricId=8ea41f73-9742-4d71-aa10-0a5988713fe5
http://vanduo.gamta.lt/cms/index?rubricId=8ea41f73-9742-4d71-aa10-0a5988713fe5
http://vanduo.gamta.lt/cms/index?rubricId=8ea41f73-9742-4d71-aa10-0a5988713fe5
http://vanduo.gamta.lt/cms/index?rubricId=8ea41f73-9742-4d71-aa10-0a5988713fe5
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Table 2
Results of the Cox proportional hazards model for Pontogammarus robustoides inac-
tivation in the experiment. WWves is the mean wet weight of amphipods per vessel.
Population effects for Lake Simnas and Kaunas WR were tested against the reference
level of Lake Dusia. Significant probabilities (P < 0.05) are indicated in bold italics.

Effect Hazard ratio (95% CI) b ± SE �2 P
E. Šidagytė,  K. Arbačiauska

.3. LDH activity assay

LDH activity was assayed for each specimen individually. Each
pecimen was  ground using a pestle, with the addition of 0.5 mL
f 80 mM Na2HPO4 buffer (pH 7.4). The mass was then cen-
rifuged (1.5 min, 13,600 rpm, room temperature) and sonicated
or 1 min  (pulse on 10 s, off 15 s, amplitude 40%) in an Eppen-
orf tube immersed in an ice bath. The homogenate obtained was
entrifuged, and the supernatant was used for the assay. Spec-
rophotometric measurement of LDH activity in assay mixtures was
onducted at 340 nm and 30 ◦C. The assay mixture was  obtained by
dding 950 �L of 80 mM Na2HPO4 buffer (pH 7.4), 20 �L of 5 mM
ADH, and 30 �L of 0.1 mM pyruvate to obtain final concentrations

imilar to those used by Gonzalez and Quiñones (2002). (Different
ssay temperatures and mixture concentrations were also tested
ut had little effect on the results.) The reaction was  started by
dding 10 �L of the supernatant. LDH activity of each specimen
as determined from analytical triplicates. Measurements were

orrected for nonspecific NADH oxidation measured individually in
he absence of pyruvate. LDH activities were expressed as �mol  of
ADH oxidized per 1 min  in 1 g of amphipod mass (�mol  min−1 g−1

et weight).

.4. Statistical analyses

Amphipod performance was evaluated as individual time to
nactivation and as oxygen concentration in a vessel when half of
he individuals were found inactivated. To compare individual time
o inactivation of experimental amphipods among populations
Lake Dusia, Kaunas WR,  Lake Simnas), a Cox proportional hazards
CPH) model with Efron likelihood adjustment for ties (Efron, 1974)
as fitted (N = 3 populations × 3 vessels × 6 individuals = 54 obser-

ations). Vessels were used as subjects for data aggregation and
hus the robust method for estimation of variance was selected. In
rder to test the population effect on oxygen concentration caus-
ng inactivation of half of the individuals in a vessel, an analysis of
ovariance (ANCOVA) model was used (3 pop. × 3 ves. = 9 obs.). The
otal weight of amphipods in a vessel must have had an effect on
hared oxygen consumption and therefore the time until a critical
evel was reached. On the other hand, wet weight may  also deter-

ine the critical oxygen level. Thus, mean amphipod weight per
essel was included in both of these models (CPH and ANCOVA).

We applied two separate models to compare weight-specific
DH activity in experimental and baseline amphipods. Due to the
ossible dependency of LDH activity on body size, individual wet
eight was used in both of these models. A linear mixed-effects
odel (LME; 3 pop. × 3 ves. × 6 ind. = 54 obs.) including a random

ffect of vessel nested within a population was applied for this anal-
sis of experimental activities, and an ANCOVA model (3 pop. × 3
nd. = 9 obs.) was used to compare baseline activities. Finally, an
NCOVA model including independent observations of the baseline

reatment (individual values) and the experiment (vessel means)
as fitted (2 treatments × 3 pop. × 3 ind./ves. = 18 obs.). Within this
odel, we tested for effects of treatment (experimental v. baseline),

abitat trophic status (assessed as chlorophyll a concentration), and
ody weight on measured LDH activity.

For the ANCOVAs and the LME, homoscedasticity assumptions
ere tested using Brown’s–Forsythe’s tests (met in all cases with

 > 0.05). Pairwise comparisons between populations were per-
ormed using Tukey’s HSD tests. The assumptions of proportionality
f hazards in the CPH model were also tested (met with P > 0.4). The
opulation of Lake Dusia was used as a reference because this lake
s expected to provide the most favourable conditions for oxyphilic
rustaceans (see Table 1). Consequently, model coefficients for the
ther two populations could be expected to be of the same sign:
egative for inactivation hazard (longer resistance to hypoxia) and
WWves 1.29 (1.14–1.46) 0.26 ± 0.06 16.78 <0.001
Lake Simnas 0.63 (0.14–2.83) −0.46 ± 0.77 0.36 0.54
Kaunas WR  0.90 (0.24–3.47) –0.10 ± 0.69 0.02 0.88

positive for LDH activity (resistance through higher LDH activity).
Interactions among the included predictors were considered in all
models but were removed if they were not significant. Statistical
analyses were performed using STATISTICA v.12 software (Dell Inc.,
2015).

3. Results

3.1. Amphipod performance

Wet  weight of experimental animals (mean ± SD) from Lake
Dusia, Kaunas WR  and Lake Simnas was  41.0 ± 8.9, 52.6 ± 16.1 and
48.2 ± 10.2 mg.  On average, an experiment in a vessel lasted for
28.8 ± 2.2 h. During the first half of the experiment the experimen-
tal and control amphipods were observed lying individually on the
bottom or swimming up and around the vessel. Toward the end
of the experiment the experimental animals were more prone to
lying calmly on the bottom while the control animals did not show
such a change in behaviour. All control amphipods remained active
throughout the experiment. No aggressive encounters between
individuals were noticed on observation occasions.

The CPH model for amphipod inactivation time in the experi-
ment (Table 2) described 70% of the data. Mean weight of animals in
a vessel was a highly significant term increasing the average hazard
by 29% with each additional milligram of weight (Fig. 1A). The coef-
ficients for populations were not statistically significant (Fig. 1B).
According to ANCOVA model, inactivating oxygen concentration
did not differ with population (F2,5 = 2.2, P = 0.2) and neither was  it
related to mean amphipod weight (F1,5 = 0.4, P = 0.6); overall it was
0.49 ± 0.16 mg  L−1.

3.2. LDH activity comparison

The LME  model of LDH activity of experimental amphipods
(Table 3) described 57% of variation and was  overall significant
(F9,42 = 6.2, P < 0.001). Only the effect of population was  statis-
tically significant. Tukey’s HSD tests indicated that LDH levels
of amphipods from Lake Dusia were different from the levels
reached by the other populations (P < 0.001). According to model
coefficients, amphipods from Kaunas WR  and Lake Simnas were
predicted to have, respectively, 22.7 and 23.6 �mol  min−1 g−1

higher LDH activity than amphipods from Lake Dusia (Fig. 2).
Baseline amphipods from Lake Dusia, Kaunas WR  and Lake Sim-

nas weighed 38.7 ± 6.6, 35.7 ± 10.6 and 52.7 ± 6.0 mg  (wet weight),
correspondingly. The ANCOVA model of baseline LDH activity
(Table 3) described 63% of the variation but barely indicated pos-
sibility of any tendencies (F3,5 = 2.8, P = 0.15). Model coefficients
(Table 3) indicated similar tendencies as in the model for exper-
imental LDH activities: amphipods from Lake Simnas and Kaunas
WR may  have higher LDH activity than amphipods from Lake Dusia,
by 24.6 and 11.3 �mol  min−1 g−1, respectively (Fig. 2). The model
also suggested that with each additional milligram of weight, base-

line LDH activity on average may  decline by 0.9 �mol min−1 g−1

.

The ANCOVA model including LDH activity of baseline and
experimental amphipods (Table 4) described 74% of the variation
and was  highly significant (F3,14 = 13.4, P < 0.001). In comparison
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Table 3
Results of linear models for LDH activity of experimental (LME) and baseline (ANCOVA) amphipods Pontogammarus robustoides from the closed-bottle experiment, testing
for  population and wet  weight (WWind) effects. In the LME  model, a random factor of vessel was nested within a population factor. Significant probabilities (P < 0.05) are
indicated in bold italics. See Fig. 2 for model predictions for a 47-mg wet-weight amphipod.

Response Effect df b ± SE MS  F P

Experimental
LDH

WWind 1 –0.0 ± 0.1 5.0 0.1 0.81
Population 2 1822.9 23.8 <0.001
Kaunas WR 22.7 ± 5.4
Lake Simnas 23.6 ± 5.4
Vessel (Population) 6 76.1 0.9 0.51
Error 42 85.2

Baseline
LDH

WWind 1 –0.9 ± 0.5 316.0 4.0 0.10
Population 2 291.8 3.7 0.10
Kaunas WR 11.3 ± 7.4
Lake Simnas 24.6 ± 9.6
Error 5 79.0

Fig. 1. Survival function plots (Breslow estimation with 95% CI) from the Cox propor-
tional hazards model for the amphipod Pontogammarus robustoides in a closed-bottle
experiment (see Table 2 for model parameters) showing (A) a significant effect of
mean wet weight of amphipods in a vessel (P < 0.001; curves produced with the
population parameter fixed as Kaunas WR and using amphipod weights character-
i
a
p

t
f
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s
s

Fig. 2. Experimental LDH activity (mean with 95% CI) predicted for a 47-mg wet-
weight amphipod Pontogammarus robustoides from three populations inhabiting
water bodies of different trophic status: mesotrophic Lake Dusia, eutrophic Kau-
nas  WR and hypertrophic Lake Simnas. Dark horizontal bands denote baseline LDH
activity predicted for 47-mg wet-weight individuals. Predictions were made using
the  models presented in Table 3. Different letters (a, b) denote significant differences
(Tukey HSD test, P < 0.001) in experimental LDH activity among water bodies.

Table 4
Results of ANCOVA model for amphipod Pontogammarus robustoides LDH  activity,
testing for the effects of wet  weight (WW:  vessel mean for experimental and indi-
vidual values for baseline individuals), treatment within the study (experiment v.
baseline), and mean multiannual chlorophyll a concentration as a proxy for habitat
trophic status. Significant probabilities (P < 0.05) are indicated in bold italics. See
Fig. 3 for partial residual plots.

Effect df b ± SE MS  F P

WW 1 –0.5 ± 0.2 277.0 6.3 0.03
stic  of each population) and (B) an insignificant effect of population (P > 0.5; given
 fixed mean weight for all experimental amphipods and using different population
arameters).

o previous LDH activity models, this analysis was  more power-
ul as twice more independent observations were used (18 v. 9),

veraging of the experimental values may  have provided more
obustness for the data, and fewer degrees of freedom were con-
umed by the predictor describing population/habitat (1 for trophic
tatus v. 2 for population factor). All three statistically signifi-
Treatment 1 13.6 ± 3.3 750.1 17.0 0.001
Chlorophyll a 1 0.9 ± 0.2 1230.2 27.8 <0.001
Error 14 44.2

cant coefficients indicated that with each additional milligram of
weight, LDH activity on average declined by 0.5 �mol  min−1 g−1

(Fig. 3A), experimental amphipods exhibited 13.6 �mol  min−1 g−1

higher LDH activity than baseline amphipods (Fig. 3B), and the
strongest positive effect was  that of habitat trophic status (Fig. 3C).

4. Discussion

The results of this study suggest the existence of diverging
LDH activity levels under hypoxic conditions in populations of

P. robustoides inhabiting lentic water bodies of different trophic
status in the northern invaded range. Amphipods from highly
eutrophic waters exhibited higher LDH activity than amphipods
from a mesotrophic lake; thus a higher resistance to hypoxic
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Fig. 3. Partial residual plots (with 95% CI) from the ANCOVA model (see Table 4)
illustrating the effects of (A) wet weight (WW),  (B) treatment (experiment v. base-
line), and (C) mean multiannual chlorophyll a concentration of habitat on LDH
activity of the amphipod Pontogammarus robustoides. In C, the three increasing
c
r

c
w
c
L
r
c

the other hand, in amphipods from eutrophic and hyper-
hlorophyll a concentrations indicate Lake Dusia, Kaunas WR and Lake Simnas,
espectively.

onditions of individuals inhabiting eutrophic environments, in
hich they indeed should face periods of detrimental oxygen con-

entrations, can be anticipated. The strong correlation between

DH activity levels and trophic status of waters inhabited by P.
obustoides also supports the enhanced resistance to hypoxia in
ertain introduced populations.
nologica 61 (2016) 7–13 11

Observed variation in LDH activity levels among popula-
tions indicated different physiological acclimation response. It
is unlikely that this response may  have resulted from differ-
ent developmental acclimatisation (Angilletta, 2009) as used
experimental animals represented the offspring of the spring
mating season of the same year (2012), the offspring which
were unlikely to encounter detrimental oxygen concentrations
during their ontogeny. According to monitoring data from 2006
to 2014 (Lithuanian Environmental Protection Agency; http://
vanduo.gamta.lt/cms/index?rubricId=8ea41f73-9742-4d71-aa10-
0a5988713fe5, accessed on 3 March 2016), during the growing
season oxygen concentration in the surface layers (which is also
characteristic to the littoral zone) of all studied water bodies
did not drop below 8 mg  L−1. Such a concentration is obviously
above the limiting one for amphipods known to be approximately
2 mg  L−1 (Dedyu, 1980). Consequently, an ability of a population to
respond to decreasing oxygen levels differently may  have a genetic
basis which has been acquired quite rapidly (in ca. 50 years). Since
in our experiment we  used adult individuals caught in the field and
did not perform a common garden experiment required to rule out
maternal effects (Mousseau and Fox, 1998), genetic variation in
resistance to hypoxia (sensu Merila and Hendry, 2013) still cannot
be proved. However, recent findings in evolutionary ecology
suggest that the divergence in LDH activity levels, i.e. an ability to
differently respond to decreasing oxygen, can be related to under-
lying genetic adaptation. The amphipod P. robustoides in Lithuanian
lakes usually has three generations per year (Arbačiauskas and
Gumuliauskaitė, 2007); thus it has already produced around 150
generations under the selective pressure of contrasting oxygen
conditions. At least in plants, adaptation to selective pressures
in a new environment can occur within 20 generations or even
less (Prentis et al., 2008). In vertebrates, measurable evolutionary
change can occur less than 50 generations after invasion of a
novel habitat (see Lescak et al., 2015 for a fish example). Finally,
using common garden experiments contemporary adaptations
to new environments have been documented in some invasive
crustaceans (Lee et al., 2003, 2012; Sargent and Lodge, 2014).

In normoxic conditions of our experiment, raw (not weight-
corrected) LDH activity of P. robustoides from lentic waters
of different trophic status was measured within the range of
0.9–37.5 �mol  min−1 g−1. Due to different experimental designs
(constant or decreasing oxygen content, termination criteria) and
LDH activity assay protocols (whole body or specific tissue, differ-
ent assay conditions and mixtures, etc.), comparisons of the LDH
activity values measured here with those in the literature are com-
plicated. Considering differences in assay pH and temperature, the
order of normoxic LDH activity of P. robustoides falls within the
range of field LDH activity reported for the marine copepod Calanus
chilensis Brodsky, 1959 (0.8–0.9 �mol  min−1 g−1), which is non-
resistant to hypoxia, and the euphausid Euphausia mucronata G.
O. Sars, 1883 (131.6–152.9 �mol  min−1 g−1), which is well adapted
to travel through the subsurface oxygen minimum layer (Gonzalez
and Quiñones, 2002), closer to the LDH activity range of the for-
mer  species. This position within the reported activity range is in
accordance with the predominant characterization of P. robustoides
as an oxyphilic species; however, it does not classify it as strictly
oxyphilic like C. chilensis.

Under hypoxia, a significant divergence in LDH activity
levels of P. robustoides was  found. In individuals from a
mesotrophic lake raw LDH activity values varied within a
range of 0.8–28.3 �mol  min−1 g−1, which fell within the over-
all normoxic LDH activity range recorded in this study. On
trophic waters the raw LDH activity varied within the range of
20.3–56.1 �mol  min−1 g−1 and approached the activity measured
in the muscles of mud-dwelling thalassinid shrimps incubated in
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noxia (40.3–51.8 �mol  min−1 g−1; Pritchard and Eddy, 1979). This
uggests that although P. robustoides introduced into habitats with
ood oxygen conditions have remained predominantly oxyphilic,
opulations residing in new habitats susceptible to hypoxia may
ave developed a more pronounced resistance to oxygen depriva-
ion.

In this experiment, the mean oxygen concentration resulting in
nactivation of half the adult P. robustoides was 0.49 mg  L−1, which,
s expected, was higher than the previously reported lethal oxygen
oncentration of 0.21 mg  L−1 obtained for adult individuals from
he native range at 20 ◦C (Dedyu, 1980). To avoid traumatizing
he animals before the experiment we only weighed them after
t, and failed to fully standardize their weight. The observed strong
nfluence of body weight on the time for which animals remained
ctive may  be explained by the higher oxygen consumption rate
f larger individuals, and thus shorter time to reach inactivating
oncentrations. It has been shown that critical oxygen limits may
lso depend on amphipod age and sex even within the same pop-
lation (Hoback and Barnhart, 1996). We  conclude that variation

n amphipod performance related to divergent hypoxia resistance
mong populations may  be not that large and would require a more
ensitive experimental design to be detected.

In this study, a closed-bottle experiment was  chosen as a
echnically simple method that can simultaneously allow gradual
ransition to hypoxic–anoxic conditions and provide approximate

easures of oxygen consumption rate and its critical concentra-
ions, survival and metabolic response. Such a design provided
ufficient data to detect intraspecific differences in LDH activity;
owever, it did not enable detection of differences in critical oxygen
oncentrations and time to inactivation. It should be also noted that
xtrapolation of the results to ambient winter temperatures (4 ◦C)
hould be done with caution due to possible temperature influences
n kinetics of the lactate pathway (e.g. Trausch, 1976; Thebault and
e Gal, 1978). Thus, the hypothesis of long-term winter hypoxia
imiting the distribution of P. robustoides within temperate lakes
Arbačiauskas and Gumuliauskaitė, 2007) may  warrant additional
esting.

Resistance to low oxygen in the northern invaded range where
ypoxic conditions often develop would definitely be beneficial for
. robustoides. Such resistance may  allow the species to expand
ts environmental niche and invade previously unsuitable habitats
uch as eutrophic lentic waters. An example of such an expansion
ight be the recent invasion of P. robustoides from Lake Simnas into

ake Žuvintas, located only 5.3 km downstream. The species was
ntroduced into Lake Simnas in 1963 but was not recorded in Lake
ˇuvintas until 50 years later in 2014, despite regular investigations
f the lake over the last intervening decades (Arbačiauskas et al.,
010; Arbačiauskas, unpublished data). Lake Žuvintas is a shallow
nd highly eutrophic overgrowing lake of continuously decreasing
cological status (Linkevičienė et al., 2007), and it is an even less
uitable habitat for P. robustoides than Lake Simnas. Recently, Lake
imnas has also become highly eutrophicated but its high water
urnover rate may  allow it to support Ponto–Caspian amphipods in
he long term (Arbačiauskas, 2005).

An expansion in the environmental niche of P. robustoides may
ave another ecological implication. Due to the specific intoler-
nces of invasive peracaridan species, proximate waters of lower
alinity (Grabowski et al., 2009), higher ammonia (Gergs et al.,
013) or lower oxygen levels (Arbačiauskas, 2005) have been
onsidered as refuges for native macroinvertebrate species. In
ithuania, P. robustoides is already known for eradicating native
mphipods (Gammarus spp.; Arbačiauskas, 2005, 2008) and detri-

entally affecting various macroinvertebrates (Gumuliauskaitė

nd Arbačiauskas, 2008) including organisms sensitive to pollu-
ion, thus affecting conventional ecological monitoring of rivers
nologica 61 (2016) 7–13

(Arbačiauskas et al., 2011a) and lakes (Šidagytė et al., 2013). It
has been recently revealed that the predatory behaviour of P.
robustoides can be more pronounced in waters of higher trophy
(Arbačiauskas et al., 2013). Further, it has been shown that the
species may  occupy a trophic position similar to that of other
invasive amphipods including the killer shrimp Dikerogammarus
villosus (Sowinsky, 1894) and the daemon shrimp D. haemobaphes
(Eichwald, 1841), and higher than that of other alien and native
amphipods (Bacela-Spychalska and Van Der Velde, 2013). Pon-
togammarus robustoides was even able to outcompete the preceding
invader D. haemobaphes (Jażdżewska and Jażdżewski, 2008). Thus,
severe impacts of P. robustoides on macroinvertebrate communi-
ties of lentic waters—primarily lakes of higher trophic status—may
be expected if the suggested adaptive response to hypoxia could
facilitate a massive invasion of the species.

5. Conclusions

We  conclude that populations of P. robustoides show a diver-
gent physiological response within its lactate pathway that could
contribute to their resistance to long-term hypoxia under win-
ter ice cover or summer hypoxic episodes in eutrophic lakes
and other lentic waters of the northern invaded range. The time
introduced populations have existed under novel selective pres-
sure is sufficient for microevolutionary change underlying such
divergent resistance to decreased oxygen levels. However, com-
mon  garden experiments or other means of search for a genetic
basis of this divergence in LDH levels is warranted to confirm the
observed phenomenon as a genetic adaptation. Enhanced resis-
tance to hypoxic environments should promote species dispersal
across inland waters and may  pose an even greater threat to native
species, leaving them no safe refuge.
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Yaikin, J., Quiñones, R.A., González, R.R., 2002. Aerobic respiration rate and anaerobic
enzymatic activity of Petrolistches laevigatus (Anomura Porcellanidae) under lab-
oratory conditions. J. Crust. Biol. 22, 345–352, http://dx.doi.org/10.1651/0278-

dx.doi.org/10.1111/j.1439-0426.2010.01492.x
dx.doi.org/10.1111/j.1439-0426.2010.01492.x
dx.doi.org/10.1111/j.1439-0426.2010.01492.x
dx.doi.org/10.1111/j.1439-0426.2010.01492.x
dx.doi.org/10.1111/j.1439-0426.2010.01492.x
dx.doi.org/10.1111/j.1439-0426.2010.01492.x
dx.doi.org/10.1111/j.1439-0426.2010.01492.x
dx.doi.org/10.1111/j.1439-0426.2010.01492.x
dx.doi.org/10.1111/j.1439-0426.2010.01492.x
dx.doi.org/10.1111/j.1439-0426.2010.01492.x
dx.doi.org/10.1111/j.1439-0426.2010.01492.x
dx.doi.org/10.1111/j.1439-0426.2010.01492.x
dx.doi.org/10.1051/kmae/2011076
dx.doi.org/10.1051/kmae/2011076
dx.doi.org/10.1051/kmae/2011076
dx.doi.org/10.1051/kmae/2011076
dx.doi.org/10.1051/kmae/2011076
dx.doi.org/10.1051/kmae/2011076
dx.doi.org/10.1051/kmae/2011076
dx.doi.org/10.1051/kmae/2011076
dx.doi.org/10.1051/kmae/2011075
dx.doi.org/10.1051/kmae/2011075
dx.doi.org/10.1051/kmae/2011075
dx.doi.org/10.1051/kmae/2011075
dx.doi.org/10.1051/kmae/2011075
dx.doi.org/10.1051/kmae/2011075
dx.doi.org/10.1051/kmae/2011075
dx.doi.org/10.1051/kmae/2011075
dx.doi.org/10.1111/fwb.12108
dx.doi.org/10.1111/fwb.12108
dx.doi.org/10.1111/fwb.12108
dx.doi.org/10.1111/fwb.12108
dx.doi.org/10.1111/fwb.12108
dx.doi.org/10.1111/fwb.12108
dx.doi.org/10.1111/fwb.12108
dx.doi.org/10.1111/fwb.12108
dx.doi.org/10.2478/v10043-008-0002-3
dx.doi.org/10.2478/v10043-008-0002-3
dx.doi.org/10.2478/v10043-008-0002-3
dx.doi.org/10.2478/v10043-008-0002-3
dx.doi.org/10.2478/v10043-008-0002-3
dx.doi.org/10.2478/v10043-008-0002-3
dx.doi.org/10.2478/v10043-008-0002-3
dx.doi.org/10.2478/v10043-008-0002-3
dx.doi.org/10.2478/v10043-008-0002-3
dx.doi.org/10.2478/v10043-008-0002-3
dx.doi.org/10.1111/fwb.12078
dx.doi.org/10.1111/fwb.12078
dx.doi.org/10.1111/fwb.12078
dx.doi.org/10.1111/fwb.12078
dx.doi.org/10.1111/fwb.12078
dx.doi.org/10.1111/fwb.12078
dx.doi.org/10.1111/fwb.12078
dx.doi.org/10.1111/fwb.12078
dx.doi.org/10.1651/C-2459
dx.doi.org/10.1651/C-2459
dx.doi.org/10.1651/C-2459
dx.doi.org/10.1651/C-2459
dx.doi.org/10.1651/C-2459
dx.doi.org/10.1651/C-2459
dx.doi.org/10.1651/C-2459
dx.doi.org/10.1651/C-2459
dx.doi.org/10.1016/0300-9629(80)90051-1
dx.doi.org/10.1016/0300-9629(80)90051-1
dx.doi.org/10.1016/0300-9629(80)90051-1
dx.doi.org/10.1016/0300-9629(80)90051-1
dx.doi.org/10.1016/0300-9629(80)90051-1
dx.doi.org/10.1016/0300-9629(80)90051-1
dx.doi.org/10.1016/0300-9629(80)90051-1
dx.doi.org/10.1016/0300-9629(80)90051-1
dx.doi.org/10.1016/0300-9629(80)90051-1
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0075
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0075
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0075
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0075
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0075
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0075
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0075
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0075
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0075
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0075
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0075
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0075
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0075
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0075
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0075
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0075
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0075
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0075
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0080
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0080
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0080
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0080
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0080
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0080
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0080
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0080
dx.doi.org/10.1080/01621459.1977.10480613
dx.doi.org/10.1080/01621459.1977.10480613
dx.doi.org/10.1080/01621459.1977.10480613
dx.doi.org/10.1080/01621459.1977.10480613
dx.doi.org/10.1080/01621459.1977.10480613
dx.doi.org/10.1080/01621459.1977.10480613
dx.doi.org/10.1080/01621459.1977.10480613
dx.doi.org/10.1080/01621459.1977.10480613
dx.doi.org/10.1080/01621459.1977.10480613
dx.doi.org/10.1002/jez.1402280305
dx.doi.org/10.1002/jez.1402280305
dx.doi.org/10.1002/jez.1402280305
dx.doi.org/10.1002/jez.1402280305
dx.doi.org/10.1002/jez.1402280305
dx.doi.org/10.1002/jez.1402280305
dx.doi.org/10.1002/jez.1402280305
dx.doi.org/10.1002/jez.1402280305
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0095
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0095
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0095
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0095
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0095
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0095
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0095
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0095
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0095
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0095
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0095
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0095
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0095
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0095
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0095
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0095
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0095
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0095
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0095
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0095
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0095
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0095
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0095
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0095
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0095
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0095
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0095
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0095
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0095
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0095
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0095
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0095
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0095
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0095
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0095
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0095
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0095
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0095
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0095
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0095
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0095
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0095
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0095
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0095
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0095
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0095
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0095
dx.doi.org/10.1007/s10530-013-0408-0
dx.doi.org/10.1007/s10530-013-0408-0
dx.doi.org/10.1007/s10530-013-0408-0
dx.doi.org/10.1007/s10530-013-0408-0
dx.doi.org/10.1007/s10530-013-0408-0
dx.doi.org/10.1007/s10530-013-0408-0
dx.doi.org/10.1007/s10530-013-0408-0
dx.doi.org/10.1007/s10530-013-0408-0
dx.doi.org/10.1007/s10530-013-0408-0
dx.doi.org/10.1007/s10530-013-0408-0
dx.doi.org/10.1093/plankt/24.12.1349
dx.doi.org/10.1093/plankt/24.12.1349
dx.doi.org/10.1093/plankt/24.12.1349
dx.doi.org/10.1093/plankt/24.12.1349
dx.doi.org/10.1093/plankt/24.12.1349
dx.doi.org/10.1093/plankt/24.12.1349
dx.doi.org/10.1093/plankt/24.12.1349
dx.doi.org/10.1093/plankt/24.12.1349
dx.doi.org/10.1093/plankt/24.12.1349
dx.doi.org/10.1093/plankt/24.12.1349
dx.doi.org/10.1007/s10530-009-9502-8
dx.doi.org/10.1007/s10530-009-9502-8
dx.doi.org/10.1007/s10530-009-9502-8
dx.doi.org/10.1007/s10530-009-9502-8
dx.doi.org/10.1007/s10530-009-9502-8
dx.doi.org/10.1007/s10530-009-9502-8
dx.doi.org/10.1007/s10530-009-9502-8
dx.doi.org/10.1007/s10530-009-9502-8
dx.doi.org/10.1007/s10530-009-9502-8
dx.doi.org/10.1007/s10530-009-9502-8
dx.doi.org/10.1007/BFb0030909
dx.doi.org/10.1007/BFb0030909
dx.doi.org/10.1007/BFb0030909
dx.doi.org/10.1007/BFb0030909
dx.doi.org/10.1007/BFb0030909
dx.doi.org/10.1007/BFb0030909
dx.doi.org/10.1007/BFb0030909
dx.doi.org/10.1007/s10750-007-9209-8
dx.doi.org/10.1007/s10750-007-9209-8
dx.doi.org/10.1007/s10750-007-9209-8
dx.doi.org/10.1007/s10750-007-9209-8
dx.doi.org/10.1007/s10750-007-9209-8
dx.doi.org/10.1007/s10750-007-9209-8
dx.doi.org/10.1007/s10750-007-9209-8
dx.doi.org/10.1007/s10750-007-9209-8
dx.doi.org/10.1007/s10750-007-9209-8
dx.doi.org/10.1007/s10750-007-9209-8
dx.doi.org/10.1016/S0300-9629(80)80002-8
dx.doi.org/10.1016/S0300-9629(80)80002-8
dx.doi.org/10.1016/S0300-9629(80)80002-8
dx.doi.org/10.1016/S0300-9629(80)80002-8
dx.doi.org/10.1016/S0300-9629(80)80002-8
dx.doi.org/10.1016/S0300-9629(80)80002-8
dx.doi.org/10.1016/S0300-9629(80)80002-8
dx.doi.org/10.1016/S0300-9629(80)80002-8
dx.doi.org/10.1016/S0300-9629(80)80002-8
dx.doi.org/10.1016/0022-0981(91)90104-5
dx.doi.org/10.1016/0022-0981(91)90104-5
dx.doi.org/10.1016/0022-0981(91)90104-5
dx.doi.org/10.1016/0022-0981(91)90104-5
dx.doi.org/10.1016/0022-0981(91)90104-5
dx.doi.org/10.1016/0022-0981(91)90104-5
dx.doi.org/10.1016/0022-0981(91)90104-5
dx.doi.org/10.1016/0022-0981(91)90104-5
dx.doi.org/10.1016/0022-0981(91)90104-5
dx.doi.org/10.2307/1467437
dx.doi.org/10.2307/1467437
dx.doi.org/10.2307/1467437
dx.doi.org/10.2307/1467437
dx.doi.org/10.2307/1467437
dx.doi.org/10.2307/1467437
dx.doi.org/10.2307/1467437
dx.doi.org/10.3161/00159301FF2008.51.1.001
dx.doi.org/10.3161/00159301FF2008.51.1.001
dx.doi.org/10.3161/00159301FF2008.51.1.001
dx.doi.org/10.3161/00159301FF2008.51.1.001
dx.doi.org/10.3161/00159301FF2008.51.1.001
dx.doi.org/10.3161/00159301FF2008.51.1.001
dx.doi.org/10.3161/00159301FF2008.51.1.001
dx.doi.org/10.3161/00159301FF2008.51.1.001
dx.doi.org/10.3161/00159301FF2008.51.1.001
dx.doi.org/10.3161/00159301FF2008.51.1.001
dx.doi.org/10.1093/icb/43.3.439
dx.doi.org/10.1093/icb/43.3.439
dx.doi.org/10.1093/icb/43.3.439
dx.doi.org/10.1093/icb/43.3.439
dx.doi.org/10.1093/icb/43.3.439
dx.doi.org/10.1093/icb/43.3.439
dx.doi.org/10.1093/icb/43.3.439
dx.doi.org/10.1093/icb/43.3.439
dx.doi.org/10.1093/icb/43.3.439
dx.doi.org/10.1093/icb/43.3.439
dx.doi.org/10.1111/j.1420-9101.2012.02459.x
dx.doi.org/10.1111/j.1420-9101.2012.02459.x
dx.doi.org/10.1111/j.1420-9101.2012.02459.x
dx.doi.org/10.1111/j.1420-9101.2012.02459.x
dx.doi.org/10.1111/j.1420-9101.2012.02459.x
dx.doi.org/10.1111/j.1420-9101.2012.02459.x
dx.doi.org/10.1111/j.1420-9101.2012.02459.x
dx.doi.org/10.1111/j.1420-9101.2012.02459.x
dx.doi.org/10.1111/j.1420-9101.2012.02459.x
dx.doi.org/10.1111/j.1420-9101.2012.02459.x
dx.doi.org/10.1111/j.1420-9101.2012.02459.x
dx.doi.org/10.1111/j.1420-9101.2012.02459.x
dx.doi.org/10.1073/pnas.1512020112
dx.doi.org/10.1073/pnas.1512020112
dx.doi.org/10.1073/pnas.1512020112
dx.doi.org/10.1073/pnas.1512020112
dx.doi.org/10.1073/pnas.1512020112
dx.doi.org/10.1073/pnas.1512020112
dx.doi.org/10.1073/pnas.1512020112
dx.doi.org/10.1073/pnas.1512020112
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0160
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0160
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0160
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0160
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0160
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0160
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0160
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0160
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0160
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0160
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0160
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0160
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0160
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0160
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0160
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0160
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0160
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0160
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0160
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0160
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0160
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0160
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0160
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0160
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0160
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0160
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0160
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0160
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0160
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0160
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0160
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0160
dx.doi.org/10.1144/gsjgs.140.1.0027
dx.doi.org/10.1144/gsjgs.140.1.0027
dx.doi.org/10.1144/gsjgs.140.1.0027
dx.doi.org/10.1144/gsjgs.140.1.0027
dx.doi.org/10.1144/gsjgs.140.1.0027
dx.doi.org/10.1144/gsjgs.140.1.0027
dx.doi.org/10.1144/gsjgs.140.1.0027
dx.doi.org/10.1144/gsjgs.140.1.0027
dx.doi.org/10.1144/gsjgs.140.1.0027
dx.doi.org/10.1144/gsjgs.140.1.0027
dx.doi.org/10.1093/icb/31.3.522
dx.doi.org/10.1093/icb/31.3.522
dx.doi.org/10.1093/icb/31.3.522
dx.doi.org/10.1093/icb/31.3.522
dx.doi.org/10.1093/icb/31.3.522
dx.doi.org/10.1093/icb/31.3.522
dx.doi.org/10.1093/icb/31.3.522
dx.doi.org/10.1093/icb/31.3.522
dx.doi.org/10.1093/icb/31.3.522
dx.doi.org/10.1093/icb/31.3.522
dx.doi.org/10.1111/eva.12137
dx.doi.org/10.1111/eva.12137
dx.doi.org/10.1111/eva.12137
dx.doi.org/10.1111/eva.12137
dx.doi.org/10.1111/eva.12137
dx.doi.org/10.1111/eva.12137
dx.doi.org/10.1111/eva.12137
dx.doi.org/10.1111/eva.12137
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0180
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0180
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0180
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0180
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0180
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0180
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0180
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0180
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0180
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0180
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0180
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0180
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0180
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0180
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0180
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0180
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0180
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0180
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0180
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0180
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0180
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0180
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0180
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0180
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0180
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0180
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0180
http://refhub.elsevier.com/S0075-9511(16)30134-7/sbref0180
dx.doi.org/10.1016/S0169-5347(98)01472-4
dx.doi.org/10.1016/S0169-5347(98)01472-4
dx.doi.org/10.1016/S0169-5347(98)01472-4
dx.doi.org/10.1016/S0169-5347(98)01472-4
dx.doi.org/10.1016/S0169-5347(98)01472-4
dx.doi.org/10.1016/S0169-5347(98)01472-4
dx.doi.org/10.1016/S0169-5347(98)01472-4
dx.doi.org/10.1016/S0169-5347(98)01472-4
dx.doi.org/10.1016/S0169-5347(98)01472-4
dx.doi.org/10.1016/j.tplants.2008.03.004
dx.doi.org/10.1016/j.tplants.2008.03.004
dx.doi.org/10.1016/j.tplants.2008.03.004
dx.doi.org/10.1016/j.tplants.2008.03.004
dx.doi.org/10.1016/j.tplants.2008.03.004
dx.doi.org/10.1016/j.tplants.2008.03.004
dx.doi.org/10.1016/j.tplants.2008.03.004
dx.doi.org/10.1016/j.tplants.2008.03.004
dx.doi.org/10.1016/j.tplants.2008.03.004
dx.doi.org/10.1016/j.tplants.2008.03.004
dx.doi.org/10.1016/j.tplants.2008.03.004
dx.doi.org/10.1007/BF00394206
dx.doi.org/10.1007/BF00394206
dx.doi.org/10.1007/BF00394206
dx.doi.org/10.1007/BF00394206
dx.doi.org/10.1007/BF00394206
dx.doi.org/10.1007/BF00394206
dx.doi.org/10.1007/BF00394206
dx.doi.org/10.1139/f02-099
dx.doi.org/10.1139/f02-099
dx.doi.org/10.1139/f02-099
dx.doi.org/10.1139/f02-099
dx.doi.org/10.1139/f02-099
dx.doi.org/10.1139/f02-099
dx.doi.org/10.1139/f02-099
dx.doi.org/10.1139/f02-099
dx.doi.org/10.1111/eva.12198
dx.doi.org/10.1111/eva.12198
dx.doi.org/10.1111/eva.12198
dx.doi.org/10.1111/eva.12198
dx.doi.org/10.1111/eva.12198
dx.doi.org/10.1111/eva.12198
dx.doi.org/10.1111/eva.12198
dx.doi.org/10.1111/eva.12198
dx.doi.org/10.1016/j.limno.2013.01.003
dx.doi.org/10.1016/j.limno.2013.01.003
dx.doi.org/10.1016/j.limno.2013.01.003
dx.doi.org/10.1016/j.limno.2013.01.003
dx.doi.org/10.1016/j.limno.2013.01.003
dx.doi.org/10.1016/j.limno.2013.01.003
dx.doi.org/10.1016/j.limno.2013.01.003
dx.doi.org/10.1016/j.limno.2013.01.003
dx.doi.org/10.1016/j.limno.2013.01.003
dx.doi.org/10.1016/j.limno.2013.01.003
dx.doi.org/10.1016/j.limno.2013.01.003
dx.doi.org/10.1016/j.cbpa.2010.03.025
dx.doi.org/10.1016/j.cbpa.2010.03.025
dx.doi.org/10.1016/j.cbpa.2010.03.025
dx.doi.org/10.1016/j.cbpa.2010.03.025
dx.doi.org/10.1016/j.cbpa.2010.03.025
dx.doi.org/10.1016/j.cbpa.2010.03.025
dx.doi.org/10.1016/j.cbpa.2010.03.025
dx.doi.org/10.1016/j.cbpa.2010.03.025
dx.doi.org/10.1016/j.cbpa.2010.03.025
dx.doi.org/10.1016/j.cbpa.2010.03.025
dx.doi.org/10.1016/j.cbpa.2010.03.025
dx.doi.org/10.1016/j.cbpa.2011.03.030
dx.doi.org/10.1016/j.cbpa.2011.03.030
dx.doi.org/10.1016/j.cbpa.2011.03.030
dx.doi.org/10.1016/j.cbpa.2011.03.030
dx.doi.org/10.1016/j.cbpa.2011.03.030
dx.doi.org/10.1016/j.cbpa.2011.03.030
dx.doi.org/10.1016/j.cbpa.2011.03.030
dx.doi.org/10.1016/j.cbpa.2011.03.030
dx.doi.org/10.1016/j.cbpa.2011.03.030
dx.doi.org/10.1016/j.cbpa.2011.03.030
dx.doi.org/10.1016/j.cbpa.2011.03.030
dx.doi.org/10.1023/A:1021063225668
dx.doi.org/10.1023/A:1021063225668
dx.doi.org/10.1023/A:1021063225668
dx.doi.org/10.1023/A:1021063225668
dx.doi.org/10.1023/A:1021063225668
dx.doi.org/10.1023/A:1021063225668
dx.doi.org/10.1023/A:1021063225668
dx.doi.org/10.1016/0305-1978(78)90041-8
dx.doi.org/10.1016/0305-1978(78)90041-8
dx.doi.org/10.1016/0305-1978(78)90041-8
dx.doi.org/10.1016/0305-1978(78)90041-8
dx.doi.org/10.1016/0305-1978(78)90041-8
dx.doi.org/10.1016/0305-1978(78)90041-8
dx.doi.org/10.1016/0305-1978(78)90041-8
dx.doi.org/10.1016/0305-1978(78)90041-8
dx.doi.org/10.1016/0305-1978(78)90041-8
dx.doi.org/10.1016/0305-1978(76)90013-2
dx.doi.org/10.1016/0305-1978(76)90013-2
dx.doi.org/10.1016/0305-1978(76)90013-2
dx.doi.org/10.1016/0305-1978(76)90013-2
dx.doi.org/10.1016/0305-1978(76)90013-2
dx.doi.org/10.1016/0305-1978(76)90013-2
dx.doi.org/10.1016/0305-1978(76)90013-2
dx.doi.org/10.1016/0305-1978(76)90013-2
dx.doi.org/10.1016/0305-1978(76)90013-2
dx.doi.org/10.1651/0278-0372(2002)022
dx.doi.org/10.1651/0278-0372(2002)022
dx.doi.org/10.1651/0278-0372(2002)022
dx.doi.org/10.1651/0278-0372(2002)022
dx.doi.org/10.1651/0278-0372(2002)022
dx.doi.org/10.1651/0278-0372(2002)022
dx.doi.org/10.1651/0278-0372(2002)022
dx.doi.org/10.1651/0278-0372(2002)022
dx.doi.org/10.1002/iroh.200710966
dx.doi.org/10.1002/iroh.200710966
dx.doi.org/10.1002/iroh.200710966
dx.doi.org/10.1002/iroh.200710966
dx.doi.org/10.1002/iroh.200710966
dx.doi.org/10.1002/iroh.200710966
dx.doi.org/10.1002/iroh.200710966
dx.doi.org/10.1002/iroh.200710966

	Resistance to low oxygen in the Ponto–Caspian amphipod Pontogammarus robustoides varies among lentic habitats of its north...
	1 Introduction
	2 Materials and methods
	2.1 Water bodies and experimental animals
	2.2 Gradually induced hypoxia experiment
	2.3 LDH activity assay
	2.4 Statistical analyses

	3 Results
	3.1 Amphipod performance
	3.2 LDH activity comparison

	4 Discussion
	5 Conclusions
	Acknowledgements
	References


