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Abstract

Isolated extreme habitats are ideally suited to investigate pivotal ecological processes such as niche use, local adaptation and
dispersal. Extremophilic animals living in isolated habitats face the problem that dispersal is limited through the absence
of suitable dispersal corridors, which in turn facilitates local adaptation. We used five rotifer isolates from extremely acidic
mining lakes with a pH of below 3 as model organisms to test whether these isolates are acidotolerant or acidophilic, whether
they survive and reproduce at their niche edges (here pH 2 and circum-neutral pH) and whether local adaptation has evolved.
To evaluate potential dispersal limitation, we tested whether animals and their parthenogenetic eggs survive and remain
reproductive or viable at unfavourable pH-conditions. All five isolates were acidophilic with a pH-optimum in the range of
4-6, which is well above the pH (< 3) of their lakes of origin. At unfavourable high pH, in four out of the five isolates par-
thenogenetic females produced a high number of non-viable eggs. Females and eggs produced at favourable pH (4) remained
vital at an otherwise unfavourable pH of 7, indicating that for dispersal no acidic dispersal corridors are necessary. Common
garden experiments revealed no clear evidence for local adaptation in any of the five isolates. Despite their acidophilic nature,
all five isolates can potentially disperse via circum-neutral water bodies as long as their residence time is short, suggesting a
broader “dispersal niche” than their realized niche. Local adaptation might have been hampered by the low population sizes
of the rotifers in their isolated habitat and the short time span the mining lakes have existed.
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Introduction

The fundamental niche of aquatic organisms is constrained
by a variety of abiotic factors such as salinity, tempera-
ture, concentrations of certain chemicals, ions and protons,
i.e. pH. The vast majority of natural water bodies, marine
and freshwater, have a circum-neutral pH in the range of
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6-8.5. Exceptions include peat bogs which are moderately
acidic (pH around 5-6) and extremely acidic water bodies
[pH < 2.8, according to the classification by Nixdorf et al.
(2005)] such as volcanic lakes (Pedrozo et al. 2001). Acidic
anthropogenic lakes originate from the cessation of open
cast mining activities and acid mine drainage. Furthermore,
a very low pH, is often accompanied by high concentrations
of metal ions (Bowers and Wiegel 2011). Under such harsh
conditions, bacteria and archaea typically dominate the biota
and only few eukaryotic species thrive (Amaral Zettler et al.
2002; Packroff and Woelfl 2000; Méndez-Garcia et al. 2015;
Mesa et al. 2017). Most of these eukaryotes are protists (Bell
et al. 2006; Aguilera et al. 2007; Aguilera 2013; Amaral-
Zettler 2013; Weisse et al. 2013b) and only a few are meta-
zoans such as rotifers and crustaceans [reviewed by Deneke
(2000), Belyaeva and Deneke 2013]. Whereas the ecology
and physiology of archaea, bacteria and also protists have
been intensively investigated [for reviews see Bowers and
Wiegel (2011), Canganella and Wiegel (2011), Dhakar and
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Pandey (2016)], studies on their consumers, the extremo-
phile metazoans, are very rare.

Although extremely acidic lakes (pH < 2.8) can be found
on all continents, they are rare and isolated habitats (Kwong
and Lawrence 1998; Pedrozo et al. 2001). This isolation
might hamper the dispersal of acidophilic species if they do
not tolerate circum-neutral conditions in potential stepping
stones. However, zooplankton can disperse on a local (metre
to kilometre) and regional (> 100 km) scale (Jenkins and
Buikema 1998; Céceres and Soluk 2002; Figuerola et al.
2005; Vanschoenwinkel et al. 2009).

In isolated habitats, where dispersal capabilities are lim-
ited, the colonizing individual(s) might locally adapt to their
new environment. Such local adaptation can be manifested
by improved fitness of each deme (=local population) in
its home habitat (Kawecki and Ebert 2004). In this context,
two scenarios are important: the “local vs. foreign” and the
“home vs. away” criterion. The local vs. foreign criterion is
fulfilled, when the local population has a higher fitness in
its home habitat than a foreign population and the home vs.
away criterion is fulfilled, when a population has a higher
fitness in its home habitat than in a foreign habitat (Kawecki
and Ebert 2004).

In the present study we investigated three aspects of the
pH tolerance of five rotifer isolates from extremely acidic
mining lakes and their potential for local adaptation. In the
first step, we aimed to elucidate the pH tolerance of the five
isolates covering a broad range from pH 2-8 using life-table
experiments. We tested whether their occurrence in the field
is in the middle of their pH niche or at the niche edge. A
striking result was that all five isolates produced eggs at
pH values of 6-8 that were not viable, i.e. the parthenoge-
netic mothers allocated resources into reproduction without
reproductive success. Furthermore, egg production at pH 2
was low and eggs were also non-viable. In a second step, we
further elucidated this phenomenon and tested (a) whether
it is a direct pH effect on the eggs or a maternal effect and
(b) whether eggs and adult females can tolerate periods of
pH-conditions beyond their pH niche, which might facilitate
dispersal. In the third step, we tested the hypothesis that
the five isolates are locally adapted to their home environ-
ment by using “common garden” experiments. Therefore,
we experimentally measured the fitness of each isolate in its
home and foreign environment.

Materials and methods
Origin of animals and algae, stock cultures
All five rotifer isolates were obtained from acidic mining

lakes: Cephalodella sp. was isolated from mining lake 111
(L111, ca. 51°30'N, 13°38'E) in Lusatia, Germany, and was
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used in previous studies (Weithoff 2005, 2007; Weithoff
and Wacker 2007; Wacker and Weithoff 2009). The exact
species delimitation is still under way. Two strains of the
recently described Cephalodella acidophila (Jersabek et al.
2011) were isolated from mining lake 130 (L130, 51°33'N,
13°43'E) in Lusatia and from an acidic mining lake in Lan-
gau (LLG, ca. 48°51'N, 15°44'E) in North—East Austria.
Two strains of Elosa woralli Lord, 1891 were isolated from
L111 and L130; E. woralli has never been recorded in LLG
(Weithoff et al. 2010; Moser and Weisse 2011). All rotifer
strains occurred in the upper water layers of their respective
lakes, only Cephalodella sp. exhibited a population maxi-
mum at a depth of ca. 8 min L111 (Weithoff 2004). The two
Lusatian lakes are ca. 8 km apart, and they are about 330 km
north of Lake Langau. All three lakes originated from lignite
open-cast mining activities with subsequent filling with ris-
ing groundwater. L 111 is about 70 years old, L130 10 years
and LLG 50 years. The low pH was generally uniform with
depth in lakes 111 and 130, but increased to pH 5 from 5
to 8.5 m in LLG (Moser and Weisse 2011). The food web
in the lakes is similar (Kamjunke et al. 2004; Moser and
Weisse 2011): besides heterotrophic bacteria, mixotrophic
Chlamydomonas acidophila (Chlorophyceae) and Och-
romonas sp. (Chrysophyceae) dominate the plankton com-
munity (Tittel et al. 2005; Schmidtke et al. 2006) and only
few other algae were found e.g., diatoms and chlorophytes in
the shallow, wind-exposed L.130 (Weithoff et al. 2010). The
only planktonic metazoans are rotifers; in L111 and L130
the potential top predator is the heliozoon Actinophrys sol
(Bell et al. 2006).

Stock cultures of animals and algae were grown in a
medium adjusted to field conditions (Bissinger et al. 2000)
with the key characteristics of pH=2.65 and high iron and
sulfate concentrations of 145 mg L™! and 440 mg L™},
respectively. For all experiments, WC media with pH rang-
ing from 2 to 8 were prepared. At pH 2 and 3 no buffer was
used, citric acid was used at pH 4, MES was used at pH 5,
TES was used at pH 6 and 7, and HEPES was used at pH 8
[modified after Spijkerman (2005)].

Life-table experiments to determine the pH niche

The life-table experiments followed the procedure as in
Weithoff (2004, 2007). Prior to the experiments, animals
were acclimated to the target pH. When pH conditions were
too harsh for reproduction (e.g., pH 2, see Results), the clos-
est pH where animals successfully reproduced was used for
adaptation. From stock cultures, eggs were collected and
supplied with an algal suspension of the target pH and an
algal density of 50,000 cells mL~' Chlamydomonas aci-
dophila (~1.5 pg C mL™Y). The neonates that hatched were
then transferred randomly into separate microtitre well plates
with 200 pL algal suspension of the same density and pH.
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From then onwards, animals were transferred daily into new
wells with fresh algal suspensions. The survival, reproduc-
tion and viability of eggs were recorded until all animals had
died, thus there were no censored data. Each treatment (i.e.
each isolate at each pH) comprised 24 animals. In none of
the total 35 life table runs (five isolates X 7 pH) the mothers
became mictic, i.e. they reproduced exclusively parthenoge-
netically. The experiments were performed at 20 °C in the
dark to prevent algal growth.

To test for differences in the mean number of eggs
between species and pH a general linear model with a tuckey
post hoc test was applied using strain and pH as fixed factors
and number of eggs as the response variable. Hatching suc-
cess was calculated as the percentage of viable eggs to the
total number of eggs pooled for all 24 females per treatment.
Since percentage is an aggregated value without variance,
hatching success in response to pH was compared using a
test for homogeneity for each strain separately. To calculate
population growth rates (r days™') from the results of the
life table experiments, the equation by Lotka was used: )
e "x1m,=1, where x is the time in days, m, is the num-
ber of viable eggs per surviving female at time x and [, is
the proportion of surviving females at time x. It is assumed
that all births in an interval between two consecutive obser-
vations occurred in the middle of each time interval. The
growth rate r was estimated via an iterative procedure to an
accuracy of r to the nearest 0.001 and the 95% confidence
interval was calculated using the bootstrap procedure with
199 iterations with the software package R (Weithoff and
Wacker 2007).

Egg-transfer experiment

To test whether the pH has a direct effect on the viability of
eggs, the hatching success of eggs that were produced at pH
4 (typically viable) and 7 (typically non-viable) was tested at
pH 2, 4 and 7. On day one, eggs (without any mothers) from
stock cultures were collected in a Petri dish separately at pH
4 and 7 and provided with a satiating food algal suspension of
50,000 cells mL~". The next day (day 2) ca. 300 hatched neo-
nates at each of the two pH values were transferred individu-
ally into wells of a 96-well microtiter plate with 200 ul algal
suspension. Since the neonates start reaching maturity within
ca. 1 day, they were inspected on day 3whether or not they had
reproduced; animals that had already reproduced were dis-
carded. Then, every hour, newly produced eggs were recorded,
the mothers of these eggs and the surrounding algal suspension
removed and the eggs were washed with the target algal sus-
pension of pH of 2, 4 or 7. On the following days the hatching
success was recorded. For each separate treatment between
27 and 54 eggs were used. Since egg production at pH 2 was
either very low or absent (see “Results”) these experiments

were only performed at an almost optimal pH and at a pH
higher than optimal. All five rotifer isolates were tested.

Mother-transfer experiments

Since mothers produced non-viable eggs at pH 7, it was tested
whether this effect is reversible, i.e. if mothers regain their
ability to produce viable eggs when transferred back from pH
7 to 4. To test whether mothers lose their ability for success-
ful reproduction when transferred from pH 4 to 7, this direc-
tion was also tested. Therefore, experiments were run similar
to the egg-transfer experiments until day three. Mothers that
had reproduced at the starting pH were then transferred to the
target pH (from pH 4 to 7 or from pH 7 to 4). The following
3 days the hatching success of the eggs was recorded allowing
for recovery in case females got stressed by the transfer to the
new environment. No quantification was done, i.e. we moni-
tored whether or not mothers regain production of viable eggs
when transferred to pH 4 after they had produced non-viable
eggs at pH 7 and vice versa.

Common garden experiments to test for local
adaptation

To test for local adaptation, the population development of all
five isolates was investigated in lake water of the three lakes
of origin: Water samples of the three lakes were taken and
transported to the laboratory. The ambient pH of the three
lake waters at the sampling day were 2.70 for L111, 2.83 for
L130 and 2.84 for LLG. These samples were filtered through
0.2 pm filters to remove all organisms including bacteria.
Then, 50,000 cells mL~! of the alga Chlamydomonas aci-
dophila (Chlorophyta) were added to the three water samples.
For each lake water, a Chlamydomonas isolate of the same lake
was used (Weisse et al. 2011). From these algal suspensions,
4 mL were pipetted into the wells of a 6-well microtiter plate
and 10 neonates were added to each well as founder popula-
tion. In the following, the algal suspension was renewed daily
and the number of animals and eggs was recorded. All treat-
ments were run in four replicates resulting in 60 separate wells
(3 lakes x 5 isolates X 4 replicates). To test for differences in
fitness response (measured as final abundance) among strains,
a general linear model with strain and source water as fixed
factors and In final abundance of animals as response vari-
able was applied. To further evaluate potential local adaptation
a modified approach from Hereford (2009) was used. Local
adaptation was calculated as

Wlocal population i — Wforeign populations

— )

W,

all populations in habitat i

@ Springer



40 Page 4 of 9

G. Weithoff et al.

where W is the fitness of an isolate (In of final abundance).
Positive values, when the 95% confidence interval does
not include zero, indicate that local populations are better
adapted to their habitat than foreign populations. Analogous,
the home vs. away criterion was measured as

W W

population i at home — "V population i away

Wpopulaz‘iuns i in all habitats

Here, positive values, when the 95% confidence interval
does not include zero, indicate that populations have a higher
fitness in their home habitat than in other habitats.

Results
The pH niche (life-table experiments)

The five rotifer isolates differed in their reproduction
(number of viable eggs, F=171, df =4, p<0.001) and this
was strongly driven by the pH (F=379, df=6, p<0.001).
All isolates had their highest reproduction at acidic con-
ditions: C. acidophila from both lakes had the highest
reproduction at pH 4, Cephalodella sp. (L111) at pH 4-6
and E. woralli from L111 at pH 4-6 and from L130 at
5-6 (post hoc comparisons) (Fig. 1). The hatching success
varied among species and was strongly dependent on the
pH (separate tests for homogeneity, X2 ranged from 143
to 239, df =6, p<0.001). At the lower end of the inves-
tigated pH range (pH 2) either no eggs were produced as
in C. acidophila and E. woralli from L130 or very few
with low hatching success as in Cephalodella sp. from
L111. Only C. acidophila from LLG and E. woralli from

L111 produced a number of eggs theoretically sufficient to
maintain a population i.e. more than one egg per female,
but none of these eggs was viable. At the upper end of the
pH range (pH 6-8), the three species exhibited a different
pattern. Cephalodella sp. reproduced at a similarly high
level as at pH 4 and 5, however the hatching success drasti-
cally declined to almost zero at pH 8. A slightly different
pattern was found for C. acidophila from both lakes, L130
and LLG. From optimal reproduction i.e. a high number of
eggs along with a high hatching success at pH 4, the num-
ber of eggs decreased with increasing pH up to pH 6 and 7.
At pH 8, the total number of produced eggs was relatively
high and comparable to pH 3 and 4. Interestingly, hatch-
ing success was high only at pH 3-5 and zero at all other
tested pH values. Thus, positive growth is restricted to a
narrow pH range from slightly below pH 2.65 (pH of the
stock cultures) to a pH of 6. E. woralli tolerated a broader
pH range than C. acidophila with a broader maximum and
high reproduction and hatching success at pH 6. However,
as for the other isolates, reproduction at pH 8 was still high
but eggs were completely non-viable.

From the life table data population growth rates were
calculated assuming all eggs were viable (maximum
potential growth rate) as well as taking only the viable
eggs into account (realized growth rate). At optimal condi-
tions (i.e. acidic pH), all five isolates exhibited high real-
ized population growth rates in the range of 0.8—1.2 day !,
which are comparable to rotifers from neutral habitats,
demonstrating that all isolates are well adapted to the low
pH conditions. If all eggs were assumed viable at pH 8
the estimated growth rates ranged between 0.41 and 1.08
day~! indicating a high, though worthless, reproductive
investment given the lack of successful hatching (Table 1
in Supplementary Material).

Cephalodella sp. Elosa woralli Elosa woralli Cegha/hC{Ide//a Ce_Zhaﬁ);iella
acidophila acidophila
Lake 111 Lake 111 Lake 130 Lake 130 Lake LG
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Fig. 1 Results from life-table experiments. Top row, number of eggs per individual female, filled circles, viable eggs, open circles, total number
of eggs. Bottom row, hatching success in percentage of viable eggs to total number of eggs, pooled for all 24 animals in each experimental trial
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Egg transfer

To investigate the effect of high reproductive effort despite
zero percent hatching success, egg-transfer experiments were
conducted. Eggs that were produced at pH 4, i.e. at or close
to optimum conditions, were transferred to unfavourable pH
conditions at pH 2 and pH 7 (Fig. 2a); the control group
remained at pH 4. These eggs exhibited a hatching success
comparable to that determined in the life table experiments
(Figs. 1 and 2) and served as controls. The eggs that were
transferred to pH 2 within 1 h after they had been released
from their mothers were all not viable for all five isolates
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Fig.2 Results from the egg transfer experiment. Hatching success
of eggs produced at pH 4 (a) and pH 7 (b), which were then trans-
ferred to pH 2 and 7 and to pH 2 and 4 respectively, a control group
remained at the hatching pH. Open, white bars, Cephalodella sp.
(from Lake 111), hatched, white bars Cephalodella acidophila from
Lake 130 (diagonal) and Lake LG (horizontal), open, grey bars, Elosa
worallii from Lake 111 and hatched grey bars Elosa worallii from
Lake 130. When no bars are visible, the hatching success was 0%

of rotifers, suggesting a direct negative effect of the low pH
on egg/embryonic development (Fig. 2a). In contrast, eggs
remained viable when they were transferred from pH 4 to pH
7. Thus, a pH of 7 alone does not explain why the hatching
success at pH 7 was very low or even zero when the eggs
were also produced at pH 7. In accordance to that, eggs that
were produced at pH 7 were almost completely non-viable
at pH 4 and 2 (Fig. 2b). Only some neonates hatched at pH 7
from eggs from E. worallii L111, which is in agreement with
the results from the life table experiments when also some
neonates hatched at pH 7 (Fig. 1g). To summarize, at pH 2
it is a direct pH effect that prevents neonates from hatching
whereas at pH 7 it is a maternal effect.

Mother transfer

To further elucidate the maternal effect on hatching success
and the relevance for dispersal, mothers were reared at pH
4 until they reproduced successfully and then transferred to
pH 7. After the transfer to pH 7, almost all animals of the
three isolates tested ceased successful reproduction, i.e. they
produced eggs at pH 7 but the eggs were non-viable (Fig. 3).
When mothers were transferred from pH 7 (after unsuccess-
ful reproduction) to pH 4, then mothers from E. worallii and
C. acidophila produced viable eggs within the following
days (Fig. 3d, f, h). Cephalodella sp. behaved differently
in that only about half of the animals that were transferred
to pH 4 continued to reproduce (Fig. 3a) and from these
mothers only very few produced viable eggs (Fig. 3b). These
results demonstrate that at least E. worallii and C. acidophila
are not affected during maturation at pH 7 since they repro-
duce successfully when transferred to pH 4.

Local adaptation (common garden experiments)

Overall, all five isolates exhibited a similar response to
the transfer to the different lake waters (F=2.23, df =4,
p=0.081) however, final abundance differed in response
to the lake water (F=4.99, df=2, p=0.011) and was con-
sistently high in L 111 water. This indicates that this envi-
ronment is favourable for all isolates independent of their
lake of origin. Consequently, when testing for the home
vs away criterion (Fig. 4, shaded areas), only the isolates
from L111 exhibited positive values for local adaptation,
whereas the other strains had negative values (E. woralli
and C. acidophila from L130) or values around zero (C.
acidophila from LLG). The local vs foreign criterion could
only be tested for C. acidophila and E. woralli because
these two species were found in more than one lake. No
consistent result was found, but E. woralli from L111 and
C. acidophila from LG performed slightly better in their
home environment as their conspecifics from the other
lake. To summarize, lake water from L111 together with
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Fig. 3 Results from the mother transfer experiment. Percentage of females
that reproduced at pH 4 after their first reproduction at pH 7 (left, a, c, e,
g) and vice versa (right, b, d, £, h). Cephalodella sp., (a, b); Cephalodella
acidophila from Lake 130, (¢, d); Cephalodella acidophila from Lake
LG, (e, f); Elosa worallii from Lake 111, (g, h). Open bars, production of
non-viable eggs, solid bars, production of viable eggs
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the food source from L111 provided the best environment
for all five isolates. No home vs. away effect was found and
only weak evidence (in two out of four cases) was found
for a local vs. foreign effect demonstrating no clear sign
for local adaptation.

Discussion
pH niche

All five isolates are extremophiles i.e. their maximal repro-
duction was found at acidic conditions and population
growth rates were negative at neutral pH. This finding is
new for Cephalodella sp. from L111 and C. acidophila from
L130 as well as for the Elosa isolates and confirms previous
findings for C. acidophila from LLG (Weisse et al. 2013a).
However, the pH in the lakes of their origin was well below
the pH optimum for all five isolates demonstrating that the
environmental conditions in their habitat are suboptimal. It
was hypothesized earlier that their success in the extremely
acidic environment is mainly due to low predation pres-
sure and competitor release, because in L111 mortality by
heliozoan is low and food has been proven a limiting factor
(Weithoff 2004). This suggests that their occurrence in the
extremely acidic mining lakes indicates rather a refuge from
otherwise adverse conditions than their preferred habitat
(Weisse et al. 2013a).

A striking feature found for all five rotifer isolates was
that they reproduce at circum-neutral pH conditions, but
eggs were not viable. A similar pattern has been found for
five different Brachionus species, however at their lower pH-
range (Yin and Niu 2008). In that study, egg mortality was
exceptionally high at pH 5 and/or 6 compared to circum-neu-
tral or alkaline pH conditions. From an evolutionary point of
view, it is extremely disadvantageous to allocate resources
into egg production without reproductive success. Although
the ultimate mechanism behind this pattern is not yet clear,
two potential factors can be excluded by our results: (1) we
demonstrate that the high (here: circum-neutral) pH itself
does not cause the high egg mortality since eggs that were
produced at pH 4 remained viable at pH 7. (2) It is not an
aberration during the maturation of the females, since moth-
ers that produced non-viable eggs at pH 7 were able to pro-
duce viable eggs at pH 4 when transferred after their first
reproduction, except for Cephalodella sp. which appears to
be irreversibly adversely affected by pH 7. Thus, it is most
likely that processes during egg production lead to the high
egg mortality. This is underlined by the fact that eggs pro-
duced at pH 7 remained non-viable when transferred to pH
4, the optimal pH for population growth for all five isolates
in this study.
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Fig.4 Results from the common garden experiments on local adapta- »

tion, error bars indicate the 95 % confidence interval. Left, Shaded
areas display the home (H) versus away (A) criterion. When data are
positive and the error bars do not include zero, the strain had a higher
fitness in its own habitat than foreign habitats (away); right, local (L)
versus foreign (F) criterion. When data are positive and the error bars
do not include zero, the local strain had a higher fitness than the for-
eign strain. Each isolate was reared in lake water from the three study
lakes with their respective isolate of the chlorophyte Chlamydomonas
acidophila

Implications for dispersal-dispersal niche

Despite the acidophilic nature of all five investigated iso-
lates, dispersal via circum-neutral dispersal corridors is
possible, because animals and eggs do survive pH-con-
ditions beyond their realized ecological niche in their
respective habitat. In directly connected water bodies, e.g.
ponds that are connected by running waters, zooplankton
dispersal can be measured relatively easily and leads to
homogenized species richness between ponds, whereas
local factors, both biotic and abiotic, structure the com-
munities (Cottenie et al. 2003). Dispersal between uncon-
nected water bodies is much more difficult to measure and
thus less well understood. Using experimental mesocosms,
Céceres and Soluk (2002) showed that dispersal by wind
can be an effective pathway for the colonization. In that
study, rotifers were the fastest colonizers with Cephal-
odella sp. being the fastest among rotifers. Crustaceans
needed much more time to colonize the mesocosms than
rotifers, a pattern also found for newly created ponds in
Belgium (Frisch et al. 2012) or experimental ponds in
the US (Jenkins and Buikema 1998). Another dispersal
pathway is via animal vectors such as water birds, either
internally in the digestive system or externally attached to
birds” feet or plumage (Figuerola and Green 2002; Figuer-
ola et al. 2005; Frisch et al. 2007). These vectors move fast
enough to disperse animals with life spans as short as the
studied rotifers. The dispersal ways and the colonization of
the lakes from where the isolates of this study originate are
unclear. Water birds appear to avoid extremely acidic lakes
(pers. observation), however, un-experienced birds might
visit these lakes from time to time. Since in our labora-
tory cultures males or resting eggs have never been found
we might speculate that live animals or subitaneous eggs
are relevant for the dispersal. It was shown, for example
for bacteria and archaea, that even pH-neutral lake water
harbours extremophilic species (Low-Décarie et al. 2016).
In conclusion, although the pH niche of all five isolates
is restricted to acidic waters, the “dispersal niche” might
include circum-neutral water bodies as stepping stones,
at least when the residence time of the animals or eggs is
short. This might be true for many other passively dispers-
ing animals that do not require suitable dispersal corridors.

Local adaptation Local adaptation
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Local adaptation

In principal, it is assumed that natural selection is the key
driving force for genetic differentiation and local adapta-
tion (Linhart and Grant 1996). This mechanism is rein-
forced, when gene flow is hampered by geographic isola-
tion (Slatkin 1985; Savolainen et al. 2007). For all five
isolates, a clear habitat effect was found i.e. the animals
performed differently in different lake waters. However,
no clear indication of local adaptation was found. These
findings differ in some respect from previous results for
protists: the chlorophyte Chlamydomonas acidophila, the
chrysophyte Ochromonas sp. and the ciliates Oxytricha
acidotolerans and Urosomoida sp. [originally named
Oytricha sp. in Weisse et al. (2011), taxonomic affiliation
corrected by Weisse et al. (2013b)]. Chlamydomonas aci-
dophila from L 111, for example, performed equally well
in all lake waters but in its home environment the L 111
isolate exhibited higher growth rates than isolates from
the other two lakes, thus fulfilling the ‘local vs. foreign’
criterion of local adaptation (Kawecki and Ebert 2004).
This effect levelled off in lake water from L LG where
Chlamydomonas acidophila isolates from all three lakes
exhibited the same growth rate (Weisse et al. 2011). Tak-
ing into account that local adaptation takes time (= many
generations), one might speculate that protists with high
abundances and high (potential) growth rates adapt faster
to local conditions than multicellular organisms such as
rotifers with their lower growth rates, low abundances
and food limitation (Weithoff 2004). Leimuu and Fischer
(2008) found in a meta-analysis of plant studies that local
adaptation was much more common in large plant popula-
tions compared to small populations. Since the population
size of the rotifers are much lower than that of the flagel-
late Chlamydomonas acidophila (e.g. by a factor of ca. 10°
in Lake 111, Kamjunke et al. 2004), this might explain that
local adaptation has not (yet) evolved.
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