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ABSTRACT. Ecological models often presume that all members of a functional gulld, e.g.  herbivorous 
cil~ates,  respond ident~cally to temperature changes. To test this general assumption, w e  Investigated lf 
planktonic ciliates withln the genus  Urotncha exhibit distinct inter- and intraspecif~c responses to tem- 
perature. We examined the response of growth rate, cell volume, and production to changing temper- 
ature, using 6 temperatures between 5 and 30°C. This experiment made 3 comparisons uslng: (1) dif- 
ferent species isolated from the pelaglc and littoral regions of the same lake; (2 )  different clones of the 
same species isolated from lakes of the similar trophic status, but different latitudes, and (3) different 
clones of the same species isolated from the pelagic region of a single lake Using ANCOVA and  
ANOVA procedures (a = 0.05) to examine the data we  demonstrated that. (1) clllate species within a 
slngle genus may exhibit distinct responses to temperature, suggesting that treating ciliates as  a single 
funct~onal group is an  oversimplification; (2) clones isolated flom a laboratory culture of a slngle spe- 
cies, isolated from a single locdlion, differ only to a small extent; and (3) clones Isolated from different 
localities, but be long~ng  to the same species differ considerably in their responses. Our data indicate 
that (1) temperature regimes may be  an  environmental mche that separates species and clones and 
(2) even where apparent morphological and molecular differences do not distinguish taxa, functlonal 
differences may still exist. 
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INTRODUCTION 

As we become aware of the microbial food web in 
freshwater systems (see Stockner & Porter 1988, 
Weisse 1998), we begin to recognize the need to fur- 
ther characterize the species-specific response of pro- 
tozoa to abiotic environmental factors. Changes in 
water temperature affect mixing and stratification and 
thus constrain the physical environment in many fresh- 
water lakes. Temperature is, however, not only a dom- 
inant physical variable but also influences physiologi- 
cal processes of aquatic organisms. As temperature 
changes both temporally and spatially in lakes, it 
impacts pelagic food web dynamics, especially those 
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processes mediated by the plankton which cannot eas- 
ily avoid changes. The specificity of the temperature 
response of pelagic protozoa such as ciliates is, with a 
few exceptions (e .g .  Muller & Geller 1993), currently 
unknown. 

Considerable growth rate differences with respect to 
temperature have already been demonstrated within 
the same ciliate genus (Lee & Fenchel 1972, Perez-Uz 
1995). In spite of these findings, the potential signifi- 
cance of species-specific physiological differences has 
been ignored in many ecological investigations. Eco- 
system studies which model pelagic systems often 
group ciliates into size or nutritional categories, and 
such studies often even apply a single temperature 
versus growth response for all ciliates (see Montagnes 
1996). Modellers commonly presume that all members 
of one functional guild, e .g .  herbivorous ciliates, re- 
spond identically to temperature changes (e.g.  Gaedke 
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& Straile 1994). To test whether this general assump- 
tion is appropriate, we have investigated if ciliates 
within a single freshwater, planktonic genus exhibit 
distinct inter- and intraspecific responses to ternpera- 
ture. 

In this study we chose to examine small, planktonic, 
prostome ciliates. It is now recognized that such pro- 
stome ciliates, e.g.  Urotricha and Balanion, are abun- 
dant and often dominant in the plankton, in particular 
in freshwater lakes (Stoecker & Evans 1985, Miiller et 
al. 1991, Weisse & Muller 1998). Typically, the pro- 
stomes feed on particIes in the range of 5 to 15 pm 
(Miiller 1991, Kenter et al. 1996, Weisse & Miiller 1998), 
making them potential competitors with the other 
major group of planktonic ciliates, the oligotrich cili- 
ates (Beaver & Crisman 1989, Miiller 1989, Weisse 
1998). When food is not limit~ng and temperature 
reaches 15 to 20°C, the prostomes have generation 
times on the order of 0.5 d (Miiller & Geller 1993, 
Weisse & Miiller 1998, this study) while many oligo- 
trichs have maximum growth rates near 1 division d-' 
(Montagnes 1996), suggesting that prostomes are at 
times superior competitors. 

This study examines the growth and production 
rates of several isolates of the common prostome 
Urotricha to test for temperature specificity. We have 
examined the response to changing temperature at 3 
levels by using ciliates isolated from: (1) the pelagic 
and littoral regions of the same lake; (2) different lakes 
of the similar trophic status, but different latitudes; and 
(3) the pelagic region of a single lake. 

MATERIALS AND METHODS 

Study organisms. Urotricha species were collected 
by enriching natural samples with potential prey 
(Cryptomonas sp. straln 26.80, obtained from the Cul- 
ture Collection for Algae in Gottingen, Germany). 
Each Urotncha culture was established by maintaining 
a mixture of cell isolates that were identified as a sin- 
gle morphotype, i.e. each culture was composed of a 
single species but, most likely, not of a single clone; 
these are henceforth referred to as 'mixed clones'. 
Urotricha furcata was isolated from the pelagic region 
of Lake Constance (southern Germany) and Lake 
Schohsee (northern Germany); both lakes are of com- 
parable mesotrophic status (Geller & Gude 1989, Hof- 
mann 1989) and are -1000 km apart, 47" and 54" N, 
respectively Urotncha farcta was isolated from the lit- 
toral region of Lake Schohsee. 

After mixed clones were established, 3 'true clonal' 
cultures of Urotricha furcata were isolated from the Lake 
Constance mixed clone by a minimum of 3 serial, single 
cell isolatlons. Note: our clones could have been com- 

posed of strains best adapted to the laboratory conditions 
which had outcompeted all other strains. Thus, our 
results do not test the specific differences between the 
initially isolated ciliates but examine the potential 
differences. Furthermore, as rate processes (e.g.  
growth, grazing) are typically estimated from laboratory 
cultures such as ours, our results reveal the possible 
errors associated with assuming isolates to be the same. 

Prior to the experiment, all cillate cultures were 
maintained in WC medium (Guillard & Lorenzen 1972) 
containing Cryptomonas sp. strain 26.80, at 10 pm01 
photons m-' S-' and 14 2 1°C. This cryptophyte was for- 
merly named Rhodomonas sp. strain 26.80 (e.g. Muller 
1991) and has an average cell volume of -280 pm3 
(Weisse & Kirchhoff 1997). 

Experimental design. For the experiment, the cili- 
ates were grown in the dark in 12 m1 capacity, poly- 
styrene, tissue-plate wells, containing 8 to 10 m1 of 
media/prey; the ciliates were always maintained at 
saturating prey levels (>l  X 10' cells ml-' for Urotricha 
spp.; Weisse et al. unpubl.). The prey (Cryptomonas 
sp.) were grown at 180 pm01 photons m-' S-' and 14 + 
1°C and were harvested in exponential phase for the 
experiment. We minimised the effect of temperature 
on food quality by introducing the ciliates into new 
prey that was adapted to the experimental tempera- 
ture for only 0.5 to 1 h. 

All 6 ciliate isolates (Table 1) were acclimated for 
48 h to 6 temperatures (5 ,  10, 15, 20, 25, and 30 * 
0.5"C); ciliates at the extreme temperatures were step- 
wise acclimated to intermediate temperatures for 1 h, 
rather than immediately transferring them to the final 
temperatures. After the 48 h acclimation, a known 
number of ciliates was introduced to replicate (n = 3) 
new wells (which contained saturating prey levels for 
the duration of the experiment), and these wells were 
incubated for a further 48 h to determine ciliate growth 
rates and cell volumes at the 6 temperatures. 

Ciliate abundance was determined from preserved 
samples (2 % acid Lugol's Iodine) by enumerating cells 
in a Sedgewick-Rafter counting chamber Ciliate vol- 
umes were calculated as prolate spheroids from length 
and width measurements made on 15 to 30 cells 
(obtained at the end of the experiment), using a semi- 
automatic SIS* image analysis system. All size mea- 
surements were made on Lugol's fixed material which 
likely underestimates live volume by 60 to 70% 
(Jerome et al. 1993, Miiller & Geller 1993). Prey num- 
bers were determined using a CASY l-model TTC 
(Schdrfe System) electronic particle counter. 

Data analysis. Ciliate growth rate (p,  d-') was deter- 
mined from end point measurements (to and t4*), 
assuming exponential growth over 48 h. Ciliate pro- 
duction was determined as the product of cell volume 
and the specific, net, daily change in abundance (i.e. 
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net cell volume per day, pm"-'). ANOVA, t-tests, 
Duncan's multiple range test, and ANCOVA were 
performed using Statistica 5.1 for Windows (a = 0.05 
for all tests). Data for all tests were homoscedastic ( a  = 

0.05, Bartlett chi-squared test). The relationships of 
(1) growth rate versus temperature and (2 )  production 
versus temperature were assumed to be llnear over 
either 5 to 15°C or 5 to 20°C; this assumption is sup- 
ported by the high r2 values for these relationships 
(Table 1) .  

For regions of the temperature versus growth and 
temperature versus production response curves that 
appeared linear (indicated by regression lines, see 
Figs. 1 & 3),  ANCOVA comparisons were made be- 
tween the following groups: the 2 Urotricha species 
isolated from the same lake but different habitats; the 
2 U. Eurcata mixed clones isolated from different lati- 
tudes; and the 3 U. Eurcata true clones isolated from the 
same lake. Note: as production is the product of 
growth rate and cell volume, and both of these varied 
from linearity at high temperatures (see below), the 
linear portion of the response occasionally differed 
between treatments. At 25°C where the response 
curves were no longer clearly linear, ANOVA compar- 
isons were made using the same comparisons listed 
above. 

RESULTS 

Growth rate 

The growth rate of all ciliate isolates increased with 
increasing temperature between 5 and 20°C, and all 
ciliates had positive growth rates between 10 and 

25°C (Fig. 1). At 5°C mortality (p  < 0) occurred for 
most clones, and at 30°C only Ui-otricha farcta grew 
(Fig. l ) .  

ANCOVA revealed the following significant differ- 
ences ( a  < 0.05) in the growth versus temperature 
responses: mixed clones of Urotricha farcta and U. fur- 
cata (both from Lake Schohsee; Fig. lB, C) had differ- 
ent slopes; the slope of the mixed clones of U. furcata 
from Lake Schohsee ( U ,  Eurcata Lake Schohsee; 
Fig. 1B) and Lake Constance (U .  Eurcata Lake Con- 
stance; Fig. 1A) were not different, but their adjusted 
means differed; there was no difference between the 
3 U. furcata Lake Constance clones, A, B, and C 
(Fig. ID-F). 

ANOVA, Duncan's multiple range test, and t-tests 
revealed the following significant differences (a < 0.05) 
in growth rate at 25°C: Urotricha farcta Lake Schohsee 
> U. Eurcata Lake Schohsee; U. furcata Lake Schohsee 
= U. Eurcata Lake Constance; U. furcata clone A < U. 
Eurcata clone B = U. Eurcata clone C. 

The parameters for the above regressions and the 
mean values at 25°C are presented in Table 1. 

Volume 

The volume of all isolates decreased with increasiriy 
temperature, and this response was not clearly linear 
(Fig. 2). Lake Constance Urotricha furcata isolates 
were in general larger than the isolate from Lake 
Schohsee, and U. farcta was larger than U. fui-cata. 
These data will be discussed in detail elsewhere, with 
reference to ciliate volume changes in general (Weisse 
& Montagnes unpubl.); here they are presented pri- 
marily to establish production responses. 

Table 1. Regression parameters of the lines and the mean values of the responses at 25 and 30°C (Figs. 1 & 3) for growth and pro- 
duction (].[m3) in estimates of 6 isolates of the genus Urotricha from Lake Schohsee and Lake Constance. b(0) = the y intercept; 
b(1) = the slope; r2 = the r2 value of the regression. Where analysis of slopes, adj.usted mean or means were not significantly dif- 

ferent (see 'Results', o. > 0.05) a single value is provided for that group; these values are shaded 

U. farcta U. furcata U. furcata U. furcata A U. furcata B U. furcata C 
L. Schohsee L. Schohsee L. Constance L. Constance L. Constance L. Constance 
Mixed clone Mixed clone Mixed clone True clone True clone True clone 

Equation parameters b(0): 0 . 4 2 2  b(0): -0.545 b(0): -0.483 b(0): -0.375 
of growth versus b(1): 0.108 b(1): 0.070 b(1): 0.075 b(1): 0.072 
temp. response r2. 0.961 r2: 0.833 r2: 0.971 f: 0.928 

Growth at 25°C (d-') 1.79 0.914 0.905 1.20 

Growth at 30°C (d-') 1.75426 No growth 

Equation parameters b(0): -1870 b(0): -645 b(0): -863 b(0): -1150 
of net production b(1): 475 b(1): 89.9 b(1): 144 b(1): 203 
versus temp. response r2- 0.839 r2: 0.866 r2: 0.893 r": 0.902 

Net production at 25°C 8720 1140 1750 2290 

Net production at 30°C 8860 No production 
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Fig. 1. Response of growth rate (p, d-l) to temperature for 6 Fig. 2. Response of ciliate cell volume (pm3 X 100) to tempera- 
isolates of Urotricha: (A) U. furcata mixed clone from the ture for 6 isolates of Urotricha: (A) U. furcata mixed clone from 
pelagic region of Lake Consta.nce; (B) U. furcata mixed clone the pelagic region of Lake Constance; (B) U. furcata mixed 
from the pelagic region of Lake Schohsee; (C) U, farcta mixed clone from the pelagic region of Lake Schohsee; (C) U. farcta 
clone from the littoral region of Lake Schohsee; (D-F) true mixed clone from the littoral region of Lake Schohsee; (D-F) 
clones A, B, and C of U. furcata, respectively, isolated from true clones A, B, and C of U. furcata, respectively, iso- 
the Lake Constance mixed clone. Regressions (solid lines) lated from the Lake Constance mixed clone 
were determined using data that showed a constant increase 
with temperature. Dashed line: 95% confidence Interval of 
the regression. No data were available for U. furcata clone A Duncan's multiple range test, and t-tests re- 

at 20°C (Fig. ID) 
vealed the following significant differences (a < 0.05) in 
production at 25°C: Urotricha farcta Lake Schohsee % 

mixed clone Urotricha furcata Lake Schohsee; U. furcata 
Production Lake Schohsee < U. furcata Lake Constance; U. furcata 

clone A = U. furcata clone B = U. furcata clone C. 
The production of all ciliate isolates increased with The parameters for the production versus tempera- 

increasing temperature between 5 and 15°C or 5 and ture regressions and the mean production values at 
20°C, and production was positive for all ciliates 25°C are presented in Table 1. 
between 10 and 25°C (Fig. 3). At 5°C production was 
negative for most clones (Fig. 3). ANCOVA revealed 
the following significant differences (a < 0.05) in the 
production versus temperature responses: mixed 
clones of Urotricha farcta Lake Schohsee and U. fur- Is there one temperature response curve per species? 
cata Lake Schohsee (Fig. 3B, C) had different slopes; 
U. furcata Lake Schohsee and U. Eurcata Lake Con- Temperature affects both growth rate (e.g. Muller & 
stance had different slopes (Fig. 3A, B); there was no Geller 1993) and cell size (Atlunson 1994) of ciliates, 
difference between the 3 U. furcata Lake Constance and our data support this observation. Thus, variation 
clones, A ,  B, and C (Fig. 3D-F). in temperature is an important factor to consider when 

DISCUSSION 
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examining freshwater ciliate ecology. This holds in 
particular for estimating ciliate production which 
depends on both growth rate and the individual cell 
size (see 'Why examine growth rate (p)  and produc- 
tion?' below). 

It is commonl\ (~ssumc?d thclt the temperature depen- 
dent growth rate of a given species can be represented 
by a single curve. Ecosystem studies which model 
pelagic systems often group protists (e.g.  ciliates) into 
size or morphotype categories, and such studles often 
then apply a single temperature versus growth 
response for all ciliates (see Montagnes 1996). Our 
study may challenge this assumption. To test for tem- 
perature specificity we have exanlined the response to 
changing temperature of ciliates isolated from: (1) the 
pelagic and littoral regions of the same lake (Urotricha 
furcata and U. farcta, respectively); (2) different lakes 
of similar trophic status, but different latitudes (U. fur- 
cata from Lakes Constance and Schohsee); and (3) the 
pelagic region of a single lake (U. furcata clones A, B,  
and C) .  

We have demonstrated that ciliate species within a 
single genus may exhibit distinct responses to temper- 
ature, suggesting that treating ciliates as a single func- 
tional group may be an  oversimplification. We have 
also demonstrated that clones isolated from a labora- 
tory culture of a single species, isolated from a single 
location, differ only to a small extent (Table 1).  Thls is 
not surprising, since laboratory cultures maintained for 
many generations will select for a reduced number of 
adapted strains. Of greater interest, however, is that 
clones isolated from different localities but belonging 
to the same species differ considerably in their 
responses (Table 1). Thus, our data show that even 
where morphological and obvious moleculal- differ- 
ences (see below) do not distinguish taxa, functional 
differences may still exist. 

Potential for inter- and intraspecific ecological 
differences in Urotricha 

Lakes possess regions where temperature is rela- 
tively stable and others where it varies considerably, 
and regions of relatively high and low temperature 
occur within and between lakes. Many ciliate species 
and genera have cosmopolitan distributions (Finlay 
1990, Finlay et  al. 1996) and will consequently experi- 
ence a range of temperature conditions. At the same 
time morphologically indistinguishable populations 
can be sufficiently isolated to allow genetic divergence 
(Finlay 1990, Dini & Nyberg 1993). Thus, differing tem- 
perature regimes should create niches for ciliate spe- 
cies and clones; such clonal diversity is common in 
other freshwater taxa that reproduce primarily asexu- 

U lurcara 
L. Constance 

1;- j U furcara , 
clone B 

U 

5 10 15 20 25 30 5 10 15 202530 
I emperaiure ('C) Temperature ("C) 

Fig 3 Response of net production of cell volume (pmJ, d-l) to 
temperature for 6 isolates ot Urotncha (A) U furcata mixed 
clone trom the pelagic region of Lake Constance (B)  U fur- 
cata mixed clone from the pelagic region of Lake Schohsee, 
(C) U farcta mncd  clone from the littoral region of Lake 
Schohsee (D-F) true clones A, R ,  and C of U furcata, lespec- 
lively, isolated from the Lake ( onstance inlxed clone Re- 
gresslons (solid llnes) were delcrmined using data that 
showed a constant Inclease with tciiipcrature Dashed llne 

95 % confidence inteival of the regression 

ally (reviewed by Carvalho 1994, De Meester 1996). 
Considerable growth rate variability has already been 
reported for marine ciliates isolated from different 
localities (Perez-Uz 1995). Ours is the first study to 
indicate how sympatric, coexisting, freshwater ciliates 
react to temperature changes. 

Urotricha ful-cata and U. farcta coexist in small lakes 
in northern Germany (Skibbe 1991 in Foissner et  al. 
1994) and Denmark (Jurgens et  al. unpubl.), and both 
species are considered cosmopolitan (Foissner et al. 
1994). Although they have different cell volumes 
(Fig. 2), these 2 species are  similar in appearance, and 
even a trained observer would have difficulties identi- 
fying them in a typical plankton sample. Only 
advanced taxonomic techniques, e.g.  silver staining 
(Folssner 1994) and molecular methods such as dena- 
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turing gradient gel electrophoresis and ssu-rDNA 
sequencing, have distinguished these species (Bruch- 
miiller 1998). However, there are significant ecological 
differences between U. furcata and U. farcta: (1) they 
differ in their ability to grow at 25 and 30°C and 
(2) they differ in the slopes of their growth and produc- 
tion responses to temperature (Figs. 1 & 3, Table 1). 
Data suggest that at saturating food concentrations 
(-1.2 mg C ml-l; Weisse et al. unpubl.) U. furcata is the 
less successful competitor, with lower growth and pro- 
duction rates at all temperatures and a poor ability to 
cope with high temperatures (Table 1). However, these 
2 species likely occupy different spatial niches. 

Urotricha farcta is euryokous, i.e. it is able to live 
under widely varying environmental conditions. U. 
farcta occurs in ponds, lakes, and rivers throughout the 
year, and it is abundant in eutrophic and hypertrophic 
waters; in these waters temperature varies between 0 
and 36°C (Foissner 1994). U. furcata occurs in hyper- 
trophic lakes (Foissner et al. 1994, Jiirgens et al. 
unpubl.) and eutrophic reservoirs (Simek et al. 1995, 
Macek et al. 1996) as well as in some rivers and creeks 
(Foissner et al. 1994), but appears to be typically found 
in oligo-eutrophic lakes (Muller 1991, Sommaruga & 

Psenner 1993, Schonberger 1994); these locations are 
likely to have a limited temperature range compared to 
the large range that U. farcta experiences. Thus, 
although these 2 species may CO-occur (Skibbe 1991 in 
Foissner et al. 1994), there is some evidence to suggest 
they occupy different 'temperature niches'; this agrees 
with our findings. Similar interspecific differences with 
respect to temperature occur for the coexisting pro- 
stomes U. furcata and Balanion planctonicum (Miiller 
et al. 1991, Sommaruga & Psenner 1993, Schonberger 
1994) from both laboratory ( Miiller & Geller 1993) and 
field investigations (Weisse & Muller 1998). Thus, 
niche separation with respect to temperature may be 
common in closely related, coexisting prostome cili- 
ates. 

Why examine growth rate (p) and productions 

The intrinsic rate of increase (p)  is often used as the 
dependent variable when determining temperature 
versus rate responses (e.g. Muller & Geller 1993, Mon- 
tagnes 1996). Growth rate provides information useful 
for estimating population dynamics. For instance, from 
data presented in Table 1 we can show that at 25°C a 
single cell of Urotricha farcta from Lake Schohsee 
would produce 5 new cells in 1 d while a population of 
U. furcata from the same lake would only produce 
1.5 cells. In contrast, the new volume that these 2 cili- 
ates produced in 1 d would be 8720 and 1140 pm3 for 
U. farcta and U, furcata, respectively (Table 1 ) .  Note 

that there is a 3.3-fold difference in the increase in 
numbers and a 7.6 difference in the potential produc- 
tion. 

Considerable changes in the average cell volume of 
ciliates with temperature have been known for some 
time (Lee & Fenchel 1972). Details of the volume 
changes among Urotricha and other pelagic ciliates 
and their significance for production estimates will be 
reported elsewhere (Montagnes et al. unpubl., Weisse 
& Montagnes unpubl.). 

I t  is appropriate to use growth estimates when study- 
ing population growth and the subsequent dispersal of 
clonal organisms like ciliates; such information might 
be used to assess the exploitative ability of an organ- 
ism. However, in studies where the main interest is in 
the amount of biomass available for transfer within the 
food web, production is a more appropriate measure- 
ment. 

CONCLUSIONS 

The above data support the prediction that different 
species within a genus behave differently, but they 
also indicate that clones that are morphologically in- 
distinguishable may also differ. These differences may 
seem minor, but ciliates like Urotncha may double 
several times per day, and small initial differences 
between species or clone abundance will rapidly be 
amplified by exponential population growth. There- 
fore, we must be aware of this natural variability, and 
the growth response of Urotricha to temperature 
exemplifies such differences. 

How then can we apply our awareness of clonal vari- 
ations in growth and production rates? Besides recog- 
nizing the evolutionary implications of natural varia- 
tion, which in themselves are intriguing, awareness of 
these responses might be applied to ecosystem models. 
However, it will be impractical for modellers to con- 
sider all the permutations of clonal (and even species) 
variability. We instead suggest that models should not 
only consider mean values but also the range of varia- 
tion in response to a given abiotic parameter, i.e. the 
reaction norm. Future studies should pay more atten- 
tion to the extremes at both ends of the reactlon norm 
since natural selection will annihilate the worst 
adapted and favour the best adapted specimens within 
a population. 
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