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a b s t r a c t

The zooplankter Daphnia exilis was found recently in reservoirs of central Chile. This species has been
described as being tolerant to osmotic stress and chemical pollution, although the available information
about its ecological properties is limited. Motivated by likelihood of being witnesses to a biological inva-
sion, in this study we contribute to expand the knowledge of this exotic species through evaluating its
ability to respond phenotypically to two major ecological factors: predation risk and food availability.
Specifically, we analysed shifts in life-history and morphological traits of D. exilis in response to fish-
released infochemicals, at different food densities. Our results revealed that the organisms were affected
in their temporal trajectories of body size and shape, as well as in maturation time and fertility, in response
to both predator cues and food availability. The presence of fish kairomones led to a decrease of age at
redation risk
aphnia exilis

maturity, and an increase of reproduction size and fecundity, especially at lower levels of resources. Our
analyses indicated that asymptotic body size was affected only by food level, but the rate of increase
in body size was sensitive to both fish kairomones and food level. The relative length of the tail spine
decreased during early ontogenetic states, reaching a minimum around the age at maturity. This pat-
tern was significantly enhanced in the presence of fish kairomones. However, our results did not match
completely the typical responses of daphnids to fish kairomones.
ntroduction

Recently, a new invertebrate species has been detected inhab-
ting a set of lakes and ponds associated with the copper mining
ndustry in Chile. The cladoceran Daphnia exilis Herrick, 1895 was
ound in and around the reservoir Huechún (33◦4′0′S; 70◦476′0′W)
n the central zone of Chile (Heine-Fuster et al. 2010). Previous
ecords on the plankton of Chilean brackish and freshwater sys-
ems showed the absence of this species (see reviews in Ruiz and
ahamode 1989; Oyanedel et al. 2008; Marquez-Garcia et al. 2009).
his species was limited to south western United States and north
astern Mexico, typically inhabiting ponds affected by pollutants
Hairston et al. 1999) and exhibiting a high tolerance to salinity

Brendonck and De Meester 2003; Heine-Fuster et al. 2010). In this
ontext, the study of the ecology of this species in its new habi-
at could provide valuable information for assessing its potential
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of establishment and the likely consequences on the structure and
functioning of host ecosystems.

Native predators able to attack introduced species are typically
viewed as a strong component of biotic resistance to invasion (Elton
1958; Levine et al. 2004). In this vein, many species of Daphnia are
known to change their phenotype in response to environmental
cues informing about predation risk by fish (Lass and Spaak 2003).
This kind of phenotypic plasticity, when exhibited by exotic species,
is known to comprise a strategy that could favour establishment
in new environments (Engel and Tollrian 2009). This is especially
relevant in aquatic ecosystems, where predation is considered to
be a main structuring force of plankton communities (Black and
Hairston 1988; Abrams 2000). Plastic predator-driven phenotypic
responses of prey (hereafter “defences”) are known to be a suit-
able strategy for reducing mortality in environments with variable
predation risk, provided that the expression of defences involves
a fitness cost (Benard 2004). A wide range of phenotypic traits
may be involved in a defensive response, including several life his-

tory, behavioural, and morphological traits (Agrawal 2001). Costs of
shifting the values of defensive traits are often related to reduction
of energy intake (Lima 1998) and to energy reallocation to defence
development and maintenance (Stibor and Luning 1994; Hanazato

dx.doi.org/10.1016/j.limno.2012.09.004
http://www.sciencedirect.com/science/journal/00759511
http://www.elsevier.com/locate/limno
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t al. 2001; Pijanowska et al. 2006; Beckerman et al. 2007). In Daph-
ia, these shifts in energy use may affect fitness components such
s growth rate, fertility or age and size at maturity (Boersma et al.
998; Benard 2004; Dawidowicz and Wielanier 2004). Hence, con-
traints of predator-induced responses may be determined by food
vailability (Noonburg and Nisbet 2005; Pauwels et al. 2010; Rabus
nd Laforsch 2011).

In this study we evaluate the ability of the alien species D. exilis to
evelop plastic responses to cues released by native fish predators.
ore specifically, we analysed potential predator-induced mor-

hological and life-history shifts under different food availabilities.
e found that traits related to patterns of body growth and shape,

s well as development and reproduction, exhibited significant
lasticity in response to predation risk and food level. Nevertheless,
he observed phenotypic responses only partially matched prey
esponses against visual predators reported in previous studies.

aterials and methods

tudy organisms

The experiment was carried out with a clone of D. exilis iso-
ated from Ovejería reservoir, a copper tailing located 3 km north
f Huechun reservoir and 45 km northwest of Santiago, Chile.
his miner dam was completed in 2002, being part of the same
atershed (Huechun valley) that Huechun reservoir (García 2007).

redator kairomones was obtained from the fish Cheirodon inter-
uptus (Jenyns, 1842), which is a common pelagic fish present
hroughout freshwater systems in central Chile (Zunino et al. 2009).
. interruptus has been characterized as an generalist fish, hav-

ng to microcrustacean as main item in its diet (Escalante 1987).
hlorella vulgaris (106 cel mL−1) was used as food resource for D.
xilis. These species inhabit lakes and ponds of the central zone of
hile (Oyanedel et al. 2008; Heine-Fuster et al. 2010).

xperimental design

The experiments were conducted in a climate chamber at a tem-
erature of 22 ◦C (±1.5) and long day photoperiod of 16:8 L:D, white
uorescent light with 400–800 lux at water surface (EPA Daphnia
ulture Standards). Cladocerans and fish were reared in a medium
omposed of 1/3 of lake water and 2/3 of aged tap water (Carter et al.
008). The organisms were obtained as follows. To reduce mater-
al and grand-maternal effects we used individuals from the third
rood of a single mother. Twelve individuals of D. exilis were reared

ndividually in 50 mL bakers containing 40 mL of medium. This vol-
me was previously proved to be sufficient for maintain D. exilis
ith high survival and reproduction rates. Just after releasing their

econd brood, six Daphnia were transferred to control medium (K−)
nd the remaining six were changed to kairomones medium (K+). In
his way, the focal generation of Daphnia (daughter from the third
rood) was exposed to the experimental media during their entire
ntogenesis. From the third brood of the six K− mothers, 30 ran-
omly chosen daughters were taken as experimental organisms.
he same was made from the six K+ mothers. Thus, 10 Daphnia were
llocated to each of the six treatments consisting of three levels of
ood density crossed with two treatments of kairomones. The food
evels were 1 × 105 cel mL−1 (High), 5 × 104 cel mL−1 (Medium) and
× 104 cel mL−1 (Low). To obtain kairomones, the standard proce-
ure of fish-conditioned medium was used (Dzialowski et al. 2003;
ernot et al. 2006). For simplicity, hereafter the entire mixing of dis-

olved chemicals released by fish and potential conspecific alarm
ignals will be called “kairomones”. The kairomones medium was
btained placing two fishes of similar sizes (5.5–6 cm length each)
nto 3 L of medium (0.67 ind L−1) with 20 individuals of D. exilis
a 43 (2013) 203–209

as food, for 24 h. Daily, the fish medium was renewed and the
obtained fish-conditioned medium was filtered through 0.45 �m
prior to use. This way, we avoided the presence of bacteria, faeces
from predator and surviving Daphnia in our experimental medium
(Declerck and Weber 2003; Slusarczyk and Rygielska 2004).

Response variables

We evaluated morphological and life-history traits as response
variables. As morphological traits, we measured total length (from
the top of the head to the tip of the tail spine), body length (from the
top of the head to the base of the tail spine), and length of the tail
spine (from the base to the tip). These measurements were made at
every instar, from digital images using UTHSCSA IMAGE-TOOL for
windows, version 3.0 (Wilcox et al. 2002). For each experimental
individual, data of total length and body length versus develop-
mental stage (instar) were fitted to the following sigmoid curve by
means of least squares non-linear regression:

L(i) = Lmax − Lmin

1 + (h/i)a + Lmin,

where L(i) = body length at instar i, Lmax = asymptotic body length
(projected length at infinite age), Lmin = starting body length,
h = instar at which half of Lmax is reached, and a = shape parameter
(abruptness) of the curve (this parameter was not considered for
final analyses). This function was chosen because is flexible enough
as to fit standard growth curves, which was verified with our data
before its use.

To analyse the growth of the tail spine, we considered the ratio
of tail spine length to body length, standardized to a zero to one
scale. The data of relative tail spine length versus instar were fitted
to the quadratic function:

S(i) = ˛ − ˇi + �i2,

where S(i) is the standardized tail spine/body length ratio at instar i.
The following biologically relevant parameters were used for anal-
ysis: ˇ = (initial) rate of change of S, I = ˇ/2� = instar at which occurs
the minimal S, and Smin = ˛ − ˇ2/4� = minimal value of S.

As life-history traits, we recorded age at first reproduction (AFR),
body size at first reproduction (SFR), and number of eggs in the first
clutch. Due to that at low food treatment the animals did not lay
eggs, only high and medium food treatment were used in the final
analyses of life histories traits. Data were analysed by means of
two-way randomization ANOVA, using the software RT 2.1 (Manly
1997).

Results

Morphological traits

Independently of predation risk and food availabilities, both
total length and body length showed sigmoid growth pattern
(Fig. 1). The relative length of spine S followed a parabolic pattern
of growing, where S decreased during the juvenile stages and then
increased during adulthood (Fig. 1). For each experimental indi-
vidual, raw data of morphological measures through the ontogeny
were fitted to a statistical model in order to compare the value of
its parameters (see “Section Materials and methods”). All fits were
highly significant (P < 0.001, F-test).

For total length, parameter Lmax was significantly affected only
by food availability (Table 1), exhibiting larger values at higher

food levels (Fig. 2A). In addition, parameter h was affected by
kairomones, food availability as well as their interaction (Table 1).
Parameter h decreased with increasing food, but the effect size
vanished with the addition of the kairomones (Fig. 2B).
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For body length, parameter Lmax was not affected by kairomones,
ood availability, or their interaction (Table 1). Similar to total
ength, parameter h for body length was affected by the three
ources of variation (Fig. 2C and D), kairomones, food availability
nd their interaction (Table 1).
Regarding the change of the relative length of the tail spine,
arameter ˇ was affected by both kairomones level and the interac-
ion between food availability and kairomones (Table 1). Parameter
, which represents the rate of change of tail spine/body length

able 1
esult of the randomization factorial ANOVA testing for the effects of food and kairomo
erformed with the parameters that describe shape of growth rate of total length, body le

Kairomone

Total length
Lmax (mm) F1,54 = 1.59
h (instar) F1,54 = 4.24*

Body length
Lmax (mm) F1,54 = 0.13
h (instar) F1,54 = 9.82**

Tail spine/body length
ˇ (mm instar−1) F1,54 = 13.07**

i (instar) F1,54 = 2.76
Smin F1,54 = 4.61*

Life history traits
SFR (mm) F1,36 = 8.66*

AFR (instar) F1,36 = 42.19***

Clutch size (counts) F1,36 = 7.11*

* P < 0.05 indicates statistical significance.
** P < 0.01 indicates statistical significance.

*** P < 0.001 indicates statistical significance.
e length in D. exilis, in presence (open circles) and absence (solid circles) of predator
m) and 1 × 105 cel × L−1 (Low).

ratio, increased in the presence of the kairomones but this effect
vanished at lower food levels, which explains the significance of
the interaction term (Fig. 3A). Parameter i, which represents the
stage at which S stops its decreasing phase, was only affected by
food treatments (Table 1), where i was delayed at the lowest food

level (Fig. 3B). Finally, parameter Smin was affected by all sources of
variation, kairomones, and their interaction (Table 1). The addition
of kairomones exerted an effect on Smin that moved from positive
to negative as the food level increased (Fig. 3C).

nes on morphological and life history traits of Daphnia exilis. Statistical test were
ngth and tail spine/body length respectively (see “Section Materials and methods”).

Food Kairomone × food

F2,54 = 7.43** F2,54 = 2.12
F1,54 = 8.53*** F2,54 = 3.77*

F2,54 = 3.07 F2,54 = 1.06
F2,54 = 24.3*** F2,54 = 4.14*

F2,54 = 1.05 F2,54 = 3.11*

F2,54 = 21.6** F2,54 = 1.29
F2,54 = 37.4*** F2,54 = 5.74***

F2,36 = 57.2*** F2,36 = 0.21
F2,36 = 5.73* F2,36 = 0.12
F2,36 = 48.1*** F2,36 = 12.2***
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Fig. 2. Means and SE of parameters fitted to growth of total length and body length in D. exilis. Food levels are indicated by: High (continuous lines), Medium (dashed lines),
and Low (dotted lines). A and C shows asymptotic body length (Lmax) parameter of the fitted sigmoid curve (see “Section Materials and methods”); C and D shows the instar
a ated f
P t diffe
l

L

a
r
l
c
a
p
e
a
s
w
(

D

b
p
f
r
f
m
w
d
a
2
d
fi
W

t which half of the maximal length is reached (h). Statistical significance is indic
< 0.01 (**), P < 0.001 (***). Common alphabetic superscripts indicate no significan

evels (Tukey’s test).

ife history traits

Our results indicate additive effects of kairomones and food
vailability on the size at first reproduction, so that adulthood was
eached at higher body sizes when food availability and kairomones
evels were higher (Fig. 4A and Table 1). Our results also indi-
ate that the first reproduction of D. exilis occurred at an earlier
ge when the food availability was higher or kairomones were
resent (Fig. 4B and Table 1). Finally, the three sources of variation
xerted a significant effect on clutch size, kairomones, food avail-
bility, and their interaction (Table 1). At high food concentration,
maller clutches were laid with the addition of the kairomones,
hereas the opposite was obtained at a lower level of food

Fig. 4C).

iscussion

Our results revealed that the phenotype of D. exilis responded to
oth predator cues and food availability. These factors affected tem-
oral trajectories of body size and shape as well as maturation and
ertility. In particular, predator kairomones triggered earlier matu-
ation, increased size at first reproduction and promoted higher
ecundity at lower levels of resources. These changes partially

atch the expected responses of daphnids to fish kairomones,
here early maturation is correlated with small size at first repro-
uction, and fitness costs are expected to be found as a result of
llocation trade-offs (Tollrian and Harvell 1999; Lass and Spaak

003; Beckerman et al. 2007). However, current empirical evi-
ence about the form of life-history responses of zooplankton to
sh kairomones is not conclusive (Doksaeter and Vijverberg 2001;
eetman and Atkinson 2002; Hulsmann et al. 2004; Gliwicz and
or kairomone (K), food (F), and interaction between factors (K × F) as: P < 0.05 (*),
rence between means within kairomone treatment but across food experimental

Maszczyk 2007; Pauwels et al. 2010), being apparently species-
specific.

Previous experimental results indicate that body size of clado-
cerans is a critical trait associated with vulnerability to fish
predation (Tollrian and Harvell 1999; Laforsch and Tollrian 2004;
Iglesias et al. 2011). Fishes are size-selective predators that exhibit
preference for prey items of larger sizes. Therefore, under fish
risk, daphnids commonly respond by decreasing their adult body
size, which allow them to be less visible and less vulnerable
to fish predators (Black and Hairston 1988). Also, the experi-
mental evidence has indicated that at low food levels Daphnia
exhibits a lower body growth rate in presence of fish kairomones,
a pattern that is buffered at high food availability (Gliwicz and
Maszczyk 2007; Pauwels et al. 2010). Our results showed that the
asymptotic body size (Lmax) of D. exilis did not respond to fish
kairomones, as it did body growth (h), size and age (instar) at
which the animals reached maturity as well as the size of their first
clutch. This scenario suggests that a possible strategy of D. exilis
when facing fish is to grow faster during juvenile stages, develop
soon and invest in high reproductive effort once mature. Thus,
instead maximizing survival, as most previous research found,
Daphnia could react to fish risk through maximizing reproduc-
tion. These fish-induced developmental shifts were more evident
at lower food availability, possibly due to that at saturating food
level body growth and reproduction cannot be increased further.
Nevertheless, vulnerability to fish predation could be increased
by a larger size at first reproduction, which can be interpreted
as an ecologic cost (community trade-off (Garay-Narvaez and

Ramos-Jiliberto 2009)) of the defensive reaction, deviating from
the classical prediction of decreased body size as a response to
risk of fish predation (Tollrian and Harvell 1999; Lass and Spaak
2003).
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Fig. 3. Means and SE of parameters fitted to temporal changes of the tail spine/body
length ratio in D. exilis. Food levels are indicated by: High (continuous lines), Medium
(dashed lines), and Low (dotted lines). (A) Shows the rate of change of the tail
spine/body length ratio (ˇ) in the quadratic function (see “Section Materials and
methods”). (B) Shows the instar at which occurs the minimal tail spine/body length
ratio (i). (C) Shows the minimal value of tail spine/body length ratio (Smin). Statistical
significance is indicated for kairomone (K), food (F), and interaction between factors
(K × F) as: P < 0.05 (*), P < 0.01 (**), P < 0.001 (***). Common alphabetic superscripts
i
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Fig. 4. Means and SE of life history traits evaluated in D. exilis. Food levels are indi-
cated by: High (continuous lines), Medium (dashed lines), and Low (dotted lines).
(A) Shows the size at first reproduction (SFR). (B) Shows the age at first reproduction

important. Our preferred hypothesis nevertheless is that the tail
ndicate no significant difference between means within kairomone treatment but
cross food experimental levels (Tukey’s test).

Despite the acceptance that tail spine length represents an evi-
ent trait that leads to difficult prey handling by gape-limited
redators, it has scarcely been studied. In general its responsive-
ess when faced with different kinds of predation cues is unknown
Havel and Dodson 1984; Caramujo and Boavida 2000; Carter
t al. 2008). Our results indicated that D. exilis reduced the rela-
ive length of its tail spine during development, until it reached

aturity (see Fig. 1, bottom row), a pattern that was modified by
xposure to fish infochemicals and food level (Fig. 3B and C). We
uggest two alternative explanations to this morphological pat-

ern. First, the tail spine is a constitutive morphological defence
n D. exilis, and its presence during early developmental states con-
titutes a defence against invertebrate predators. The presence of
(AFR). (C) Shows the clutch size. Statistical significance is indicated for kairomone
(K), food (F), and interaction between factors (K × F) as: P < 0.05 (*), P < 0.01 (**),
P < 0.001 (***).

morphological defences in the first instar is typical of daphnids that
inhabit environments with invertebrate predators, which exploit
small individual prey (Tollrian and Harvell 1999; Dzialowski et al.
2003). However, planktivorous predators in lakes and reservoirs of
central Chile are dominated by introduced and native pelagic fish
at their firsts developmental states (Zunino et al. 2009). Inverte-
brate predators able to eat Daphnia are not conspicuous in this
region, except for water mites of the genus Piona (Carter et al.
2008) that have been found in some eutrophic water bodies. Thus,
morphological defences observed in D. exilis could be an adap-
tation to native environments where invertebrate predators are
spine is a constitutive structure and its faster decrease in relative
length in presence of fish cues is a consequence of energetic allo-
cation to maximizing juvenile growth, development and earlier
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eproduction. This explanation is consistent with our findings on
ife history shifts discussed above. In this vein, a shorter spine length
ould also lead to an ecological cost of reaction to fish if invertebrate
redators inhabited the environment.

We did not find evidences of energetic trade-offs associated to
sh induced morphological and life history shifts. Nevertheless, we
nd some evidence pointing towards the occurrence of ecological
osts, which could be crucial for the abundance of the focal species.
n the other hand, the fact that increased food level and addition
f fish cues drove similar changes in the measured traits, could
uggest that fish cues acted as a food supplement that improves fit-
ess. This was reported previously (Pauwels et al. 2010). In practice

t is difficult to distinguishing whether the observed traits shifts
ere a response to perceiving kairomone information or a result of

ood improvement. Although particulate matter was experimen-
ally removed, dissolved compounds might eventually enhance
lgal quality and thus improve nutritional condition of daphnids.
e found that some morphological and life history responses were

ffected by kairomone and food in a non-additive way, which sug-
est that those two factors are not completely interchangeable.
evertheless, future studies should consider empirical validation of
airomone effects, via using control strains with known responses
o kairomones, chemical controls (e.g. added nutrients) or physico-
hemical inactivation of the kairomone.

The invasive potential of D. exilis has been highlighted previ-
usly for Ondaga Lake (Hairston et al. 1999), where this species was
eported to invade the system during a temporal pollution window.
oincidently, D. exilis was recently found in a system of reservoirs
nd ponds associated with the mining industry in Chile, an activity
nown to exert chemical disruption in freshwaters. Studying sedi-
ent record from Onondaga Lake in USA Hairston and co-workers

ound that D. exilis replaced native cladoceran species, during the
ake exhibited higher levels of industrial pollution. However, when
he pollution going down and the lake began to recover D. exilis
isappeared from the record (Hairston et al. 1999; Hairston et al.
005), which probably was a consequence between less compet-

tive abilities and predation vulnerability of D. exilis in absence of
ollution. Although these evidence from field works suggest the
ollution resistance capabilities of D. exilis, few experimental work
ave been developed thereon. For instance, assessment about the
oxic effect of chromium pollutant has been tested on D. exilis in
ab conditions (Martinez-Jeronimo et al. 2008). In this vein, Heine-
uster et al. (2010) showed D. exilis to exhibit a broad tolerance
o osmotic stress and to behave as an osmoconformer, which was
elieved to confer it a comparative advantage over other competing
nd predator species.

This study helps to expand our knowledge about the ecologi-
al properties of this exotic species. Nevertheless, an interclonal
omparison is highly desirable to perform in future studies. The
onfinement of this species to a rather narrow geographical distri-
ution, together with its presumably high invasive potential, makes
he present demographic process of D. exilis in Chile an interesting

odel for ecological, biogeographical and evolutionary research.
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