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Abstract

Macrophyte architecture can structure predator—prey interactions, but it is the chemicals within the plant that may

actually be lethal. We conducted aquarium experiments to study the effects of common aquatic macrophytes (My-
riophyllum spicatum, Myriophyllum sibiricum, and Chara tomentosa) and a predator (perch, Perca fluviatilis) on
the survival, habitat choice, swimming, and feeding activities of Baltic littoral planktivores, mysids Neomysisinteger
and Praunus flexuosus, and three-spined stickleback (Gasterosteus aculeatus) larvae. Chemicals excreted by M.
spicatum in a dense patch caused high mortality (73% to 89%) in both mysid species but not in sticklebacks,
whereas M. sibiricum and C. tomentosa had no lethal effects. In lower stem densities stickleback larvae and N.
integer avoided M. spicatum even in the presence of predator signals, and M. spicatum lowered the swimming and
feeding activities of stickleback larvae. Only P. flexuosus did not avoid M. spicatum vegetation. Areas occupied by
M. spicatum seem to be highly unsuitable habitats for littoral mysids and three-spined stickleback larvae. Because
M. spicatum is a dominant macrophyte in the study area and eutrophication further increases its abundance, it may
strongly influence the occurrence and distribution of mysids and fish larvae in the littoral ecosystems of the Baltic

Complex macrophytes present foraging chalenges to
many fishes (e.g., Moss et a. 1998); therefore, littoral or-
ganisms can avoid predation by hiding among aquatic mac-
rophyte vegetation (Burks et a. 2001). Various littoral plank-
tivores such as mysid shrimps (Lindén et a. 2003) and
three-spined sticklebacks (Jakobsen et al. 1988; L ehtiniemi
in press) hide in the vegetation in the presence of predators.
Other predator avoidance strategies include reductions in
motility and feeding rate (Milinski and Heller 1978; Ejdung
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1998), which all aim to minimize the conspicuousness of the
prey to predators. Early life stages of fish are especially vul-
nerable to predation (Pedersen 1997), and seeking refuge
among vegetation is an essential part of their predation
avoidance (e.g., Romare and Hansson 2003). However, not
all macrophytes may be suitable hiding places for aquatic
animals due to their structural or chemical characteristics
(Flynn and Ritz 1999; Burks et a. 2000). In fact, early stud-
ies (Matheson 1930; Hasler and Jones 1949) documented the
lethal impact of certain macrophytes to many aquatic organ-
isms, such as phytoplankton, rotifers, and mosquito larvae.
Therefore, animals may be facing a trade-off situation (re-
viewed in Lima and Dill 1990) between avoiding predation
and avoiding a harmful refuge.

The milfoils Myriophyllum spp. (Haloragaceae) and the
green algae Chara spp. (Characeae) have negative effects on
other aguatic organisms. Several Myriophyllum species in-
hibit the growth of phytoplankton, especially cyanobacteria
(reviewed in Gross 2003), and repel cladocerans (Pennak
1973; Lauridsen and Lodge 1996). Potentially the most
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harmful species in the genus is Myriophyllum spicatum,
which has negative effects on phytoplankton (reviewed in
Gross 2003), other macrophytes (Agami and Waisel 1985),
and animals, such as mosguitoes and midges (Dhillon et al.
1982; Johnson and Mulla 1983). Similarly, Chara spp. in-
hibit planktonic bacteria and algae (e.g., Bankova et al.
2001; Berger and Schagerl 2003) and are repellent or toxic
to insects, especialy mosquitoes (e.g., Matheson 1930; Ja-
cobsen and Pedersen 1983).

The aim of the present study was to investigate the effects
of three common aguatic macrophyte species, Myriophyllum
spicatum, Myriophyllum sibiricum, and Chara tomentosa, on
the survival, predator avoidance behavior, and feeding of
common littoral planktivores, i.e., mysids Neomysis integer
(Leach) and Praunus flexuosus (Miller) and three-spined
stickleback (Gasterosteus aculeatus L.) larvae. Myriophyl-
lum spp. and Chara spp. are abundant macrophytes at many
coastal areas of the northern Baltic Sea and provide potential
hiding places for the studied planktivores. M. spicatum and
M. sibiricum are very similar in their architecture but slightly
more densely branching than C. tomentosa. All three species
form similar, complex habitets. Littoral mysids are an im-
portant link between several trophic levels: they are omniv-
orous, feeding on phytoplankton, zooplankton, and detritus
(Mauchline 1980), and they are also important prey for a
number of fish species, such as perch (Perca fluviatilis) and
Baltic herring (Clupea harengus membras) (Thiel 1996). N.
integer forms large swarms in open littoral areas and mi-
grates horizontally between seasons (M. Kauppila unpubl.
data). P. flexuosus is strongly associated with aquatic mac-
rophytes, such as the bladder wrack Fucus vesiculosus, and
produces usually only one generation per year in the study
area, whereas N. integer produces two (M. Kauppila unpubl.
data). Three-spined stickleback, in turn, isthe most common
fish species in the study area (Sundell 1994) and prey for a
wide regime of piscivores (Reimchen 1994). We provided
the mysids and the stickleback larvae both chemical and
visual predator signals and hypothesized that they would ad-
just their habitat choice and swimming and feeding activity
according to predation risk and suitability of the macrophyte
habitat as a refuge.

Materials and methods

We performed two kinds of laboratory experiments. First,
N. integer, P. flexuosus, and three-spined stickleback larvae
were incubated with M. spicatum, M. sibiricum, and C. to-
mentosa to find out how these macrophytes influence the
survival of planktivores. According to the results of these
mortality experiments, we chose M. spicatum, the most
harmful macrophyte, for the behavior experiments. Second,
we studied the habitat choice and swimming activity of mys-
ids and three-spined stickleback larvae in the presence of M.
spicatum, artificial vegetation, and predator signals from
perch by videofilming. The feeding activity of stickleback
larvae was also determined.

Sampling—We conducted the experiments at Tvarminne
Zoological Station (Univ. Helsinki), southwest coast of Fin-
land, northern Baltic Sea. M. spicatum, M. sibiricum, and C.

tomentosa were collected by hand and with arake from shal-
low bays nearby. We collected adult female mysids (N. in-
teger, mean length 16 mm and dry weight 4.9 mg; and P.
flexuosus, mean length 24 mm and dry weight 14.0 mg),
three-spined stickleback (G. aculeatus) larvae (mean length
9.1 mm and dry weight 3.4 mg), and adult (ca. 15 cm) Eu-
ropean perch (Perca fluviatilis L.) from the littoral zone and
transported them to the laboratory in ambient seawater. Mys-
ids and perch acclimated to the laboratory conditions for at
least 8 h, while sticklebacks took 5 d. The stickleback larvae
were provided with natural zooplankton (>100 um) three
times a day after yolk sac absorption. The mysids were also
fed with natural zooplankton. The perch were fed with lit-
tora mysids before the mysid experiments and stickleback
larvae before the stickleback experiments. We returned all
perch to the sea after the experiments. We used perch in the
experiments because it is a common piscivore in the area
(Sundell 1994), inhabiting shallow bays and littoral zonesin
which mysids and three-spined sticklebacks also dwell.

Mortality experiments—We conducted the mortality ex-
periments in rectangular 2.2-liter aquaria (width 15.1 cm X
depth 7.2 cm X height 20 cm) with M. spicatum, M. sibir-
icum, C. tomentosa, or without macrophytes at 16°C in nor-
mal indoor light conditions. With N. integer we conducted
experiments with all three macrophyte species and without
macrophytes. With P. flexuosus we conducted experiments
with M. spicatum, M. sibiricum, and without macrophytes,
and with three-spined stickleback larvae we conducted ex-
periments with M. spicatum and without macrophytes. The
stems of M. spicatum, M. sibiricum, and C. tomentosa were
cut to fit the height of the aguaria and placed through holes
in metal plates that were positioned on the bottom of the
aguaria in 0.2-um filtered seawater. There were 26 stemsin
each aguarium, except the control aquaria, which had no
macrophytes. We added one mysid or fish larva to each
aguarium using a small sieve. The experiments lasted for 3
h, after which we determined the survival of the animals.
We tested the data for statistical significance with Fisher's
exact test. The mysids and larvae, which were instantly
killed by decapitation, were measured to the nearest milli-
meter and dried at 60°C for ca. 12 h, after which their dry
weight was measured with a Mettler AE 100 balance.

Behavior experiments with mysids—In the behavior ex-
periments, we conducted the artificial vegetation treatments
(green plastic cords, placed through metal plates as described
above) in similar aquaria (width 15.1 cm X depth 7.2 cm X
height 20 cm) and conditions as described previously. To
prevent mortality of mysids, the M. spicatum treatments
were, however, conducted in alarger aguarium (20 cm X 20
cm X 20 cm), in which the mysids were placed in a com-
partment (separated with a 200-um net), which was approx-
imately of the same size and shape as the aquaria where
artificial vegetation treatments were conducted (Fig. 1). In
both macrophyte treatments the metal plate (with 13 stems)
covered one half of the aquarium bottom, thus leaving the
other half of the aguarium vegetation free. In the predator
signal treatments we filled the aquarium with water from the
perch container and placed an aquarium containing a perch
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A)

Fig. 1. Design of experimental aquaria used in (A) behavior
experiments with mysids in artificial vegetation treatments and with
sticklebacks and in (B) behavior experiments with mysids in M.
spicatum treatments. Dimensions are indicated as centimeters (cm).

next to the experimental aguarium so that the perch was
clearly visible to the mysid but real predation by the perch
was prevented. Hence, both chemical and visua predator
signals (which are required to produce a behavioral response
in littoral mysids; Lindén et al. 2003) were present. The
control aquaria were filled with 0.2-um filtered seawater, and
no visual predator signal was added. We provided the mysids
with natural zooplankton (>100 um) during all behavior ex-
periments to ensure normal activity.

We placed one mysid at a time into the aquarium using a
small sieve and studied its behavior by videofilming. We
used two similar video cameras simultaneously to conduct
the experiments in as short a time as possible. The mysid
was placed into the aquarium ca. 2 min before the beginning
of the filming. Each filming lasted for 15 min, after which
we changed the mysid, water, macrophytes, and perch and
started the following video sessions. There were 10 repli-
cates for each mysid species in each vegetation type in both
predator treatments. After the experiments, the mysids were
measured to the nearest millimeter and dried at 60°C for ca.
12 h, after which their dry weight was measured.

We analyzed the videotapes to observe the behavior of
mysids. We recorded the duration of swimming versus im-
mobility and the time spent in the vegetation versus in the
open water and calculated them as percentages of total time.
We could not reliably distinguish the feeding activity of
mysids from the tapes, and therefore it is not presented. The
data did not fulfill the assumptions of parametric tests and
were therefore tested for statistical significance with non-
parametric Mann—Whitney U-test.

Behavior experiments with three-spined sticklebacks—We
conducted the experiments in similar aquaria (width 15.1 cm
X depth 7.2 cm X height 20 cm) and conditions as described
previously. There were two vegetation treatments (M. spi-
catum and artificial vegetation, placed through metal plates
as described previously) and three predator treatments (no
signals, chemical signal, and combined chemical and visual
signal). In the chemical predator signal treatment we added
0.2 liters of water from the perch tank into the aguarium.
This amount is sufficient to produce a response in stickle-
back larvae (Lehtiniemi in press). The rest of the water in
the aquarium was 0.2-um filtered seawater. The combined
chemical and visual predator signal treatment consisted of

the same chemical signal with a perch placed into an aguar-
ium next to the experimental aguarium. The control aquaria
contained 0.2-um filtered seawater and artificial vegetation
or M. spicatum. All treatments were replicated six times and
performed in randomized order. In order to determine the
feeding rate of the larvae, we provided them with natural
zooplankton (>100 wm) during the experiments. Prior to the
experiments zooplankton was held in a 30-liter tank with
aeration. Before the addition of prey to the experimental
aguarium we mixed the zooplankton tank thoroughly and
added an equal amount of zooplankton into the aquaria. We
adjusted the zooplankton density in the experimental aquar-
ium to alevel above natural density (>20 copepods L1, cf.
Viitasalo et a. 1995) to prevent prey depletion and, hence,
ensure continuous feeding of the larvae.

We placed one three-spined stickleback larva at a time
into the open water side of the aquarium using a small sieve.
We turned the video on after checking that the larva was in
the open water and could easily be seen on the videotape.
Each filming lasted for 20 min, after which we changed the
larva, water, macrophytes, and perch and started the follow-
ing video sessions. As with mysids, we used two similar
video cameras simultaneously. After the experiments, 10 fish
were instantly killed by decapitation, measured to the nearest
millimeter (total length with head), and then dried at 60°C
for ca. 12 h, after which their dry weight was measured. We
analyzed the videotapes as described previously. In addition,
we counted the number of attacks on prey. An attack was
determined as a rush forward to capture a prey (cf. Viitasalo
et al. 1998). We did not measure the actual prey consumption
because we could not determine the escape success of the
zooplankton prey from the tapes.

We tested the habitat choice and swimming activity data
for statistical significance with two-way analysis of variance
(ANOVA), followed by Tukey honestly significant differ-
ence (HSD) multiple comparisons, after log (x + 1) trans-
formation on the habitat choice data. The attack rate data
did not fulfill the assumptions of parametric tests and was
thus tested for statistical significance with Kruskal-Wallis
nonparametric one-way analysis of variance, followed by
Tukey HSD multiple comparisons.

Results

Mortality experiments—In the mortality experiments, M.
spicatum was acutely lethal to mysids. Eight out of 9 N.
integer and 8 out of 11 P. flexuosus individuals died within
3 h in the aguaria with M. spicatum, which correspond to
89% and 73% mortality, respectively. The surviving mysids
were also in weak condition, turning from transparent to
white. In the control (filtered sea water) M. sibiricum and C.
tomentosa treatments no mortality was observed. There was
a statistically significant difference between M. spicatum
treatment and the control, C. tomentosa and M. sibiricum
treatments (Fisher’'s exact test, p < 0.001), but not between
the two mysid species in the M. spicatum treatment (Fisher’s
exact test, p > 0.05).

Three-spined stickleback larvae experienced no mortality
in the experiments, neither in control nor in M. spicatum
treatment.
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Fig. 2. (A, B) Time spent within vegetation, and (C, D) swim-

ming activity (%, mean + SE) of N. integer and P. flexuosus in the
presence of artificial vegetation and M. spicatum in no signal and
combined chemical and visua predator signa treatments (n = 10).
The data on artificial vegetation have been published previously in
Lindén et al. (2003).

Behavior experiments with mysids—In the behavior ex-
periments with mysids, both mysid species responded to the
presence of predator signals, whereas only N. integer re-
sponded to the presence of M. spicatum. N. integer spent
significantly less time within M. spicatum vegetation than
within artificial vegetation (Mann—Whitney, U = 355.5, df
= 1, p < 0.001), whereas the predator signals did not have
a significant effect on their time spent within vegetation
(Mann—Whitney, U = 140.0, df = 1, p = 0.107) (Fig. 2A).
In contrast, P. flexuosus spent significantly more time within
the vegetation in the presence of predator signals (Mann—
Whitney, U = 46.0, df = 1, p < 0.001), whereas their time
spent within M. spicatum did not differ from their time spent
within artificial vegetation (Mann-Whitney, U = 198.0, df
= |, p = 0.956) (Fig. 2B).

The presence of M. spicatum did not affect the swimming
activity of the mysids (Mann—Whitney for N. integer, U =
148.0, df = 1, p = 0.159; for P. flexuosus, U = 135.5, df
=1, p = 0.081) (Fig. 2C,D). The predator signals decreased
the swimming activity of N. integer (Mann—-Whitney, U =
307.0, df = 1, p = 0.004), whereas no clear pattern was
found with P. flexuosus (Mann-Whitney, U = 160.0, df =
1, p = 0.279).

Behavior experiments with three-spined sticklebacks—
Both macrophytes and predator signals had significant ef-
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Fig. 3. (A) Time spent within vegetation (%), (B) swimming
activity (%), and (C) attack rate (attacks min-*) (mean + SE) of G.
aculeatus in the presence of artificial vegetation and M. spicatum
in no signal, chemical predator signal, and combined chemical and
visual predator signal treatments (n = 6). Attacks made within veg-
etation are shown as striped bars. Asterisks denote the results of
Tukey HSD multiple comparisons, where *p < 0.05, **p < 0.01,
and ***p < 0.001.

fects on the behavior of the three-spined stickleback larvae.
The presence of M. spicatum decreased the time spent within
vegetation (two-way ANOVA, F,,, = 20.644, p < 0.001)
(Fig. 3A), swimming activity (two-way ANOVA, F, 5 =
6.364, p = 0.017) (Fig. 3B), and attack rate (Kruskal-Wallis,
U = 264.500, df = 1, p = 0.001) (Fig. 3C) of sticklebacks
compared with artificial vegetation. Significantly fewer at-
tacks were made within vegetation than in open water (Krus-
kal-Wallis, U = 197.000, df = 1, p < 0.001) and within M.
spicatum vegetation than within artificial vegetation (Krus-
kal-Wallis, U = 237.000, df = 1, p = 0.003). When predator
signals were present, the larvae spent significantly more time
within the vegetation (two-way ANOVA, F,;, = 5.138, p =
0.012) and reduced significantly their swimming activity
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(two-way ANOVA, F,4 = 14.470, p < 0.001) as well as
attack rate (Kruskal-Wallis, K-W = 14.841, df = 2, p =
0.001). The predator signals and M. spicatum had no signif-
icant combined effects on the habitat choice (two-way AN-
OVA, F,4 = 0.469, p = 0.630) or swimming activity (F, s
= 0.143, p = 0.867). The combined chemical and visual
predator signal had a stronger impact on larval behaviors
than the chemical signal aone, although the difference be-
tween these two treatments was not statistically significant
in al cases (Tukey, p > 0.05) (Fig. 3).

Discussion

Myriophyllum spicatum caused high mortality in both
mysid species studied, N. integer and P. flexuosus. This is
the first time a larger aquatic invertebrate has been shown
to be killed by submerged macrophytes. Also, athough not
experiencing any mortality, the three-spined stickleback lar-
vae clearly avoided M. spicatum, and almost no attacks on
zooplankton took place within M. spicatum vegetation. The
repellent effect of M. spicatum on the larvae was especialy
conspicuous when predator signals were not present.

We suggest that the mortality and other adverse effects of
M. spicatum were caused by chemicals excreted by this mac-
rophyte species. M. spicatum produces and releases poly-
phenols that have inhibitory effects on phytoplankton and
cyanobacteria (reviewed in Gross 2003). The main inhibitory
compound, hydrolysable polyphenol tellimagrandin II, in-
activates extracellular enzymes of algae that make additional
nutrients available for uptake and inhibits the activity of pho-
tosystem |l by interfering with the electron transfer chain
(reviewed in Gross 2003). According to Nakai et a. (2001),
the autoxidation products of polyphenols may also fatally
damage the target cells. In our mortality experiments, the
mysids were immobilized in less than a minute after intro-
duction to the M. spicatum vegetated aquaria, which sug-
gests that the toxins rapidly kill or paralyze the animals. The
incapability to produce a respiration current may also suf-
focate the mysids. However, the mechanisms behind the ad-
verse effects of M. spicatum to animals have not been stud-
ied.

Phenolic substances serve a variety of functions for plants
and are well known for their toxic effects on man and ani-
mals, as well as microbia organisms (Singleton and Kratzer
1969; Levin 1971). Possible mechanisms behind the toxicity
and repellence to both invertebrates and vertebrates are nu-
merous, such as membrane damaging activity or interference
with catecholamine metabolism and other neural control
mechanisms (reviewed by Singleton and Kratzer 1969). A
chemical isolated from Chara globularis (4-methylthio-1,2-
dithiolane, also named charatoxin, Anthoni et al. 1980)
blocks the cholinergic receptors and thus inhibits neural
functions, and kills houseflies (Musca domestica) (Jacobsen
and Pedersen 1983). Such compounds have, however, not
been identified from M. spicatum. Furthermore, in our ex-
periments M. sibiricum, abeit belonging to the same genus
as M. spicatum and having a high phenolic acid content
(Spencer and Ksander 1999), induced no mortality in mys-
ids. Therefore the mechanism that caused the high mortality
in mysids remains unknown.

The ultimate reason for the production of repellent chem-
icals in aquatic macrophytes may be herbivore deterrence
(Dhillon et a. 1982; Cronin and Hay 1996a), gaining com-
petitive advantage over other autotrophs (Gross 2003) or
both. If the toxicity is primarily an inducible defense against
herbivores, tissue damage may facilitate the production and
excretion of the chemicals (Levin 1971; Cronin and Hay
1996b). Other factors, such as ultraviolet radiation and the
availability of nutrients and light, also affect the production
of these compounds (Cronin and Hay 1996a; Cronin and
Lodge 2003). We cut the M. spicatum stems to fit the aquar-
ia, which probably accelerated the release of chemicals.
However, autofragmentation of M. spicatum plantsis typical
after flowering periods, as is damage by waves and human
activities such as mechanical weed harvesting and boat traf-
fic (Nichols and Shaw 1986). Thus, cut M. spicatum stems
do commonly occur in the nature. Further, aquatic angio-
sperms are considered leaky since they have a reduced cu-
ticula, no stomata, and relatively loose cell connections,
which facilitate the release of organic compounds (reviewed
in Gross 2003) even from intact plants. Still, the toxicity and
repellence of M. spicatum to mysids and sticklebacks seems
surprising because none of these species feed on aquatic
macrophytes (Mauchline 1980; Hangelin and Vuorinen
1988), and they should, therefore, not be targets of antiher-
bivore substances. On the other hand, mysids are very sen-
sitive to chemical contaminants such as trace metals and
pesticides (Nimmo and Hamaker 1982; Roast et al. 1998)
and may therefore be sensitive to natural toxins as well. Sub-
lethal contaminant concentrations suppress swimming and
feeding activity of mysids (Nimmo and Hamaker 1982) and
interrupt swarming (Roast et a. 1998), which is an efficient
predator avoidance strategy (Flynn and Ritz 1999). Notably,
in the lower vegetation to water ratio of our behavior ex-
periments the toxin concentration was too low to induce
mortality but high enough to induce behavioral responsesin
N. integer as well as stickleback larvae. The biomass of M.
spicatum used in the mortality experiments fits well within
values of maximum site biomasses reported from North
American lakes (Nichols and Shaw 1986), as does the stem
density to maximum field densities in the study area (pers.
obs.).

M. spicatum proved to be an unsuitable refuge for littoral
mysids and three-spined stickleback larvae. M. spicatum’s
unsuitability as a habitat has aso been observed in North
America, where the abundances of invertebrates are lower
on M. spicatum vegetation and in the benthos beneath a M.
spicatum community than on and beneath other macrophytes
(Nichols and Shaw 1986). In our study, the stickleback lar-
vae did use it as a refuge from predation to some extent, but
significantly less than artificial vegetation. Also N. integer
avoided M. spicatum and spent less time within it than with-
in artificial vegetation. However, predator signals did not in-
duce an increase in the refuge use of N. integer, and thus it
cannot be considered as effective hiding. Only the behavior
of P. flexuosus was not affected by M. spicatum. This may
be explained by the predator avoidance strategy of P. flex-
uosus. It lives in close association with macrophytes
throughout its life cycle and is highly dependent on them as
a predation refuge because, unlike N. integer or three-spined
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sticklebacks, it does not avoid predation by decreased activ-
ity (Lindén et a. 2003) or swarming (Mauchline 1971; Fitz-
Gerald and Wootton 1993). We therefore suggest that when
facing a trade-off situation between avoiding predation and
avoiding M. spicatum, P. flexuosus chooses to hide in the
vegetation despite its toxicity. The group behavior of N. in-
teger and stickleback larvae may somewhat differ from sol-
itary behavior, but the repellent effect of M. spicatum is not
likely to change.

In addition to the effects of M. spicatum on the habitat
choice of stickleback larvae, the presence of M. spicatum
suppressed their swimming and feeding activities. An espe-
cially dramatic effect was found in the attack rate, which
declined to a very low level even in the absence of predator
signals. Larval fish need to grow fast to be able to survive
the following winter and to outgrow predators (reviewed in
Pedersen 1997); thus, sufficient feeding is of utmost impor-
tance. The complex morphology of M. spicatum may lower
the feeding efficiency of fish (Coull and Wells 1983), but
the high mortality of mysids in the presence of M. spicatum
and the fact that the feeding of stickleback larvae was un-
affected by similarly structured C. tomentosa (Lehtiniemi in
press) suggest a strong chemical interaction. Furthermore,
zooplankton prey may have been avoiding the M. spicatum
vegetation due to the excreted chemicals (Pennak 1973;
Lauridsen and Lodge 1996), further increasing the motiva-
tion of larvae to stay in open water area.

Concurrent with earlier studies (e.g., Bishop and Brown
1992), our results show that three-spined stickleback larvae
are able to detect predation risk and adjust their behavior
accordingly. The response of sticklebacks to predator signals
differs from the one of N. integer and P. flexuosus. With
mysids, neither chemical nor visual predator signals alone
were sufficient to produce a behavioral response (Lindén et
a. 2003). In the present study, chemical signals alone could
produce a significant response in swimming and feeding ac-
tivity of stickleback larvae, though not in their habitat
choice. This is hardly surprising, considering the more so-
phisticated sensory systems of vertebrates.

Our results indicate that M. sibiricum and C. tomentosa
provide suitable refuges for littoral planktivores such as
mysids and three-spined stickleback larvae, whereas M. spi-
catum is most harmful. Further studies on the lethality and
repellence of M. spicatum to planktivores in the field need
to be conducted. Notably, Chara spp. are very sensitive to
anthropogenic habitat changes, such as eutrophication, and
they are rapidly declining in many areas (Schubert and You-
sef 2001), including the archipelago of southwest Finland
(Munsterhjelm 1997; Koistinen and Munsterhjelm 2001). In
contrast, M. spicatum thrives in eutrophied conditions and it
is presently spreading to new areas (Nichols and Shaw 1986;
Munsterhjelm 1997). The sublethal effects of M. spicatum
on the behavior of mysids and three-spined stickleback lar-
vae, which cause them to spend more time outside the ref-
uge, exposed to predators, and to feed less efficiently, may
prove to be detrimental in the long run. The availability of
high-quality nursery habitats to larval fish is crucia to the
recruitment and production of fish populations (Urho 2002).
We conclude that the anthropogenic changes in macrophyte
species composition that favor M. spicatum may cause major

changes in populations of three-spined sticklebacks and mys-
ids. Through the effects on the feeding and distribution of
their fish predators, the whole structure of the littoral eco-
systems of the Baltic Sea may be affected.
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