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a  b  s  t  r  a  c  t

During  the  last  decades  invasive  species  became  a matter  of concern  all over  the  world.  Established
salmonid  populations  make  sport  fishery  in Patagonia  one  of  the  top  in  the  world,  but  there  is increasing
evidence  that these  populations  have  negative  impacts  on native  ecosystems.  Predation  rates  and  feeding
preferences  of native  catfish  Hatcheria  macraei  and  invasive  trout  Oncorhynchus  mykiss  were  compared
by  exposing  three  stream  benthic  invertebrate  species  with  contrasting  ecological  roles  to direct  preda-
tion. Secondly,  feeding  and  escaping  behaviours  of the  mayfly  Meridialaris  chiloeensis  belonging  to  either
non-naive  or  naive  populations  to predators  were  investigated  in  the presence  of  predation  chemical
cues,  i.e.  non  direct  predator  access.  Total  predation  by  trout  was  2–3  times  higher  than  by  native  catfish.
Trout  had  clear  prey  preferences  while  catfish  changed  its preferences  with  shifting  prey  composition.
Invertebrate  species  showed  different  responses  to  predation  by native  and  exotic  fish  due  to the  dif-
ferent  strategies  of fish  and  invertebrates  which  resulted  from  the  combination  of predator  efficiency
and  prey  vulnerability.  Feeding  activity  of non-naive  nymphs  was  significantly  lower  than  that  of  naive
nymphs.  In addition,  mayfly  nymphs  from  both  populations  showed  higher  emigration  rates  in  presence
of  trout  chemical  cues  than in  presence  of  catfish  cues  or in  fishless  treatment.  Consequently,  the  reduced
feeding  activity  observed  in  non-naive  mayflies  exposed  to rainbow  trout  cues  resulted  from  their  inac-

tivity  in  channels,  as both  nymph  populations  had  similar  emigration  rates.  Due  to high predation  rates,
prey  preferences  (i.e.  high  potential  to  exploit  prey  resources)  and induced  strong  predation  avoidance
behaviour  of prey,  invasive  trout  may  have  a stronger  influence  on  the  abundance  and  species  compo-
sition  of  native  macroinvertebrates  than native  catfish.  In  just  about  one  century,  invertebrate  species
such  as the  ubiquitous  M.  chiloeensis  show  behavioural  adaptations  to  this  exotic  predator.
ntroduction

During a period of just about two centuries, worldwide intro-
uction of non-native species has increased immensely (Ricciardi,
007) causing irreparable or highly expensive damages to the envi-
onment and human welfare (Simon and Townsend, 2003; Pascual
t al., 2009). Salmonids, originating from the cool-temperate North-
rn Hemisphere, were spread nearly across the whole Southern
emisphere during late 19th- and early 20th century (Pascual et al.,

009; Garcia de Leaniz et al., 2010). Introductions in Argentina
egan in 1904 and within just about 30 years salmonids were estab-

ished throughout most regions of Patagonia, creating a valuable
rophy sport fishery and also developing the aquaculture industry
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(Macchi et al., 2008; Pascual et al., 2009; Garcia de Leaniz et al.,
2010). Seven salmonid species have established self-sustaining
populations while rainbow trout became the most widely dis-
tributed (Macchi et al., 2008). In Patagonia only very few native fish
species have certain sport fishing value (Pascual et al., 2007), but
salmonids make sport fishery to be one of the top in the world with
revenues of over US$42 million recorded in 2005 (Pascual et al.,
2009).

From an ecological point of view, invasive trout have caused
local extinctions of vulnerable native species changing commu-
nity composition and consequently altering stream functioning
(McIntosh, 2000; Herbst et al., 2009). In New Zealand, trout is
believed to be responsible for the decline (McDowall, 2006) and

fragmentation (Townsend, 2003) of native fish populations, for
shifts in the organization of whole stream communities and even
for impacts on terrestrial organisms (Korsu et al., 2008). Entire
annual stream insect production has been shown to be consumed
by trout (Huryn, 1996) and shifts in body size of invertebrate
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opulations have already been found in Patagonian streams (Buria
t al., 2007).

Predation has long been considered a major selective force in
he evolution of several morphological and behavioural character-
stics of animals (Lima and Dill, 1990). In a co-evolutionary process,
ach adaptation of one species generates an advantage and must
hus be compensated by a reciprocal step of the other species. Even
hough, there is an uneven selective pressure as the predator is in
isk to lose its food, but the prey is in risk to lose its life (Brodie
nd Brodie, 1999; Ferrari et al., 2010). Aquatic prey has the abil-
ty of using chemical signals to receive or transmit information
nd avoid encounters with predators. In particular, invertebrate
rey with relatively poor visual capabilities, are also able to detect
redators by hydrodynamic signals (Dodson et al., 1994). Chemi-
al signals may  induce strong predation avoidance behaviour such
s avoidance of risky areas, increase of shelter use, reduction in
eeding activity, etc. (Åbjörnsson et al., 2004; Ferrari et al., 2010).
uch avoidance behaviour entails fitness costs for prey and leads
o reduced growth and reproduction, which forces prey to evaluate
ctual predation risk. In addition, prey species may  display differ-
nt anti-predator behaviours regarding the identity of a predator or
ven do not respond to the presence of a novel predator (Brönmark
nd Hansson, 2000; Ferrari et al., 2010; Wisenden, 2000).

This experimental study compares the effects of predation by
n invasive salmonid and a native fish on the benthic macroinver-
ebrates fauna of Northern Patagonian streams in Argentina. We
imed to compare, by stream-fed channel experiments, predation
ates and feeding preferences of the native catfish Hatcheria macraei
nd the exotic trout Oncorhynchus mykiss on three ecologically con-
rasting stream invertebrates. We  hypothesized that predation by
ainbow trout will have a stronger effect on benthic invertebrate
bundance and composition than predation by the catfish. Sec-
ndly, we tested the feeding activity and escaping rate of stream
ayflies, which were either naive- or non-naive- to predation, by

xposing them only to chemical cues (i.e. kairomones) from distinct
redators. Considering the involved predation pressure of a native
nd an exotic fish predator, we hypothesized that macroinverte-
rates from fishless streams (naive population) will not be able to

nterpret predation cues as a risk, contrastingly, those from streams
ohabiting with both fish species (non-naive population) will rec-
gnize chemical cues belonging to native fish but not those of the
xotic trout (Sih et al., 2010), introduced just a century ago.

ethods

tudy populations

Fish were collected in Pichi Leufu River, fifth order
41◦06′23.70′′ S, 70◦50′22.20′′ W).  For logistic reasons invertebrates
ere collected in Ñirihuau River, fourth order (41◦05′25.15′′ S,

1◦08′34.87′′ W)  and a second order fishless stream in the Chall-
uaco Valley (41◦15′34.06′′ S, 71◦17′14.96′′ W)  which were located
loser to the experimental facilities. Non-naive invertebrates
ere collected in Ñirihuau River where both fish and invertebrate

pecies cohabit, thus invertebrates were assumed to have already
een exposed to chemical cues of both fish. In particular for the
econd experiment, naive nymphs came from the mentioned
tream at Challhuaco Valley. Streams were all well oxygenated,
old and oligotrophic with low conductivity and low nutrient
oncentrations (Díaz et al., 2007). They were inhabited by the same

ore assemblage of invertebrates and fish (except of the fishless
tream) (Buria et al., 2007; Barriga et al., 2013). Invertebrates
ere selected to represent widespread and abundant species of

he major taxonomical groups of Northern Patagonian benthic
ommunities with three contrasting feeding modes. The scraper
ca 51 (2015) 24–31 25

Meridialaris chiloeensis (Ephemeroptera), the shredder Antarctop-
erla michaelseni (Plecoptera) and the filtering-collector Smicridea
annulicornis (Trichoptera) were chosen as they are important items
of both fish diets (Buria et al., 2009; Barriga et al., 2013). Since
rainbow trout is the most abundant exotic fish, catfish is the most
abundant native fish (Navone, G. unpublished results)  and they have
a similar diet, which include our target invertebrates (Barriga and
Battini, 2009; Ferriz, 2012), these both fish species were selected
as predators. In the experiments, specimens of H. macraei had a
mean total length of 9.27 ± 1.00 cm (mean ± SE) and a mean wet
mass of 3.94 ± 1.32 g. Specimens of O. mykiss had a mean total
length of 9.39 ± 0.66 cm and a mean wet  mass of 7.35 ± 1.29 g.
Invertebrates had mean body lengths of 7.07 ± 0.07 mm (M.
chiloeensis), 10.09 ± 0.61 mm (A. michaelseni), and 9.38 ± 0.77 mm
(S. annulicornis; animal stretched but hind legs not included).
From all the experimental possibilities (similar body mass, similar
ontogenetic stages, etc.) we  chose to compare fish specimens of
similar body length in order to compare the effects of predation on
similar invertebrate body sizes belonging to an idealized benthic
invertebrate assemblage.

General experimental setup

Experiments were carried out during November and December
2011 in artificial channels in Aquaculture Centre of Universidad
Nacional del Comahue, near San Carlos de Bariloche, Northwestern
Patagonia, Argentina. Channels were fed by water of the Gutiérrez
stream 4 km after draining the ultra-oligotrophic Gutiérrez Lake
(DIN: 4.6 �g/L, SRP: 3.4 �g/L, Na: 1.7 mg/L, a Chl-a: 0.4 �g/L, pH: 6.7,
conductivity: 58.1 �S/cm; Díaz et al., 2007). Experimental chan-
nels were 3 m long, 0.29 m wide, 0.17 m deep, and had a mean
water influx of 25 L/min with water velocities of ∼1.0 cm/s. Incom-
ing water was  filtered by a 200 �m mesh to avoid immigration
of aquatic insects and seston from the main stream. At the out-
let, channels were confined by a 1 mm mesh to avoid escaping of
invertebrates. Three control channels (without fish), three chan-
nels for H. macraei and three channels for O. mykiss were selected
randomly out of 9 channels. Fish specimens to be used in exper-
imental trials were kept in separate spare channels (one channel
per species) and were fed every day with the same invertebrate
species used in the experiment. Two  days before each experiment
started, fish were starved. Invertebrates were placed in channels
and channels were left overnight until fish were added.

Predation experiment

In a first experiment, predation rates and feeding preferences of
native catfish H. macraei and the exotic trout O. mykiss were mea-
sured. Each channel was  divided in three by placing two plastic
screens (5 mm mesh size): an upstream area of 0.25 m,  a down-
stream area of 0.25 m and a central area of 2.50 m.  The central area
(experimental arena) was chosen larger, as the main experimen-
tal settings were arranged here and invertebrates were exposed
to fish predation. Mesh screens permitted invertebrates but not
fish to pass and allowed us to measure invertebrate emigration
from the experimental arena. The central area of each channel was
provided with four substrate patches, each consisted of cobbles,
representing refuge and food resource for invertebrates. Leaf lit-
ter and fine sand were spread within the patches before starting
the experiment to provide food for A. michaelseni and construction
material for S. annulicornis retreats. Fish shelter was  provided by

a black PVC tube (8 × 25 cm diameter and length). In each chan-
nel 15 nymphs of M. chiloeensis,  15 nymphs of A. michaelseni and
15 larvae of S. annulicornis were placed. Regarding the surface of
the provided stone patches, the number of 15 individuals repre-
sented an abundance of 167 ind./m2 for each species and a total
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ensity of 500 ind./m2. These densities were within the range of
atural abundance in Patagonian streams like the Pichi Leufu River
Navone, G. unpublished results). The equal number of individuals
er species was meant to prevent a density-dependent predation
y fish and to simplify statistical analyses. At the beginning of the
xperiments (t0), three channels were provided with one individ-
al of H. macraei, three channels with one individual of O. mykiss
nd three channels were remained fishless. Fish density per chan-
el (∼1.3 ind./m2) was within the natural occurrence of rainbow
rout and catfish in medium sized Patagonian rivers like the Pichi
eufu River, but exceeded the density of small streams in Chall-
uaco catchment (Buria et al., 2007; Barriga et al., 2013). Every
ingle day at the same hour, invertebrates outside the central area
ere recorded as emigrated and removed from the experiment. On

he second day (t2) and the last day (t4) all remaining invertebrates
n the whole channel were counted and individuals outside the cen-
ral area were recorded as emigrated. This whole experiment was
epeated four days later and data from both experimental runs were
ooled for analyses. Death and emergence of invertebrates were
inimal factors, therefore were eliminated from the analysis.
To compare prey preferences of catfish and trout, a prey prefer-

nce index (PI) for each prey species was created. For prey species a,
he index was calculated by dividing the proportional consumption
Pc) upon the species a based on its availability at the beginning of
eriod t0 or t2, by the sum of the proportional consumptions (P)
pon all prey species.

I(a) = Pc(a)
∑n

a(a, . . .,  n)

ndirect effects experiment

A second experiment was implemented to compare feed-
ng activity and emigration of non-naive and naive benthic
nvertebrates, in presence of predation chemical cues of native and
xotic fish. This experiment was carried out with 25 non-naive
ymphs of M.  chiloeensis per channel and repeated one week later
ith 25 naive nymphs of the same species. This species was selected

ecause it represents a widely distributed and abundant inverte-
rate in fish and fishless streams. For the experiment, each channel
as subdivided into two areas by a 1 mm mesh to avoid fish and

nvertebrates exchanges. The experimental arena for invertebrates
as located at the downstream end of the channel (last 65 cm)  and

he area for the fish was located upstream, so the chemical cues
f fish were carried into the experimental arena by water current.
hree channels were provided with individuals of H. macraei, three
hannels with individuals of O. mykiss and three channels were
emained fishless. The experimental arena of each channel con-
ained five stones (cobble size) of which two had been previously
olonized with biofilm under controlled conditions to offer sim-
lar initial periphyton abundances to invertebrates and therefore
erved as experimental units (experimental stones); the other three
tones provided additional refuge for invertebrates. In each chan-
el without fish, two experimental stones (control) were placed

n the upstream channel area (i.e. no invertebrates, no fish). These
tones were not exposed to biofilm consumption by invertebrates
nd served to correct biofilm changes in experimental arenas with
nvertebrate presence. To obtain a higher chemical signal, two  fish

ere provided in each channel. During the experiment, fish were
ed every day with nymphs of M.  chiloeensis.  Thus, behaviour of

xperimental invertebrates might have been affected not only by
sh kairomones, but also by chemical cues from digested prey that
ere released with predator faeces (Ferrari et al., 2010). Rainbow

rout is present in the fish community of Gutiérrez stream, thus
ater that fed our experimental channels likely contained fish
ca 51 (2015) 24–31

kairomones. Because water reservoir for feeding channel system
has filters for organic matter and sediments that precludes fish
entering the reservoir, we  assumed that basal fish kairomones (i.e.
concentration in control channels) was low. Regarding the stone
patch surface, densities of M. chiloeensis were 400 ind./m2, which
is within the range of natural abundance in Patagonian streams.
On the last day (t4), all invertebrates were collected and counted
(to quantify nymph escaping, i.e. emigration from the arena) and
biofilm consumption by invertebrates was calculated.

To calculate biofilm consumption by invertebrates, initial
(t0) periphyton ash free dry mass (AFDM) and final AFDM (t4)
were measured in pre-cultured experimental stones. Stones were
brushed vigorously and washed with distilled water to take off all
organic matter. The resulting slurry was  homogenized and two
subsamples of 10 ml  each were filtered separately in micro-glass
fibre filters (Muntkell), which were later averaged. Filters were
dried, weighted, combusted in a furnace and reweighted to obtain
AFDM of the biofilm subsamples. The surface of each brushed stone
was calculated by the formula: stone surface [cm2] = 1.59 + 0.811
(XY + YZ + XZ). This formula puts out the fraction of stone surface
which is available to be colonized by periphyton (approx. 65% of
the total surface). X, Y and Z are the lengths of the three main axes
in cm (Biggs and Kilroy, 2000). Feeding activity rate of invertebrates
during the experiment was  determined by the difference between
initial (t0) and final (t4) periphyton AFDM per square centime-
tre of stone surface. The term feeding activity is used instead of
consumption as it is recognized that invertebrate movement on
substrates detaches biofilm and may  lead to overestimated peri-
phyton consumption rates (Albariño and Díaz Villanueva, 2006).
To correct feeding activity in treatment channels (with inverte-
brate access) for periphyton growth during the experiment, initial
and final periphyton AFDM data of experimental control stones
(without invertebrate and fish access) were used.

Statistical analyses

Differences in invertebrate assemblages among predation treat-
ments were analyzed graphically by non-multidimensional scaling
(nMDS) analysis and statistically by one-way ANOSIM (Clarke,
1993; Clarke and Warwick, 2001), after creating a Bray Curtis
resemblance matrix. Data was  previously square-root transformed.
The nMDS attempts to depict samples in a low-dimensional graph-
ical representation regarding their similarities, and this adjustment
is measured by a stress value. If stress is between 0.05 and 0.2
the graphical arrangement is good, if values are greater than 0.3
the representation may  be due to chance (Clarke and Warwick,
2001).

One-way ANOSIM performs a permutation analysis of dif-
ferences between replicates within groups contrasted with
differences between groups, computing a Goblal R statistic under
the null hypothesis of no differences in sample composition
between predation groups. Global R falls between −1 and 1, so
Global R is = 0 if the null hypothesis is true and Global R = 1 if
all replicates within groups are more similar to each other than
any replicates from different groups. Pairwise ANOSIMs (R values)
between all pairs of groups were provided as a post hoc test.

To compare total predation of catfish and trout in the period
t0–t4, a One-way ANOVA was  performed. Total predation during
period t0–t2 and t2–t4 was compared by two-way repeated meas-
ures ANOVA, using predation treatment and time as factors. Per-
centages of total preyed invertebrates in the time period t2–t4 were

calculated on the basis of available prey at t2. Prey preferences were
tested by Hotelling’s T2 tests for each fish and experimental period,
following modifications by Manly (1993) and Lockwood (1998).
For each statistic value (i.e. the mean difference between two
prey items), a 95% Bonferroni confidence interval was calculated;
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airwise differences were assumed to be significant if the con-
dence intervals did not contain zero. Total migration among
redation treatments was analyzed by one-way ANOVA, specific
igration of invertebrate species within and among predation

reatments were tested by two-way ANOVAs.
In the second experiment, differences in removed biofilm AFDM

y M.  chiloeensis were analyzed by a two-way ANOVA, using origin
f prey and predator chemical cues as factors. We  found signif-
cantly different feeding activity between naive and non-naive

ayfly populations, particularly between control treatments (two-
ay ANOVA, F1,12 = 5.682, P = 0.038). This significant difference

ndicated that non-naive nymphs fed less than the naive ones,
hich might in part have been caused by previous experience with
redators in nature (e.g. individuals did not relax after predation
isk was removed and displayed a fixed anti-predator behaviour
nd/or it was a slight basal chemical cues concentration in water
hat fed experimental channels and affected controls) or by other
iological reasons differentiating populations. As this precluded
s to interpret feeding differences due to the condition of preda-
ion, we further analyzed results by a one-way ANOVA for each
rigin of prey population. Differences in M.  chiloeensis emigration
ere also analyzed by a two-way ANOVA, using origin of prey and
redator chemical cues presence as factors. A posteriori multiple
omparisons were performed with post hoc tests. If assumptions
f normality or homogeneity of variance were not satisfied, data
ere square-root transformed (Quinn and Keough, 2002).

esults

redation experiment

Abundance of invertebrates changed during the experiment, not
nly due to predation itself but also due to emigration behaviour.
fter four days of experiment, invertebrates assemblages differed
ignificantly among predation treatments when considering the
ombined effects of direct predation and emigration in chan-
els (one-way ANOSIM, Global R = 0.566, P = 0.001; Fig. 1a). After
xcluding prey emigration in the analysis, to emphasize the direct
vents of predation on assemblage composition, differences among
ssemblages were larger (Global R = 0.395, P = 0.001; Fig. 1b). In
oth cases, assemblages in fishless channels were more similar to
ach other’s than assemblages in catfish or trout channels. Includ-
ng the emigration events to the nMDS analysis (Fig. 1a), differences
etween catfish and trout assemblages were just marginally signif-

cant (R = 0.193, P = 0.050), but when removing migration events, to
eight the direct effect of predation events (Fig. 1b), the differ-

nce between assemblages of catfish and trout treatments became
ighly significant (R = 0.552, P = 0.002). These results clearly illus-
rate the higher predation pressure of trout than of catfish and
mphasize the relatively high migration in catfish channels.

In general, trout consumed significantly more invertebrates
han catfish (one-way ANOVA, F1,10 = 17.062, P = 0.002; Fig. 2a). Cat-
sh caught 18% of total invertebrates in the channels, while trout
aptured nearly half of the present resources (47%), represent-
ng a predation intensity 2.6 times higher than catfish. However,
sh predation varied with time (two-way RM ANOVA, predator
pecies × time: F1,10 = 5.075, P = 0.048). During the first two  days
f experiment, catfish preyed significantly less invertebrates (10%)
han trout did (37%; Holm–Sidak test, P = 0.001). In average, one
atfish consumed 2–3 invertebrates per day while trout fed on ∼8

ndividuals per day, which comes to a predation rate for trout of
.7 times higher than for catfish. From day 2 on, trout reduced

ts predation intensity and consumed during the next two days
4% of the invertebrates still available at t2, which were 1.7 times
ore invertebrates than catfish consumed (14%). Predation rates of
ca 51 (2015) 24–31 27

trout and catfish were not significantly different during this period
(Holm–Sidak test, P = 0.121).

Trout preferred feeding significantly more on A. michaelseni than
S. annulicornis in the first two days of the experiment (Hotelling’s
T2 = 39.704, P = 0.012; Bonferroni CI, P < 0.05). Although trout dis-
played a trend to prey more A. michaelseni than M.  chiloeensis and
more M.  chiloeensis than S. annulicornis, differences were not sig-
nificant (Bonferroni CI, P > 0.05). The same pattern of preferences
was maintained during the second experimental period (t2–t4),
even after relative prey availability had changed, but no signif-
icant differences were detected (Hotelling’s T2 = 3.733, P = 0.328).
For catfish, we did not find significant preferences among the dif-
ferent prey (t0–t2: Hotelling’s T2 = 3.684, P = 0.332), however catfish
showed a trend to change its preference during the experiment.
During period t0–t2, there was  a trend of preference for M. chiloeen-
sis over S. annulicornis and A. michaelseni, while during t2–t4 catfish
fed relatively much more on S. annulicornis. Catfish clearly preferred
S. annulicornis over A. michaelseni in that second period, but as no A.
michaelseni specimens were consumed, a Hotelling’s T2 test could
not be performed. Besides the different prey preferences of catfish
and trout, distinct foraging patterns of the two fish species were
observed. Catfish actively foraged between and beneath stones and
even removed well-placed sand from the stone patches, while rain-
bow trout just passed the patches like on a patrol.

Total emigration of invertebrates was  different among preda-
tion treatments (one-way ANOVA, F2,51 = 3.822, P = 0.028; Fig. 3a).
In presence of trout significantly less invertebrates (12.6%;
Holm–Sidak test, P = 0.017) emigrated from the experimental areas
than in the presence of catfish (35.6%). However, emigration of
invertebrates was  significantly affected by both, predation and the
species of invertebrate (two-way ANOVA, F4,45 = 3.413, P = 0.016;
Fig. 3b). In particular, A. michaelseni was very active during the
experiment; significantly more specimens left the experimental
arena than specimens of M.  chiloeensis (Holm–Sidak test, P < 0.001)
or S. annulicornis (P < 0.001) in fishless and catfish channels. In trout
treatments, emigration of A. michaelseni was reduced consider-
ably. It was  significantly higher than emigration of S. annulicornis
(Holm–Sidak test, P = 0.005), but not higher than emigration of M.
chiloeensis (P = 0.164). Trichopteran S. annulicornis showed the low-
est emigration, independently of predation treatment.

Indirect effects experiment

Non-naive nymphs of M. chiloeensis showed significantly differ-
ent feeding activity among predation treatments (one-way ANOVA,
F2,6 = 12.51, P = 0.019). Nymphs under the influence of trout cues
removed much less biofilm than nymphs in the fishless treatment
(Fisher’s LSD test, P = 0.008) and nymphs under catfish cues had
an intermediate feeding activity (Fig. 4a, left). In contrast, naive
nymphs showed no significant differences in feeding activity (one-
way ANOVA, F2,6 = 0.22, P = 0.806) among predation treatments
(Fig. 4a, right).

Nymphs escaped from the experimental arenas independently
of their population origin (two-way ANOVA, F1,12 = 0.32, P = 0.580)
but were affected by distinct predator’s chemical cues (two-way
ANOVA, F2,12 = 8.071, P = 0.006). While catfish cues did not affect
mayfly escaping behaviour compared to that in control chan-
nels (Fisher’s LSD test, P = 0.638), significantly more M. chiloeensis
escaped in presence of rainbow trout cues (Trout vs. Control,
P = 0.003; Trout vs. Catfish, P = 0.007; Fig. 4b).
Discussion

Our study aimed to compare the influence of invasive rain-
bow trout and a native fish on Argentina Patagonian stream
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Fig. 1. nMDS-plots of Bray–Curtis similarity indices of invertebrate assemblage under different predation treatments (square: fishless, circle: catfish, triangle: trout) at the
beginning of the experiment (open symbol: t0) and the end of the experiment (filled symbol: t4), with direct predation and prey emigration taken into account (a) and with
factor  emigration excluded from the analysis (b).
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ig. 2. Total predation of catfish and trout during the time period t0–t4 (a) and prey
asis  of prey availability of M. chiloeensis (Mc), A. michaelseni (Am) and S. annulicorn
ignificant differences if they are not the same, or if letter combinations do not sha
ith  catfish from t2–t4, a Hotelling’s T2 test could not be performed.

nvertebrates at two different levels, direct predation and induced
hanges in behaviour under predator presence. We  assumed that
redation by rainbow trout will have a stronger effect on benthic

nvertebrate abundance and composition than predation by the
ative catfish. Furthermore we hypothesized that the presence of

xotic rainbow trout (in the form of fish chemical cues) would not
ffect behaviour of invertebrates either naive- or non-naive to pre-
ation, while the presence of catfish would have an influence on
he behaviour of non-naive invertebrates, but not on the behaviour
f naive ones.

ig. 3. Total emigrated invertebrates (a) and specific migration of M. chiloeensis (Mc), A. 

etters  display post hoc test results and indicate significant differences if they are not the
ences of both fish in period t0–t2 and t2–t4 (b). Prey preferences were calculated on
) at the beginning of each period. Letters display post hoc test results and indicate
ers, within a tested group. (1) = because of zero predation events of Am in channels

The exotic rainbow trout had a stronger predation effect on
three common Patagonian stream invertebrates, consuming nearly
3 times more prey than the native catfish. Although specimens
of both fish species had similar body sizes they had different
body masses and different developmental stages (trout were juve-

niles while catfish were already mature) which might determine
different energy demands (Townsend and Simon, 2006). This
surely contributed to the observed higher predation pressure in
trout channels. Nevertheless the average trout predation rate in
the experiments might have been higher, but trout reduced its

michaelseni (Am) and S. annulicornis (Sa) in fishless, catfish or trout treatments (b).
 same, or if letter combinations do not share letters, within a tested group.
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ig. 4. Removed biofilm AFDM (a) and percentage of M. chiloeensis (Mc) nymphs o
fishless), catfish- or trout-channels at the final day of the experiment (b). Percent
emoved AFDM = high feeding activity and vice versa). Letters display post hoc test 

redation rate at the end of the experiment probably as a matter
f resource limitation. In the first experimental period, its preda-
ion rate was 3.7 times higher than that of catfish, but it was just
.7 times higher in the second period. At t2, only 13.3% of the ini-
ially provided A. michaelseni nymphs remained, probably causing
rout to consume less. Our result may  well reflect what happens
n nature. As trout is an opportunistic feeder it might have main-
ained a high predation rate if more vulnerable prey individuals
rom one or more species were available. In contrast, after deple-
ion of more vulnerable individuals (what accounted at the end of
he first part of the experiment) trout had to have shifted its target
o less conspicuous prey with a consequent reduction in predation
ate.

High predation pressure by invasive trout has been already
hown to significantly reduce invertebrate abundances. In New
ealand streams, Huryn (1998) demonstrated that brown trout
onsumed almost the total annual invertebrate secondary produc-
ion while the native Galaxias eldoni consumed about 20%. More
ecently, Buria et al. (2007) surveyed three Patagonian fishless
treams where stream reaches downstream waterfalls were inha-
ited by rainbow trout (the only fish species). Compared to fishless
eaches, total invertebrate community abundance was significantly
educed in downstream trout reaches. However, in a similar study
esign conducted in 21 fishless streams in Sierra Nevada, California,
erbst et al. (2009) found that total community abundance did not
iffer to that of 21 invaded-trout streams.

Fish top predators are known to exert strong control on the
tructure of their prey community (McPeek, 1998). Fish usually
rey selectively on the most vulnerable species regarding prey size
nd habits (Wootton, 1990), but may  also alter prey behaviour
esulting in differential prey strategies, e.g. emigration or occul-
ation (Meissner and Muotka, 2006). In our study, the structure
f invertebrate assemblages was influenced by fish presence but
sh identity was also a critical factor. The stronger effect that trout
ad in shaping invertebrate composition became apparent after
emoving the effect associated with invertebrate emigration. Trout

redation resulted in assemblages that differed from those in fish-

ess or catfish channels.
The trajectory of invertebrate assemblages set in this exper-

ment underlines the importance of selective fish predation in
haping community structure (Buria et al., 2007; Herbst et al.,
ting from stream with fish (non-naive) or fishless stream (naive), still in control-
 removed biofilm AFDM was interpreted as “feeding activity” (high percentage of

 and indicate significant differences if they are not the same within a tested group.

2009). Rainbow trout maintained a preference pattern for the ple-
copteran shredder A. michaelseni and the scraper M.  chiloeensis
over the filtering-collector S. annulicornis, while catfish preferred
to feed on the scraper at the initial experimental stage and changed
to feed on S. annulicornis when the former prey became scarce.
Observed prey preference patterns probably occurred due to an
interaction of the different habitat use of invertebrates and the dis-
tinct feeding strategies of the predatory fish (Lima and Dill, 1990;
Allan, 1995). Trout is a visual forager (McIntosh, 2000; Novales
Flamarique and Browman, 2001), whereas catfish depends on its
tactile perception (Barriga and Battini, 2009; Ferriz, 2012). Irre-
spective of fish presence (i.e. fishless channels), the plecopteran
shredder presented a vagile behaviour, emigrating significantly
more than the other invertebrates. It is likely that its emigration
behaviour caused them to be the most vulnerable prey to trout.
In contrast, the trichopteran filtering-collector emigrated very lit-
tle, rapidly building their retreats beneath stones. Similarly, the
mayfly scraper tended to move little and remained mostly attached
to stones, making it more vulnerable to catfish. It is worth noting
that our experimental channels reproduced a water flow closer to
that of pool habitats where invertebrate drift is less likely to occur
than in riffle habitats. Higher flow conditions might have stim-
ulated emigration by drift enhancing trout predation efficiency,
increasing differences in predation intensity between rainbow
trout and the benthic feeder catfish. Considering the contrast-
ing behavioural traits of predators and prey, a gradient of prey
vulnerability was  revealed; trout fed most on more vagile and
visually exposed invertebrates and catfish preyed most on more
concealed invertebrates which were vulnerable to tactile-based
detection. While studies on the diet of the native catfish H. macraei
in Patagonian streams have shown that chironomids, mayflies and
caddisflies (i.e. collectors and scrapers) were the most consumed
items (Ferriz, 1994; Barriga and Battini, 2009; Ferriz, 2012), in other
streams in the same region, rainbow trout positively selected large
size classes of benthic invertebrates, being shredders the feeding
group most negatively affected followed by scrapers (Buria et al.,

2007). Interestingly, shredders were the most important item in
rainbow trout stomachs (% biomass) and were consumed according
to natural abundance, while scrapers, which were overrepresented
regarding benthic abundance, were the second functional group in
the diet (Buria et al., 2009).
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Considering that predation is a significant mortality factor, it
s not surprising that prey have developed multiple defensive
ehaviours to avoid being detected and attacked by predators
Brönmark and Hansson, 2000). We  had assumed that naive
nvertebrates from fishless streams would not react to predator’s
airomones and in consequence would not show response to pre-
ation risk. In contrast, non-naive invertebrates would react to
hese chemical cues from native predators but not to the cues of the
xotic ones (Sih et al., 2010) as these were introduced to Patagonia
ust about a hundred years ago. Although we were not able to test
t statistically, it may  be seen that the origin of mayfly populations
esulted in contrasting feeding activity. On one hand, our predic-
ion for naive nymphs was met  as prey did not alter feeding activity
elative to predation cues. However individuals originating from
he stream with fish predators unexpectedly responded relatively
trong to trout cues. Regarding escaping behaviour, our expecta-
ions were not met, as mayflies emigrated more under the influence
f trout cues than in other treatments, independently of the origin
f their populations. It is worth noting that the reduced feeding
ctivity in our experiments did not result from mayfly diminished
bundance as a consequence of emigration but from nymph inac-
ivity. Mayflies from both origin populations exposed to rainbow
rout cues, similarly remained in the channels but only non-naive
nes reduced feeding activity. As mentioned above, though naive
pecimens displayed similar feeding activities under different pre-
ation risks, they emigrated from channels with trout cues similarly
o their non-naive conspecifics. It is possible, as well, that naive
ndividuals had reacted to prey cues from conspecifics that were
eleased with predator faeces (Ferrari et al., 2010). Because trout
as the most effective predator in our first experiment, the con-

entration of predation-related cues would have been higher under
rout presence.

Additional factors might have acted in concert to explain mayfly
ehaviour in our experiments. Because non-naive nymphs were
ollected from the wild, having experienced predation risks, we can
ot be sure to what extend their responses to fish cues were innate
r learned. In addition, the distance between sites with and with-
ut fish in Challhuaco stream may  be short enough to allow gene
ow between invertebrate populations (i.e. adult mayfly mating).
he same mechanism (i.e. gene flow) was used to explain geneti-
ally anchored predation avoidance behaviour in naive populations
ot differing from that of non-naive populations in other mayflies
Baetis spp), and was consistent with the hypothesis that traits
ssociated with environments with contrasting risks are pheno-
ypically plastic (Peckarsky et al., 2005). The predation avoidance
ehaviour of non-naive invertebrates towards invasive trout may
lso be explained by a rapid genetic adaptation to the exotic preda-
or. Responses to changing predation pressures may  evolve quickly
f the selection pressure is strong (Laurila, 2000; Åbjörnsson et al.,
004). Assuming that rainbow trout exerts a strong predation pres-
ure on native freshwater fauna in Patagonia (Macchi et al., 1999;
uria et al., 2007; Vigliano et al., 2009; and our first experiments),

t is likely that some invertebrate species have adapted to cohabit
ith this predator within just one century. A similar evidence

omes from New Zealand where another invasive fish, brown trout,
aving one century of introduction history, has been shown to exert
trong changes in mayfly behaviour (feeding, moving and drift-
ng) when compared with changes associated to native galaxiids
Townsend and Simon, 2006). Individuals are known to be sensi-
ive to the current level of predation risk in nature which allows
hem to balance their behavioural decision-making to feed, move,

nd avoid being preyed (Lima and Dill, 1990). Interestingly, the
on-naive specimens of the scraper M.  chiloeensis under no risk
f predation (control channels) displayed low emigration activity
∼20%) in our two experiments. Similarly, when catfish predation
isk was present either as visual and chemical or only chemical
ca 51 (2015) 24–31

cues they took in average the same behavioural decision; 25% or
20%, respectively, emigrated from channels (see Figs. 3b and 4b).
However, individuals had a contrasting antipredator behaviour
exclusively when exposed to rainbow trout chemical cues (second
experiment); more than twice of individuals emigrated from these
channels compared to channels with trout presence (50% vs. 18%).
These results indicate that this common scraper was  able to distin-
guish different levels of predation risks from the direct presence of
a predator, deciding to be inactive, to the sole presence of chemical
cues in the nearby where they chose escaping. Similarly, different
mayfly species of the genus Baetis change drift intensity as avoid-
ance behaviour according to the relative risk of predation (McIntosh
et al., 1999; Huhta et al., 2000).

The characteristic of being a strong predator of benthic
invertebrates makes trout not only a hazardous predator for native
invertebrates, but also a potentially strong competitor of native
fish like H. macraei. In particular, despite of the morphological
and behavioural differences between rainbow trout and H. macraei,
both fish use very similar invertebrate food resources (Barriga and
Battini, 2009; Ferriz, 2012;) and significant diet overlap exists (Di
Prinzio and Casaux, 2012). In a recent study in Pichileufu River,
Barriga et al. (2013) showed that the exotic salmonids O. mykiss
and S. trutta prefer pools and runs with intermediate water veloc-
ity while H. macraei mostly use habitats with faster water velocity,
such as runs and riffles. These findings indicate differences in
habitat use but they may  also reflect predation/competition avoid-
ance among species. Evidence for this statement was  found by
Penaluna et al. (2009) for three native fish, including another cat-
fish species, in Chilean Patagonia rivers. All three native species
changed their mesohabitat use after a manipulation that reduced
invasive salmonid abundance in river segments.

The present study represents the first evidence to understand
the contrasting predation effects between an invasive salmonid
and a native fish on benthic invertebrates in Northern Patagonian
streams. The observed individual and assemblage-level effects are
likely to occur in natural systems and affect invertebrate’s popula-
tion dynamics and communities (McIntosh et al., 2004; Townsend
and Simon, 2006; Buria et al., 2007). Moreover, our study was
focused on certain prey and fish sizes in order to make comparative
results regarding predation events, but streams and rivers in Pata-
gonia support a range of fish sizes. Introduced trout, like rainbow
and brown trout, have been reported to hold more abundant popu-
lations with larger size ranges and larger individuals than native
fish when natives are present (Soto et al., 2006; Barriga et al., 2007;
Habit et al., 2010; Di Prinzio and Casaux, 2012). Those fish pat-
terns in presence, sizes and abundances are likely to determine
contrasting and even stronger impacts of trout on community’s
taxonomic and size structure and also result in diminished sec-
ondary production of such benthic prey communities (see Huryn,
1996). Recreational fisheries of introduced salmonids in Patago-
nia are unarguably a significant ecosystem service (Lara et al.,
2009; Pascual et al., 2009), whereas the economical values of native
species and their roles in ecosystem functioning are difficult to
calculate because their values are not direct to human welfare.
However, managers in Patagonia need to protect upstream refuges
for native fauna above migration barriers making landowners and
anglers fully aware of the impact of trout on vulnerable native
species, and of the need to prevent their further spread.
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