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Does predation by the introduced rainbow trout cascade
down to detritus and algae in a forested small stream
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Abstract Cascade effects of an exotic predator, the
rainbow trout (Oncorhynchus mykiss), on periphyton
and leaf litter were analysed in a headwater, forested
stream of Andean Patagonia (Argentina). We con-
ducted seasonal field sampling and two field experi-
ments measuring leaf litter mass, periphyton biomass
and macroinvertebrate biomass in relation to the
presence and absence of rainbow trout. In the field
survey, the presence of trout influenced resource mass:
leaf litter (60% decrease in summer, P = 0.024)
and periphyton (tenfold increase in chlorophyll «,
P < 0.001) were affected, which were mediated by a
decrease in the biomass of shredders (95% decrease in
summer, P < 0.001) and scrapers (90% decrease,
P < 0.001). There was an effect on leaf litter biomass
only in the summer, whereas fish presence reduced
periphyton biomass all year except in the winter. In the
field experiments, we observed that leaf litter break-
down and periphyton development were effectively
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controlled by consumers in the absence of fish. In
contrast, the presence of fish caused a release of
herbivory and detritivory resulting in a significant
increase in periphyton biomass (100% increase,
P < 0.001) and a decrease in leaf litter decay (40%
decrease, P < 0.001). Our results suggest that in low
order streams and in the presence of visual predators,
trophic cascades may operate both on detritus and
algae, but with different timing.

Keywords Trophic cascade - Primary consumers -
Aquatic invertebrates - Leaf litter - Periphyton

Introduction

A trophic cascade occurs when top predators regulate
the abundance or behaviour of their prey populations
resulting in dramatic changes in the abundance and/or
biomass of non-adjacent lower trophic levels (Carpenter
et al., 1985; Schmitz et al., 2004). In freshwater envi-
ronments, this phenomenon commonly occurs in sys-
tems controlled by fish predation (Townsend, 2003;
Peckarsky et al., 2008). Most studies have evaluated
autotrophic-based food webs in which the top predators
negatively affect the herbivores, which in turn has
positive effects on primary producers (Bechara et al.,
1992; Katano et al., 2003; Meissner & Muotka, 2006).

Aquatic ecosystems have heterotrophic and auto-
trophic resources that may be temporally or spatially
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important in terms of matter and energy fluxes (Power,
1992; Gaedke et al., 1996; Hall et al., 2000; Eggert &
Wallace, 2003), and these heterotrophic systems are
donor-controlled (i.e. invertebrate consumers do not
regulate resource renewal) (Woodward et al., 2005). In
these streams, light is a major abiotic constraint on
photosynthesis; however, primary production may be
important seasonally, such as before spring leaf-out
(Mulholland et al., 2001), or spatially, such as in gaps
created by tree falls. Consequently, due to the
seasonality of temperate systems, the abundance and
identity of basal food resources that sustain a stream
food web may change in space and time. In addition,
predatory effects on non-adjacent trophic levels may
vary in the same manner (Marchand et al., 2002; Kishi
et al., 2005; Mclntosh et al., 2005). However, the
simultaneous impacts of top predators on different
trophic compartments of a food web (i.e. detritivory
and herbivory) have not yet been addressed (Schmitz
et al., 2004; Shurin et al., 2006). It has been suggested
that trophic cascades in streams are more likely to
occur in algal-based than in detritus-based food webs
(Rosenfeld, 2000). This is because grazers are asso-
ciated with exposed substrate surfaces where periph-
yton grows, and consequently, they are more
vulnerable to predation than shredders, which inhabit
the interstices where detritus accumulates. In an
extensive study of 21 paired fishless/trout streams in
the Sierra Nevada of California, Herbst and co-
workers (Herbst et al., 2009) reported strong cascading
effects of trout on periphyton but not on detritus
standing stocks. Whilst grazer and shredder densities
in their study were similar in fishless streams, the
abundance of grazers, but not shredders, was heavily
reduced in the presence of trout. Nevertheless,
emerging evidence indicates that predators can also
influence shredder abundance by exerting indirect
impacts on the dynamics of detritus breakdown (Ruetz
et al., 2002; Greig & Mclntosh, 2006). Predators can
act as keystone species by selecting highly competi-
tive prey and exerting top-down effects within food
webs (Carpenter et al., 1985). On the other hand, this
selective predation may also determine compensation
effects by releasing competition within other func-
tional components of the web, which may reduce
cascade effects (Meissner & Muotka, 2006).

In small, high-altitude Andean Patagonian streams,
the deciduous, endemic beech Nothofagus pumilio
(P. et E.) Krasser is responsible for most of the leaf
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litter input. Its timing and breakdown rates are the
key components of stream functioning (Albarifio &
Balseiro, 2002). However, these stream systems also
support an important benthic algal community dom-
inated by diatoms that serve as food resource for
grazing invertebrates (Diaz Villanueva & Albarifio,
1999). In Patagonian freshwater systems, salmonid
species have been extensively introduced, and three
of them [Oncorhynchus mykiss (Walbaum), Salmo
trutta L. and Salvelinus fontinalis (Mitchill)] domi-
nate fish fauna (Pascual et al., 2002). In particular,
rainbow trout (O. mykiss) seems to be a top predator
in headwater streams, and waterfalls act as natural
barriers to upstream trout dispersion, which results in
fishless sections of headwaters in which large shred-
ders and scrapers dominate total community biomass
(Buria et al., 2007). A significant reduction in large
shredders and grazers as a consequence of fish
predation is likely to alter ecosystem processes; for
instance, large shredders have been shown to increase
leaf litter breakdown (Albarifio & Balseiro, 2002).
Based on this, we hypothesised that trout would exert
a trophic cascade effect on leaf litter and primary
producer biomass by reducing both shredder and
scraper biomass. Therefore, our main objective was
to assess the simultaneous occurrence of trophic
cascades, and for this purpose, we carried out a
seasonal field sampling and field experiments in two
contiguous reaches (with and without fish) in a
headwater deciduous-forested stream in Andean
Patagonia.

Materials and methods
Study site

This study was conducted in the upper section of
Challhuaco catchment (41°08’S; 71°W) in the
Nahuel Huapi National Park, Northwestern Patagonia
(Argentina). The catchment drains an area densely
covered by N. pumilio forest, a deciduous beech that
dominates the upper vegetation belt. The climate is
cold temperate and has a bimodal hydrological regime
with higher precipitation (rain and snow) in autumn
and winter, which determines peak discharges in
autumn-winter and late spring. The stream contains a
waterfall that acts as a physical barrier to the upstream
movement of salmonids, and consequently, we were
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Table 1 Seasonal mean (£1 SE) of physicochemical conditions in the study sites in the Challhuaco stream

Season Site Temperature (°C) Velocity (cm s7h Width (m) Depth (cm) Conductivity (uS cm™ Y
n=3 n=10 n=10 n=10 n=1
Autumn Fishless 6.7 (1.2) 33.0 (6.5) 1.8 (0.3) 9.3 (0.6) 46.7 (6.7)
Fish 6.8 (1.3) 38.7 (5.7) 2.4 (0.4) 10.4 (0.4) 51.7 (6.7)
Winter Fishless 4.2 (0.4) 67.3 (13.6) 2.8 (0.2) 13.5 (0.4) NA
Fish 4.3 (0.3) 66.8 (13.3) 3.2 (0.3) 15.8 (0.2) NA
Spring Fishless 9.3 (0.3) 44.5 (2.9) 2.3 (0.3) 13.9 (2.5) 41
Fish 9.3 (0.4) 47.1 (1.6) 3.0 (0.8) 14.6 (2.2) 43
Summer Fishless 10.2 (0.4) 31.6 (1.7) 1.5 (0.2) 9.4 (0.2) 49.8 (10.4)
Fish 10.3 (0.4) 33.7 (1.6) 1.8 (0.1) 9.5 (0.4) 52.5 (10.2)

NA indicates the absence of data

able to establish two continuous reaches for the study.
In the section downstream of the waterfall, a single
fish species was present: the exotic rainbow trout,
O. mykiss (Buria et al., 2007). The absence of fish in the
section above the waterfall was seasonally confirmed by
extensive electrofishing (covering over 300 m?).

The stream bottom was dominated by a mixture
of boulder-cobble substrates. Physicochemical fea-
tures indicated that both stream sections were
similar (Table 1). The pH was circumneutral (annu-
ally), and dissolved oxygen concentration was
always at saturation levels. Phosphorus concentra-
tion did not vary between sections (TDP in fishless
section = 2.46 4+ 0.48 pg 1_1, in section with fish =
520 + 1.27 pg 17,

Field survey

The field survey was carried out seasonally from March
2003 to February 2004 in two contiguous sections
separated by a waterfall. The upper section was
fishless, whilst the lower one contained the exotic
rainbow trout (0. mykiss). Benthic organic matter and
invertebrates were sampled with a Surber sampler
(0.09 m2, 250 pm mesh size). In each section, ten
samples were randomly collected at erosional habitats
(runs and riffles) within a ~30 m reach. The samples
were preserved in 5% formalin until processing. In the
laboratory, samples were washed through 1 and
0.25 mm sieves to facilitate detritus and invertebrate
sorting. Invertebrates were identified to the lowest
taxonomic unit and assigned to the corresponding
functional feeding group (FFG) based on our own
invertebrate gut content analysis and on Merrit &

Cummins (1996), Diaz Villanueva & Albarifio (1999)
and Albarifio (2001). Macroinvertebrate total body
length was measured in a stereomicroscope with an
ocular micrometer to the nearest 0.1 mm, and biomass
was estimated based on length—mass regressions
(Albarifio & Diaz Villanueva, 2006). When regres-
sions were unavailable, a set of fresh individuals of the
selected species was measured, dried at 80°C for 24 h,
weighed at the nearest 0.01 mg and used to estimate
biomass versus body length relationships.

Organic matter was also collected with a Surber
sampler and classified into four major categories: fine
particulate organic matter (FPOM) (0.25 mm <
FPOM < 1.00 mm), leaf litter (>5 mm, entire or
fragments), coarse woody matter (=5 mm, twigs,
bark and woody chunks) and miscellaneous material
(=1 mm, mostly unrecognizable fragments of the
previous categories, moss fragments, algal filaments
and colonies and insect exuviae). Only FPOM and
leaf litter were considered for quantitative analysis
because they are the basic resources for collector—
gatherers and shredders, respectively. FPOM and leaf
litter were dried at 80°C for 48 h before weighing to
the nearest 0.01 mg. Ash free dry mass (AFDM) was
obtained after incineration at 550°C for 1.5 h.

Periphyton biomass was estimated as chlorophyll a
concentration (Chl @) and AFDM from nine cobbles
sampled at each sampling section. The substrates were
individually stored in plastic containers and immedi-
ately carried to the laboratory under dark conditions in
thermally isolated containers. In the laboratory, sub-
strates were scraped with a nylon brush and rinsed with
distilled water to obtain a sample of approximately
100 ml. After homogenizing, a 1-ml aliquot was used
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for Chl a determination. Extraction was performed
with hot 90% ethanol (Nusch, 1980), and measure-
ments were carried out with a fluorometer (Turner
designs 10-AU). Periphyton AFDM was determined
by filtering an aliquot of 5 ml onto pre-weighed and
pre-combusted Whatman GF/F filters and dried at
80°C for 48 h. The filters were weighed and then
combusted at 550°C for 1 h and re-weighed, and
AFDM was calculated as the difference in mass before
and after incineration (American Public Health
Association, 2005). The individual substrate surface
of each cobble was estimated from three lengths
measured along the three main axes (Graham et al.,
1988). To estimate the colonised surface, only 2/3 of
the cobble surface was considered to be available for
algal growth (Biggs & Close, 1989).

A two-way ANOVA was used to assess the effects
of fish presence, season and their interaction on benthic
resources mass (leaves, FPOM, periphyton Chl a and
AFDM). Differences in shredders, scrapers and col-
lector—gatherers biomass were tested with two-way
ANOVAs. Previously, we normalised invertebrate
AFDM biomass by the AFDM of their food resource
(mg shredders g~ ' leaf litter, mg collector—gatherer
g~ ! benthic FPOM, mg grazers pg "' Chl a). Tukey’s
test was applied for a posterior multiple comparisons.

Field experiments

We conducted two field experiments in the two
sections (fish and fishless) to test trophic cascades on
the detritus-based food web (Experiment 1) and on
the autotrophic-based food web (Experiment 2).

Experiment 1

Experiment 1 was carried out from late spring (2005)
to early autumn (2006) and was finished before
autumnal leaf litter inputs occurred. To measure leaf
litter decomposition, we placed two sets of litter bags
in the fish and fishless reaches (25 bags per site) on
December 13 (late spring). Litter bags were 18 x
12 x 2 cm and contained 10-mm mesh (25% of bag
surface) and 1-mm mesh (remaining 75%). They
were placed in the substrate with the large mesh
size facing upstream. Using this setup, all sizes of
invertebrates could gain access to leaves, and leaf
fragments (>1 mm) produced by breakdown would
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not be washed out (Albarifio & Balseiro, 2002).
Physical abrasion was assumed to be minor because
of the physical protection provided by the bags.
Therefore, the loss of leaf mass inside the bags was
attributed to leaching, microbial decomposition and
macroinvertebrate feeding.

Undamaged, freshly fallen leaves of N. pumilio
were collected from the riparian floor in the same
catchment, and each bag was filled with non-dried
leaves (corresponding to 2 g dry mass). Each bag was
placed randomly in a run-riffle habitat fastened to the
stream bottom by a large steel nail. Five bags
(replicates) of each treatment (fish versus fishless
site) were removed after 16, 35, 65, 111 and 135 days
of exposure. In the laboratory, all invertebrates were
separated from the remaining leaf material, taxonom-
ically identified and assigned to their corresponding
FFG. The invertebrates were measured to estimate
their biomass as previously described. We focussed
our attention on shredders because they are the
functional group that is directly associated with leaf
litter breakdown. The mass loss of leaves was
determined after drying the remaining leaf material
at 60°C for 48 h and weighing. CPOM decaying rates
were measured as leaf mass loss, and CPOM decaying
rates between fish and fishless sections were compared
with an ANCOVA with time as covariate.

To compare the “shredders independent” leaf
litter decay in both stream conditions (fish and
fishless), a set of five I-mm mesh bags was placed
in each section on December 13, 2005, following the
methodology previously described. Leaf bags were
collected at the end of the experiment (day 135) and
represented control groups of leaf litter processing
without large shredders.

A two-way ANOVA was used to assess the effects
of fish presence, bag mesh size and their interaction on
the decaying rates of the leaf litter. When significant
differences were obtained, a multiple comparison
Tukey test was applied.

Experiment 2

Experiment 2 was performed to determine the
predatory effect of trout on periphyton biomass.
Trout predation was evaluated by comparing grazing
effects in sections with and without fish.

Unglazed ceramic tiles (64 cm? each) were placed
in two sections of the Challhuaco stream (with trout
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and fishless) on January 25 (austral summer). A total
of four treatments were established with two treat-
ments in each stream section: one exposed to grazers
and the other not. To prevent grazing in the latter,
tiles were elevated approximately 15 cm from the
bottom and at least 2 cm under the water surface with
J-shaped metal rods. There were five replicates for
each treatment. All tiles were placed in riffles where
the velocity of the current was near 45 cm s~ '. All
elevated tiles were checked every third day, and
macroinvertebrates were removed. After 54 days,
tiles were carried to the laboratory and periphyton
biomass was estimated using Chl a and AFDM.
Invertebrates colonising the underside of tiles placed
on the stream bottom were collected when tiles were
removed by placing a small D-frame net downstream
of the tile. In the laboratory, macroinvertebrates that
were still attached to the tiles were collected with
forceps and preserved in 70% ethanol with those
collected with the D-frame net. Afterwards, macro-
invertebrates were identified and biomass was calcu-
lated. In this case, we focussed on grazers. The net
grazing effect (NGE%) (removal by feeding and
movement activities) was calculated as

NGE% = (UnG — G) x 100/UnG

where UnG is the Chl a or AFDM in ungrazed tiles
and G is the Chl a or AFDM in grazed tiles.
Differences in grazing between sites and grazed and
ungrazed tiles were analysed with a two-way ANOVA
was used to assess the effects of fish presence, grazer
effect (grazed and ungrazed) their interaction on
benthic Chl @ and AFDM.

In all cases, if data did not meet normality or
homoscedasticity assumptions, the data were log
transformed.

Results
Field survey

There was a seasonal pattern to the standing stocks of
benthic organic matter, which is typical of deciduous-
forested streams with larger amounts of leaf litter
accumulations during autumn-winter and lower
amounts in the summer (Fig. 1). Leaf litter samples
were mainly composed by N. pumilio leaves (90%).
There were seasonal differences in leaf litter and

FPOM in both the fish and fishless sections (leaf litter
Table 2; Fig. 1). Leaf litter mass was lowest in the
summer (Tukey’s test, P = 0.047) and higher in
the section with fish (Tukey’s test, P = 0.024). On
the contrary, FPOM did not differ significantly
between sections (Table 2).

Differences in periphyton biomass between sites
depended on the season (Table 2); Chl a concentration
and AFDM were significantly higher in the site with
fish in all seasons except winter (Tukey’s test winter,
Chl @ P = 0.718 and AFDM P = 0.827) (Fig. 2). In
the fishless site, periphyton was entirely composed by
diatoms (100% of taxa) throughout the year. The
dominant species was Gomphonema angustum Ag.,
which accounted for between 50 and 90% of total cell
abundance. In contrast, in the section with fish, the
proportion of diatoms decreased to 30% because of
the development of a thick mat of the Chrysophyta
Hydrurus foetidus (Vill.) Trev. and filamentous
Chlorophyta (mainly Ulotrix sp.). Cyanophyta (mainly
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Fig. 1 Leaf litter and fine particulate organic matter dry mass
in the fishless section and section with fish of the Challhuaco

stream in each season (mean =+ s.e.)
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Table 2 ANOVA results comparing the field data between
sections and seasons

Source of d.f. SS MS F P

variation

Leaf litter (log transformed data)
Fish presence/absence 1 0.0673  0.0673 0.579  0.458

Season 3 4.614 1.538 13.233 <0.001
Fish p/a x season 3 0.175  0.0583  0.501 0.687
Residual 16 1.860  0.116
Total 23 6.716  0.292
FPOM
Fish presence/absence 1  43.977 43977 3.606 0.076
Season 3 155.103 51.701 4239  0.022
Fish p/a x season 3 22451 7.484 0.614 0.616
Residual 16 195.139 12.196
Total 23 416.669 18.116

Chl a (log transformed data)
Fish presence/absence 1 22.535 22.535 339.266 <0.001

Season 3 3.139 1.046 15.754 <0.001
Fish p/a x season 3 2964  0.988 14.873 <0.001
Residual 64 4251  0.0664

Total 71 33.007  0.465

AFDM (log transformed data)
Fish presence/absence 1 13.519  13.519 268.106 <0.001

Season 3 2.724 0908  18.008 <0.001
Fish p/a x season 3 3.070 1.023 20.293 <0.001
Residual 64 3.227  0.0504

Total 71 22474 0317

Shredders biomass (log transformed data)
Fish presence/absence 3 12.693 4231 13.792 <0.001

Season 1 11.652 11.652 37985 <0.001
Fish p/a x season 3 1.206  0.402 1.310  0.280
Residual 56 17.178  0.307
Total 63  43.840  0.696

Collector—gatherers biomass (log transformed data)
Fish presence/absence 3 1.693 0.564 5.359 0.003

Season 1 0572 0.572 5428 0.023
Fish p/a x season 3 3.774 1.258 11.946 <0.001
Residual 56 5.898  0.105
Total 63 12555 0.199

Scrapers biomass
Fish presence/absence 3 5.971 1.990 6.176  0.001

Season 1 81.383 81.383 252517 <0.001
Fish p/a x season 3 1.582  0.527 1.636  0.191
Residual 56 18.048  0.322
Total 63 110.261 1.750

d.f. Degrees of freedom, SS sum of squares, MS mean squares

@ Springer

102

101 .

10° -

Chla (ug m'z)

107"

1072
N Fishless

. 3 with Fish
10% A

10° 1

10

AFDM (mg m?)

10" 4

10°

Autumn  Winter  Spring Summer

Fig. 2 Chlorophyll a concentration and organic matter
(AFDM) of periphyton in the fishless section and in the
section with fish of the Challhuaco stream in each season
(mean = s.e.)

Lyngbya sp.) were present in very low relative
abundances (<1%).

The trophic structure of the macroinvertebrate
assemblage differed between sections, and the mag-
nitude of the differences varied throughout the year
(Fig. 3). The biomass of shredders per unit of leaf
litter mass in the section with fish was lower than in
the fishless section (Table 2), but this difference
was significant only in the summer (Tukey’s test,
P < 0.001; Fig. 3a). Conversely, the biomass of
collector—gatherers per unit FPOM mass differed
between sites depending on the season, where it was
significantly lower in the fishless site in the summer
(Table 2; Tukey’s test, P < 0.001; Fig. 3b) but was
not different in the other seasons (Tukey’s test, winter
P = 0.928; autumn P = 0.156; spring P = 0.442).
The biomass of scrapers per unit of periphyton Chl a
mass was significantly lower in the section with fish
year round (Table 2; Fig. 3c). The shredders were
dominated by the plecopterans Klapopteryx kuscheli
and Antarctoperla michaelseni and the dipteran
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Fig. 3 Biomass of three functional feeding groups (FFGs) in
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b collector—gatherers (mg AFDM) per FPOM (g AFDM) and
¢ scrapers (mg AFDM) per chlorophyll a (pg) (mean =+ s.e.)

Tipula sp., whilst the dominant scrapers were the
plecopterans Notoperla archiplatae and Aubertoperla
illiesi and the mayfly Meridialaris chiloeensis.
Collector—gatherers were mainly chironomids.

Experiments

In experiment 1, leaf litter breakdown differed
between sections. The decay rate was significantly
lower in the fish section than in the fishless one
(ANCOVA, F(; 4y = 6.140, P = 0.019), and this was
more evident at the end of the experiment (Fig. 4a).
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Fig. 4 Results of experiment 1; a percentage of the leaf litter
remaining in the bags; b biomass of shredders inside the bags
(mean = s.e.)

On the contrary, leaf litter losses in the fine mesh
bags did not differ between sections (21.6% =+ 9.3 in
the fishless section, 27.1% = 8.8 in the section with
fish; t test, P = 0.677), suggesting that the difference
in decomposition rate was due to changes in shredder
feeding.

Invertebrate biomass in the fishless section was
dominated by the large shredders Klapopteryx
kuscheli and Tipula sp. In the section with fish,
collector—gatherers (oligochaetes and chironomids)
also colonised the bags. The normalised shredder
biomass increased in the fishless section only in the
last two sampling dates (111 and 135 days) (Table 3;
Tukey’s test P < 0.001) (Fig. 4b).

In Experiment 2, grazers were successfully
removed from elevated tiles in both sections, and
this resulted in significant differences in periphyton
growth between grazed and ungrazed tiles (Table 3),
which was lower on grazed than ungrazed tiles.
In addition, we found significant differences between
sites (Table 3), where periphyton growth was
lower in the fishless one (Fig. 5a). The AFDM was
also significantly different between treatments and
sites (Table 3; Fig. 5b). The NGE% on the active
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Table 3 ANOVA results comparing the experimental data
between sections and sampling dates in experiment 1 and
between sections and grazing in Experiment 2

Source of variation d.f. SS MS F P

Experiment 1: Shredders biomass

Time 4 43.590 10.897 6.582  0.002
Fish presence/absence 1 10.638 10.638 6.425  0.020
Time x Fish p/a 4 42311 10.578 6.389  0.002
Residual 20 33.113 1.656
Total 29 130.243 4.491

Experiment 2: Chl a
Grazing 1 2.612 2612 29.549 <0.001
Fish presence/absence 1 6.848 6.848 77.485 <0.001
Grazing x Fish p/a 1 0.105 0.105 1.194  0.291

Residual 16 1.414 0.0884
Total 19 10979 0.578
Experiment 2: AFDM (log transformed data)

Grazing 1 1.030 1.030  65.174 <0.001
Fish presence/absence 1 0.444 0.444 28.095 <0.001
Grazing x Fish p/a 1 0.00398  0.00398 0.252  0.623
Residual 15 0.237 0.0158

Total 18 1.661 0.0923

Abbreviations as in Table 2

photosynthetic fraction (Chl a) was significantly
higher in the fishless section than the section with
fish (f test, P = 0.02; Fig. 6a). On the other hand, the
NGE% on AFDM did not differ between stream
sections (¢ test, P = 0.96; Fig. 6b). The biomass of
scrapers on the tiles normalised by Chl a concentra-
tion was significantly lower in the section with fish
than in the fishless section (¢ test, P = 0.016)
(Fig. 6¢). Tiles on the streambed were colonised
mainly by the scrapers Meridialaris chiloeensis and
Aubertoperla illiesi, which comprised nearly 85% of
biomass. Finally, there was an increase in small
collector—gatherers, mainly chironomids, in the
grazed tiles of the section with fish.

Discussion

Our combined field and experimental studies in
a headwater Patagonian stream showed that the
presence of exotic O. mykiss strongly reduced
macroinvertebrate biomass and changed community
functional structure, and these effects cascaded down
to lower trophic levels. The sections with and without
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fish of the studied forested stream differed both in
resource abundance (leaf litter and periphyton) and
consumer biomass (shredders and scrapers). The
visually hunting fish, such as trout, are size-selective
consumers that prefer large and active prey and feed
less on small prey (McIntosh, 2000; Blanchet et al.,
2008). A previous study in the Challhuaco system
indicated that predation by rainbow trout was size
selective, where populations of large shredders (i.e.
Klapopteryx kuscheli, Tipula sp.) and grazers (i.e.
Notoperla archiplatae, Meridialaris chiloeensis)
were efficiently reduced (Buria et al., 2007). The
consumption of large amounts of terrestrial arthro-
pods may potentially reduce the impact of fish on
benthic prey thereby weakening top-down control in
aquatic systems (Nakano et al., 1999). However,
studies on the diet of rainbow trout in Patagonia
streams suggest that they do not depend significantly
on such terrestrial subsidy (Palma et al., 2002; Buria
et al.,, 2009). On the other hand, it has been also
shown that the large plecopterans K. kuscheli and
N. archiplatae, which belong to different FFGs, have
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narrow feeding habits, as growth rates were nearly
zero when food resources were experimentally
swapped (Albarifio & Diaz Villanueva, 2006). As a
consequence of the non-plastic feeding behaviour of
consumers and the high efficiency of rainbow trout in
capturing large aquatic prey, fishes exert a strong
cascade effect on the two resource compartments as
observed in this study.

Trophic cascades on the autotrophic-based food
web occur when fish reduce grazing activity leading
to an increase in algal biomass (Forrester et al., 1999;
Biggs, 2000). Our experiment examined the grazing

effect on the periphyton-based food web and showed
that rainbow trout produces a cascade effect on active
autotrophic biomass (Chl a). However, no cascading
effect was observed on the organic matter content
(AFDM) of the biofilm. One explanation is that
ungrazed tiles in the section with fish had a thicker
periphytic mat with more detritus than the fishless
section. In the section with fish, grazed tiles had a
high density of chironomids. Most chironomids were
collector—gatherers feeding from (and living inside)
the lower portions of the periphytic mat. On the other
hand, it has been shown that the dominant grazers
Notoperla archiplatae and Meridialaris chiloeensis
may reduce diatoms with an erect habit, thereby
favouring the prostrate ones (Diaz Villanueva &
Albarifio, 1999; Diaz Villanueva et al., 2004). As a
result, the distal portion of the biofilm, which
contains more photosynthetic organisms, is more
efficiently removed by grazers. Consequently, the
cascade effect was only significant in the autotrophic
portion and not in the whole biofilm. Nevertheless,
the field data suggest that the cascade effect occurred
in the entire biofilm because the standing stock of
both AFDM and Chl a differed between stream
sections. Additionally, the differences in algal com-
position between fish and fishless sites were also
correlated with grazing release. In the section with
fish, the substrates developed filamentous algae
(Chrysophyta, Chlorophyta and Cyanophyta) that
are vulnerable to grazing (Biggs, 2000). These
differences in the algal assemblage influenced the
total AFDM of the biofilm, where the effect on this
parameter resulted from the accumulated biomass of
filamentous algae.

Seasonal variation in light, nutrients and temper-
ature affects autotrophic resources, which can modify
cascade effects (Rosemond et al., 2000). If the
periphyton were a limiting resource, an increase in
production due to higher irradiance would lead to an
increase in herbivore biomass (Hart & Robinson,
1990; Hill et al., 1995). In our field study, grazer
biomass increased substantially in spring and summer
in the fishless section. In contrast, grazers were not
able to control algal biomass in the section with fish;
this allowed a pronounced increase in autotrophic
biomass, which indicated the strength of the trophic
cascade. In streams with high herbivore abundances,
weak seasonal variation in periphyton biomass has
been reported (Rosemond, 1994). In fact, our field
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survey showed a low annual variation in the fishless
site that may be attributed to the high herbivore
abundances. Additionally, the significant interaction
between season and site in periphyton biomass (both
Chl a and AFDM) showed that seasonal variations in
periphyton production affect the strength of grazing
pressure.

In forested streams, differences in leaf litter mass
and standing stocks have been linked to the detri-
mental effects of fish predation on shredders,
thereby demonstrating that trophic cascades also
affect coarse detritus processing (Ruetz et al., 2002;
Greig & Mclntosh, 2006). In the Challhuaco stream,
the presence of trout affected shredders like
Klapopteryx kuscheli and Tipula sp., thereby favour-
ing litter accumulation. On the other hand, it has
been shown that increases in species less vulnerable
to predators may mask trophic cascades (Persson,
1999; Duffy, 2002; Meissner & Muotka, 2006). In
our litter bag experiment, the lower abundance of
large shredders and grazers in the section with fish
was associated with an increase in the abundance of
small, less-vulnerable species (chironomids and
oligochaetes). The significant interaction between
time and section suggests a cumulative effect in the
colonisation of the litter bags by the large shredders
in the fishless section. Introduced trout greatly
increased collector—gatherers in an originally fishless
stream in the Sierra Nevada, California (Herbst
et al.,, 2009). However, in our study, as well as in
that of North America, small species were unable to
functionally compensate the reduction of large
consumers by fish. Although we did not experimen-
tally explore the cascading effect of predation
through collector—gatherers, FPOM standing stock
tended to be lower in the site with fish in autumn
and summer. Low FPOM standing stocks were also
registered in New Zealand streams stocked with
salmonids (Nystrom et al., 2003), and as in our
study, the biomass of shredders was lowered by
trout. The lower amount of FPOM could result from
an indirect effect of trout preying on large shredders,
which could cause a net reduction of their feeding
activity, in turn affecting FPOM production (Ruetz
et al., 2002; Nystrom et al., 2003).

Small, forested streams are heterotrophic systems
in which invertebrate consumers do not regulate
resource renewal; therefore, they are donor-controlled
(Woodward et al., 2005). In our study, seasonal
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differences in leaf litter accumulation were associated
with the deciduous phenology of dominant riparian
plants with most inputs in autumn and winter but with
differences between sites only observed in summer.
There is evidence that invertebrates in detrital food
webs may be temporally limited by their resources
(Dobson & Hildrew, 1992; Wallace et al., 1999).
Therefore, in periods when vegetal debris is scarce, as
before autumnal leaf shedding, top-down effects
should be particularly pronounced. In our study, the
greatest shredder biomass was observed in summer in
the fishless section. The greatest shredder biomass
was concurrent with low leaf litter-standing stock,
which would determine resource limitation for con-
sumers. In the presence of trout, shredder biomass
was lower which decreased the breakdown of leaf
litter. On the contrary, the absence of a cascade effect
during the winter may be related to three factors:
(1) an increase in leaf litter availability due to the
input from the riparian vegetation; (2) an absence of a
numerical response of shredders, as reproduction
occurs in other seasons such that there is no popula-
tion increase associated with the resource increase,
resulting in no top-down control of leaf litter in this
period and (3) the concealing of shredders between
leaves when litter-standing stock in the aquatic system
is high.

The two different food sources considered in this
study, detritus and primary producers, have very
different renewal rates (Bronmark et al., 1997).
Whilst the renewal rate of primary producers is
controlled within the stream, the renewal of detritus is
independent of it, as it is produced and controlled
outside the system (Persson, 1999). Despite these
differences in resource dynamics, our results in an
Andean low order stream showed that in the presence
of the introduced rainbow trout, trophic cascades may
operate both on the detritus and algae but with
different timing. Before autumnal leaf litter input
occurs in these systems, shredders would be food-
limited in the fishless reach, and this would promote a
cascade effect on leaf litter processing. On the
contrary, in the autotrophic food web, a strong
cascade effect occurs all year except in winter.
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