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ABSTRACT

Fishless Andean high mountain lakes may be vulnerable to fish invasion because they tend to be small, oligotrophic and contain
low zooplankton diversity. During the first decades of the twentieth century, rainbow trout, Oncorhynchus mikiss, was introduced
in South America, and stocking of juvenile stages (fry) in lakes continues today. However, their effect on plankton in these lakes
has been little studied. We performed a mesocosms experiment to assess effects of trout of different ontogenetic stages on zoo-
plankton and phytoplankton in a tropical-Andean high mountain lake. The presence of trout fry resulted in declines in several large
zooplankton taxa, increases in chlorophyll a and dissolved inorganic nitrogen (DIN). Our results showed that small fry consume
large copepods (Colombodiaptomus brandorffi) at a faster rate than larger fry, and also consumed medium sized copepods (7ropocy-
clops prasinus) that are not affected by the larger trout fry. Fish of both sizes consumed Ceriodaphnia quadrangula, a midsize
cladoceran. Fish predation had weak effect on the phytoplankton biomass, but we found a correlation between zooplankton biomass
and phytoplankton richness, and significantly larger cell of the alga Peridinium in the presence of fish. Our results indicate that
trout introduction produces cascading ecological and phenotypic effects on the plankton communities of tropical mountain lakes,

similar to those observed in temperate latitudes.
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INTRODUCTION

Most of the tropical high mountain lakes in South
America are small, oligotrophic and either fishless. The
few that present fish, habitually possess a single species,
usually endemic. Among these endemic species Rhizo-
somichthys totae (Miles, 1942) is considered to be extinct
due to introduction of rainbow trout (Oncorhynchus
mykiss, Walbaum 1792) in Lake Tota (Acero, 1977,
Hernandez et al., 1992; Mora et al., 1992). O. mykiss was
introduced in Colombia in the second decade of the last
century (Welcomme, 1988). The introduction of non-na-
tive species occupying higher trophic levels can cause im-
pacts through predation, competition, hybridization,
diseases and habitat degradation (Pace et al., 1999; Davis,
2003; Hickley and Chare, 2004; Gallardo ef al., 2015). In-
troduced salmonids exert strong control over lake food
webs and water quality (Crawford and Muir, 2008;
Strayer, 2010), leading to loss of biodiversity in the lakes
(Gliwicz and Rowan, 1984; Donald et al., 2001; Sarnelle
and Knapp, 2004). O. mykiss has spread widely across all
continents (Crawford and Muir, 2008) and is considered
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one of the hundred most harmful introduced species glob-
ally (Lowe et al., 2000). Introduction of O. mykiss has
been shown to cause cascading effects on zooplankton,
phytoplankton, benthic invertebrates and nutrient cycling
(Knapp et al., 2001a; Schindler et al., 2001). Studies on
the effect of exotic fish such as rainbow trout in tropical
high mountain lakes of South America are scarce. Mora
et al. (1992) found that the diet of O. mykiss on Lake Tota
in Colombia is dominated by a characid fish and Daphnid
cladocerans. However, consequences of fish introduction
for Andean lake ecosystem structure and function are
largely unknown.

The cascading effects of fish predation on primary
producers via zooplankton, as demonstrated from the pi-
oneering works of Hrbacek et al. (1961) and Brooks and
Dodson (1965), has become one of the dominant para-
digms of aquatic ecology (Brett and Goldman, 1996;
MacLennan et al., 2015). However, the effects of fish vary
among lake ecosystems and geographic regions depend-
ing on factors such as differences in life history of fish
(Post et al., 2008), ontogenetic changes (Balon, 1984;
Modenutti et al., 1993; Mehner and Thiel, 1999; Blair et
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al., 2012), biotic structure of ecosystems (Werner and
Gilliam, 1984; Pujoni ef al., 2016), and climate (Kratina
et al., 2012). The study of Aguilera et al. (2006) con-
ducted in the tropical high Andes, suggested that trout
have a ‘top-down’ effect on plankton, but raised the need
for experimental work to assess the impact of trout in the
lakes of this region.

O. mykiss, like most salmonids, varies in diet depending
on their stage of development and the availability of prey
(Werner and Gilliam, 1984; Oscoz et al., 2005). Modenutti
et al. (1993) found a relationship between the state of de-
velopment of the fish and the size of the prey in a lake to
the south of the Andes. The diet of rainbow trout in Andean
lakes of Argentine Patagonia varied in relation to the biotic
composition of each lake (Ribeiro Guevara et al., 2006;
Juncos et al., 2011). However, most studies on the diet of
rainbow trout in lakes have been conducted mainly on fish
which are caught with gill nets (Mora ef al., 1992; Budy et
al., 2005; Buktenica et al., 2007) which rarely catch fish
<150 mm. The diets of juvenile and larval fish in South
American lakes are therefore unknown. O. mykiss enter
lakes from streams in the juvenile stage at younger ages
than other salmonids (Graynoth, 1999). Therefore, the ef-
fect of juvenile trout on plankton can be greater than that
of adults, as shown by Ban et al. (2013).

In this study, we sought to determine the effect of two
sizes of O. mykiss fry on zooplankton in a tropical Andean
high mountain lake. Our goal was to determine the rela-
tionship between the size of fry and that of their prey, and
whether the impact of predation is transmitted via a cas-
cade to phytoplankton and nutrient concentrations. For
this purpose, nine experimental mesocosms were installed
in a natural fishless lake. We imposed three experimental
treatments (control, large fry, small fry) and measured the
composition of the phytoplankton and zooplankton com-
munities over 20 days.

METHODS
Study area and experimental design

Experiments were carried out in mesocosms built in the
fishless Lake Cristalina of 0.014 km? (5°57°N, 73°05’E),
located in the paramo La Rusia at 3740 m asl. This paramo,
along with those of Belen and Guantiva, form a continuum
of about 56 km in length (Arellano and Rangel, 2008)
which is part of Corridor Iguaque - La Rusia - Guantiva, a
mountainous subsystem in the Eastern Cordillera Colom-
bia. The paramo La Rusia is considered semi-wet (Rangel
and Aguilar, 1995) and the area around the Lake Cristalina
is dominated by grasses of Calamagrostis effusa Kunth
which is mixed with low shrubs and frailejones as Espele-
tiopsis guacharaca Diaz (Cuatrecasas, 1996; Diaz-
Piedrahita and Rodriguez-Cabeza, 2008).

Before installing the mesocosms, in the deepest part
of the lake (approximately 9 m) a platform was installed,
near the center of the lake to provide support for the meso-
cosms and conditioning cages. The platform (width=1.0
m, length=4.0 m), was built of wood and supported on
sealed plastic tanks and anchored with steel cables to four
poles buried in shallow waters. The fry were placed in two
floating cages for at least 2 days before starting the ex-
periments, in order to acclimatize them to the environment
of the lake. The mesocosms were fabricated with low-den-
sity clear polyethylene (LDPE). We constructed bags of
1.6 m in diameter and 1.8 m long, open on both sides,
which were placed in the lake for three months, before the
start of the experiments, with the purpose of removing any
harmful substance adhered to LDPE. Prior to the start of
the experiments, we washed the LDPE bags with water
from the lake to remove particles and organisms attached.
With the bags, we build nine mesocosms of about 3.0 m?,
1.5 m deep, closed bottom; supported by floating rings
made from tube polyvinyl chloride (PVC) and expanded
polystyrene (EPS) (Fig. 1). We built nine hexagonal PVC
and HDPE cages of 1.6 m height and 1.4 m in diameter
with holes of approximately 6 mm, which were placed in-
side each of the mesocosms in order to contain the fish.
The mesocosms were filled systematically with lake water
filtered through a 75 um mesh plankton net to remove
zooplankton using a pump from a boat. The entry of nau-
plii during filling was unlikely since the smaller nauplii
that were measured had around 100 pm. Mesocosms were
acclimatized for one day before starting the experiment.

Cage

Floating ring

<— Polyethylene bag

Fig. 1. Example of the mesocosms constructed for the realiza-
tion of the experiments.




Cascading effect of exotic fish on plankton in a tropical Andean high mountain lake 399

We collected the lake zooplankton with a net (75-um
mesh, 30 cm diameter) by vertical and horizontal hauls.
The zooplankton were put in a plastic container of 14
liters, homogenized permanently and during the agitation
was taken a liter of water with zooplankton that was in-
corporated to each mesocosm. For the experiment, we as-
signed the mesocosms to three treatments with three
replicates each: Control without fish fry (control), large
trout fry (LTF) and small trout fry (STF). In the LTF we
placed 25 trout of 4.6 cm of average standard length and
in STF 75 trout of 3.7 cm of average standard length, with
an average biomass between 50 - 60 g per mesocosm. All
mesocosms were covered with a net at the surface to pre-
vent fish from escaping. The fry were obtained from the
fish farm ‘Truchas de la Sierra’ located in Guasca (Cundi-
namarca, Colombia), which imports eggs of rainbow trout
(Oncorhynchus mykiss) from the United States. The ex-
periment was conducted for 20 days between 20 February
and 12 March 2013. During this period, the mesocosms
were examined twice daily to make sure they were in
good condition. The mesocosms were sampled for
physico-chemical and biological analysis on days 0, 4, 8,
13 and 20. All mesocosms were sampled at TO, immedi-
ately before introducing fish. Before taking samples,
mesocosms were mixed for 5 minutes with a paddle. At
the end of the experiment the cages were carefully re-
moved from the mesocosms and all fish were extracted
from the cages and counted. We checked that all the fish
were recovered. Then we removed the mesocosms from
the water.

Sampling and analysis of crustacean zooplankton

Crustacean zooplankton were sampled by vertical
hauls from the bottom to the surface of the mesocosms
with a plankton net (75-um mesh, 30 cm diameter), we
preserved the samples following a procedure modified
from Haney and Hall (1973). Soda water was added to
each sample to narcotize the organisms and preserved in
4% formalin with Rose Bengal stain. Each net drag rep-
resented approximately 3% of the total volume of each
mesocosm, which could have an effect on the data; how-
ever, the control mesocosms indicate that the effect was
low and that the results are attributable largely to the effect
of the fishes. Specimens were identified to species when
possible using a microscope light at 400x magnification
based on the guides of Smirnov (1971), Reid (1985),
Gaviria (1989), Paggi (1995), Elmoor-Loureiro (1997)
and Elias-Gutiérrez et al. (2008). Samples were counted
in their entirety. Crustacean zooplankton were counted
using a 7-mL-capacity Bogorov chamber under stereo mi-
croscope at 10x and 100x magnification. The chamber
Bogorov was made with Poly(methyl methacrylate) (di-
mensions 9x11.5x0.6 cm) with 40-cm sinuosity-long and
0.5-cm wide. The total lengths of 40 specimens of each

abundant taxon were measured, while all specimens found
were measured for the scarce taxa. Biomass of each taxon
was estimated using length-mass regressions (Dumont et
al., 1975).

Sampling and analysis of phytoplankton

Water samples of 1 L for phytoplankton were taken
with a vertical sampler from the bottom to the surface
of each mesocosm. The vertical sampler was made with
4-m transparent PVC hose of 1.8 cm-diameter with a
foot valve at the bottom and a removable cap at the top.
The samples were fixed with Lugol’s Iodine solution and
phytoplankton cells were identified to genus, and mor-
photypes within each genus were differentiated when
possible. Counts were performed according to Utermdhl
(1958). Each sample was placed in a sedimentation
chamber for at least 24 h and then enumerated at 200x
and 400x magnification using an inverted microscope.
Thirty cells of each algal morphotype were measured
and the biovolume was estimated using the geometric
formulas of Hillebrand et al. (1999) and Sun and Liu
(2003). To calculate phytoplankton biomass, algal bio-
volume was converted to wet weight (WW) assuming a
specific gravity of 1.0 g cm™ (Rott, 1978), and dry
weight (DW) was calculated using DW:WW ratio of
0.29 (Jeppesen et al., 1994). The mean greatest axial lin-
ear dimension (GALD) of each phytoplankton taxon was
determined and the fraction of biomass for algae with
GALD<30pm and GALD>30pm were calculated for
each sample. We calculated the diversity index of Shan-
non (H’) (Shannon and Weaver, 1963), and the ratio of
zooplankton biomass to phytoplankton biomass (BZ:BP)
was used as an indicator for the herbivory pressure of
the zooplankton on the phytoplankton (Vijverberg et al.,
2014; Maclennan et al., 2015).

Physical and chemical analysis

Water samples of 1.0 L were taken with the vertical
sampler for physico-chemical analysis. Temperature
(TEM), pH, oxygen saturation (O,S), conductivity
(CON) and alkalinity (ALK) were measured in situ.
TEM and pH were measured with pH meter WTW-3210,
0,S with YSI-55 meter and CON with YSI-30 meter.
ALK was calculated with a method based on the func-
tion of Gran (1950) and using the Alcagran program de-
veloped by Carmouze (1994). The water samples were
analyzed for dissolved inorganic nitrogen (DIN: NH,-N
+ NO;-N + NO,-N), dissolved reactive phosphorus
(DRP: PO,-P), organic matter (OM) and chlorophyll a
(CLORa). NH,, NO; NO, and PO, according to standard
methods (Clesceri et al., 1998; Rice et al., 2012). OM
was determined by oxidation with potassium perman-
ganate (KMnO,) (Rodier, 1990; Rodier et al., 2011).
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CLORa was analyzed using a modified procedure from
Nusch (1980) and Sartory and Grobbelaar (1984). Be-
tween 250 and 2000 mL water were filtered through
glass fiber filters (GF/C), which were kept in aluminum
foil and were stored at -20°C. Subsequently, each filter
was placed in a test tube with 5 mL of hot 95% ethanol,
heated at 75°C in a water bath for 2.5 min, and then re-
mained for 24 h in the dark at room temperature. Each
filter was drained and 5 mL of 95% ethanol was added
to the extract. The extract was centrifuged at 5000 rpm
for 15 min and the absorbance was measured at 665 and
750 nm, then 0.1 N HCI1 was added and the absorbance
was measured again. The final concentration of chloro-
phyll a was calculated using the formula:

[Chlorophyll a]=
29.6 ((Agss - Agso)-(Aagss - Aags)) (v/(V* L))

Where: v is the volume of the extract (10-mL), V' the
volume of the filtered sample (in liters), A and A5, ab-
sorbance unacidified, Aa,s, and Aagg absorbance after
acidification and L the length of the quartz cuvette (cm).

Data processing

Biological data were transformed by log,,(X+1) to ho-
mogenize the variances. When the variables were found
to be significantly skewed or heterogeneity of variance
was evident after transformation, non-parametric tests for
treatment effects were used. The significance of differ-
ences in the zooplankton biomass among treatments was
assessed with ANOVA for repeated measures using the
RWizard 1.1 application (Guisande et al., 2014) to the
program R ver. 3.2.1. The repeated measures analysis was
applied to observe responses in time of correlated data
and comply with the assumption of equal variances be-
tween each two levels of the factor of repeated measure-
ments, that is the variance-covariance matrix is spherical
(Huynh and Feldt, 1970). To determine the sphericity was
used Mauchly’s test (Mauchly, 1940). When the sphericity
hypothesis was rejected, indicating that the F reason sta-
tistic of the ANOVA was biased (Box, 1954a, 1954b), the
degrees of freedom were corrected using the correction
factor epsilon (&) (Box, 1954a, 1954b) and a new proba-
bility was calculated. Two estimates of & were made,
Greenhouse and Geisser (1959) and Huynh and Feldt
(1970), selecting the highest value.

The correlations between variables were examined
using the Pearson correlation coefficient (r) and the Spear-
man rank coefficient (r,) depending on the normality of
the data. The GALD of Peridinium (the most abundant
phytoplankton taxon) at TO y T4 in the three treatments
were compared with the Kruskal-Wallis ANOVA (Kruskal
and Wallis, 1952) and Wilcoxon-Mann-Whitney test using
the functions kruskal.test and wilcox.test, respectively, for

R with RWizard 1.1 (Guisande et al., 2014).

RESULTS
Environmental variables

During the course of the experiment the water was
acidic (pH 4.8 to 5.3), slightly mineralized (conductivity
8.3 t0 9.1 uS cm™!), alkaline (-19.3 - 3.2 p Eq L) and
with low concentrations of DRP (0.0 to 32.0 ug P cm™)
and DIN (0.0 to 42.2 ug N cm™). Daytime water temper-
ature was between 11.5 to 13.6 °C, with high oxygen sat-
uration (72.8 - 93.6%) and chlorophyll a from 0.0 to 10.7
mg L', All environmental variables varied over time
(ANOVA P<0.01) in all treatments (Tab. 1, Fig. 2).
Chlorophyll @ increased in both treatments with fry (LTF
and STF) but not in the control treatments (Tab. 1, Fig.
2), and was correlated negatively with the biomass of
Colombodiaptomus brandorffi Gaviria, 1989 (r=-0.79,
P<0.001). The DIN increased between days 0 and 8 in fry
treatments and then decreased between days 8 and 20
(Tab. 1, Fig. 2).

The presence of fish had a positive effect (ANOVA
P<0.005) on concentrations of DIN and chlorophyll «;
however, the decrease of DIN in the mesocosms with
fishes at the end of the experiment was possibly caused
by algal uptake, reflected in the increased chlorophyll a.
Other water chemistry variables showed no differences
between treatments. No differences in environmental vari-
ables were found between the two treatments with trout
fry (Tab. 1, Fig. 2).

Zooplankton

We found ten species of crustacean zooplankton in the
Lake Cristalina. The calanoid C. brandorffi was the largest
(LT 908 um) and most abundant species, contributing 97%
of the total average biomass at the beginning of the exper-
iment. Two medium-sized species, the cladoceran Cerio-
daphnia quadrangula s.1. (O.F. Miiller, 1785) (LT 587 um)
and the cyclopid copepod Tropocyclops prasinus s.1. (Fis-
cher, 1860) (LT 647 pm) accounted for 1.2 and 0.8% re-
spectively of the initial biomass. Small cladocerans (mainly
Bosmina and Chydoridae with TL<500 pm) and nauplii,
each represented less than 0.1% of the biomass. Throughout
the course of the experiment the biomass of C. brandorffi
and C. quadrangula decreased significantly in the fish treat-
ments (STF and LTF), but not in the control treatments
(ANOVA P<0.001) (Tab. 1), likely as a result of trout fry
predation on these two species of crustaceans (Fig. 3).
However, the STF reduced the biomass of C. brandorffi
faster than the LTF, indicating higher rates of consumption
by smaller fish (Fig. 3). T" prasinus biomass decreased in
mesocosms with STF (ANOVA P<0.005), but not in LTF
and showed no clear trend in the control (Tab. 1, Fig. 3).
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Small cladocerans and nauplii were not affected by preda-
tion (Tab. 1). C. quadrangula was the only species to in-
crease in controls (Fig. 3).

Phytoplankton

Large algae with GALD>30pm dominated the phyto-
plankton biomass, and Peridinium was the most abundant
genus (90.4% of the total biomass). Biomass with
GALD>30 pum increased and biomass with GALD<30
um decreased in all treatments. However, the increase of
GALD>30 um was greater in treatments with trout fry,
and not significantly different between LTF and STF (al-
though greater on average in LTF, Fig. 4, Tab. 1). Phyto-
plankton biomass, including those with GALD>30 pm,
showed a positive correlation with chlorophyll ¢ (0.51 and
0.52, respectively, P<0.001). Biomass of phytoplankton
with GALD>30 um showed negative correlation with C.
brandorffi (= -0.39, P<0.001) and DRP (-0.57, P<0.001).

We identified 75 algal morphotypes belonging to 43
genera of eight taxonomic orders. The diversity decreased
over time in LTF and STF treatments and remained almost

constant in control. Phytoplankton richness decreased
when GALD>30 pum increased (-0.54, P<0.001) and zoo-
plankton biomass decreased (0.43, P=0.004). At the be-
ginning of the experiment (T0) we found 32(43), 36(46)
and 27(39) phytoplankton genera (morphotypes) into LTF,
STF and control respectively; and at the end of the exper-
iment (T4) 24(31), 28(38) and 27(39) genera (morpho-
types) were observed into LTF, STF and control. The
Shannon diversity index, decreased over time in the meso-
cosms with fish and did not change significantly in the
controls (Fig. 5).

The presence of trout reduced the mean size of phyto-
plankton with GALD>30um. The mean size of Peri-
dinium showed no significant difference between
treatments at the beginning of the experiments (TO;
P<0.2896) and between the beginning (T0) and the end
of experiments (T4) in controls (P<0.1233); but it de-
creased significantly (P<0.0001) in the treatments with
fish. This indicated that large crustacean zooplankton (C.
brandorffi) grazed on the most abundant algae
(GALD>30 um) but selected the smaller cells, increasing

Tab. 1. ANOVA for repeated and non-repeated measures of environmental variables and biomass of the phytoplanktonic and zooplank-

tonic groups of the STF, LTF and control experiments.

Treatment
F

TreatmentxTime
F

Environmental variables

DIN 2 19.10 0.003** 4 34.07 0.000*** 8 8.28 0.002**
CLORa 2 17.66 0.003** 4 37.20 0.001%** 8 6.01 0.034*
MO 2 5.11 0.051- 4 8.45 0.013* 8 0.73 0.558
CON 2 4.44 0.066 4 40.25 0.000%** 8 6.06 0.000%**
pH 2 2.05 0.210 4 14.17 0.000%*** 8 0.33 0.946
TEM 2 0.32 0.736 4 362.58 0.000%** 8 5.82 0.000%**
SO2 2 0.29 0.756 4 32.94 0.000%*** 8 2.60 0.033%*
DRP 2 0.24 0.793 3 14.45 0.002** 6 1.60 0.257
ALK 2 0.01 0.995 4 5.96 0.002%** 8 0.92 0.515

Zooplankton

CRUST 2 38.92 0.000%*** 4 84.20 0.000%*** 8 22.13 0.000***
Chran 2 29.34 0.001*** 4 82.98 0.000%*** 8 22.05 0.000%***
Tpras 2 2691 0.001** 4 2.60 0.062¢ 8 3.82 0.005%*
Cquad 2 523.83 0.000%** 4 102.64 0.000%*** 8 51.19 0.000%***
Sclad 2 2.85 0.135 4 4.24 0.010%* 8 3.20 0.013*
Nauplii 2 0.70 0.533 4 4.50 0.007** 8 1.15 0.367
PHYTO 2 1.96 0.222 4 10.32 0.000%** 8 0.68 0.702
GALD>30 2 1.98 0.218 4 10.64 0.000%*** 8 0.68 0.707
GALD<30 2 1.07 0.401 4 14.52 0.003%** 8 0.36 0.764

DIN, dissolved inorganic nitrogen; CLORa, chlorophyll a; OM, organic matter; CON, conductivity; TEM, temperature; O2S, oxygen saturation; ALK, alkalinity;
CRUS, total zooplankton crustaceans, Cbran, C. Brandortti; Cquad, C. quadrangular; SClad, small cladocerans,; Nauplii, nauplii of copepods; PHYTO, total
phytoplankton; GALD> 30, phytoplankton with GALD> 30; GALD<30, phytoplankton with GALD<30; ***P<(.001; **P<0.0; *P<0.05; *P<0.1.
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the mean size of algae as Peridinium. When fish fry were
introduced, it decreased herbivory pressure on phyto-
plankton (correlation between BZ:BP and phytoplankton
biomass, 0.84, P<(0.001), reducing the average size of
Peridinium.

DISCUSSION

Our experimental results supported the hypothesis that
juvenile fish have strong effects on the structure of plank-
ton communities that vary depending on the size of both
fish and their prey (Fig. 6). These results show that young

Y. Herrera-Martinez et al.

trout preyed heavily on the largest and most abundant
zooplankton species (C. brandorffi), similar to that found
by other authors (Hall et al., 1976; Schabetsberger et al.,
2009; Tiberti et al., 2014). However, we also found that
small crustaceans such as Ceriodaphnia and cyclopoid
copepods were preyed upon by trout, in contrast with
some other studies (Knapp et al., 2001b; Schabetsberger
et al.,2009; Maclennan et al., 2015). The diets of smaller
juvenile fish have not previously been characterized as
they are usually not caught by gear such as gill nets. Fry
can have a distinct impact on the zooplankton compared
to larger fish because they are often very numerous and
prey on smaller zooplankton (Walls ez al., 1990; Ban et

< = "
— — wy
&) 5o -
< 7]
0 =2
% o E" o -
5] =
= g
£ %o
&}
E T T T T o] T T T T 2 T T T T
TO T1 T2 T3 T4 TO T1 T2 T3 T4 TO TI T2 T3 T4
E o =
— . O
5= O g
ERE on 2
E g £
7 > o 2
) = <
2 . . . . ) . . ; & ; . . .
TO T1I T2 T3 T4 TO T1I T2 T3 T4 TO T1I T2 T3 T4
= [=] (o]
D s —
_ --0-- LTF
i @ o s STF
5 ﬂ.; éﬁ oo A —e— Control
Z 1 = /
E 2 & B
Z = [=% :,".,-f,
5 & g = A '_///
a = A,
Q '/,Ij
o e )
TO T1I T2 T3 T4 TO TI T2 T3 T4 TO TI T2 T3 T4
Time Time Time

Fig. 2. Changes in environmental variables in the mesocosms with large (LTF) and small trout fry (STF) and control without fishes.
The error bars represent the standard deviations of the means of the mesocosms.
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al., 2013). Our results indicate that the feeding behavior
of the fish changed in relation to the size (stage of devel-
opment) of fish. The ability of the planktivorous fish to
detect and capture prey depends on factors like abun-
dance, size and mobility of the prey (Brooks and Dodson,
1965; Reiriz et al., 1998; Sanchez-Herndndez et al.,
2012). In our study the trout fry preferred largest and most
abundant zooplankton species according to the size selec-
tivity hypothesis (Brooks and Dodson, 1965; Werner and
Hall, 1974; O’Brien et al., 1976). However, C. quadran-
gula, a smaller but slower crustacean, was also subject to
fish predation. Indirect interactions among zooplankton,
for instance intraguild predation by copepods on clado-
cerans, may also explain some of the effects of fish pre-
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dation on smaller zooplankton taxa. Our data indicate
strong cascading effects of juvenile stages of trout on zoo-
plankton in tropical mountain lakes.

Fish predation triggered a trophic cascade effect on
chlorophyll a concentration and on the diversity and size
structure of phytoplankton, but less evident on algal bio-
mass. The correlation between phytoplankton biomass,
calculated from biovolume, and chlorophyll ¢ was weak,
likely because the chlorophyll content per volume of phy-
toplankton are highly variable (Rott, 1978; Kalchev et al.,
1996; Felip and Catalan, 2000).

The presence of fish fry caused the decrease in grazing
pressure of C. brandorffi on phytoplankton with
GALD>30 um; nevertheless, the algal biomass did not in-
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Fig. 3. Changes in crustacean zooplankton biomass in mesocosms with large (LTF) and small trout fry (STF) and controls fishless. The
error bars represent the standard deviations of the means of the mesocosms.
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crease significantly in fish treatments compared to the
control treatments. The intensity with which zooplankton
reduce phytoplankton biomass varies in relation to differ-
ent factors such as lake trophic status and pelagic food
web structure (Vadeboncoeur et al., 2002). Phytoplankton
biomass is also regulated by nutrient concentrations
(Jeppesen et al., 2005), mainly phosphorus (Gorman et
al., 2014) and this was quickly depleted during develop-
ment of the experiments. The presence of fish had a neg-
ative effect on the phytoplankton diversity, reducing the
number of taxa, and those who most contributed to diver-
sity were small algae (GALD<30 pm), since most of the
biomass of large algae was due to Peridinium. Possibly
the increase of the biomass of the large algae affected the
competitive relationships within the phytoplankton, which
led to a change in the composition of smaller and scarce
but more diverse species of algae. Other authors have also
documented cascading effects on phytoplankton compo-
sition (Ellis et al., 2011; Duggan et al., 2015). Our results
indicate shifts in chlorophyll concentration and effect on
phytoplankton biomass and species richness.

In Lake Cristalina zooplankton feed mainly on phy-
toplankton with GALD> 30pm. The abundance of her-
bivores, mainly C. brandorffi, the largest and most
abundant zooplankter, decreased in trout fry treatments,
causing a reduction in grazing pressure and of average
size of Peridinium. These results are consistent with the
size-efficiency hypothesis (SEH), which postulates that
the minimum and maximum size of the food particles
ingested by zooplankton depends on body size, and that
the larger organisms consume a wider size range of par-
ticles (Hall et al, 1976; Cyr and Curtis, 1999;

GALD>30pm

120

80

Biomass (pg L)

TO TI T2 T3 T4

Humphries, 2007). However, our results conflict with
other research where algae with GALD>30 pm are con-
sidered less vulnerable or inedible for herbivorous zoo-
plankton (Attayde and Hansson, 2001; Benndorf et al.,
2002; Zhao et al., 2016). One reason may be that studies
on the size of algae consumed by zooplankton include
large cladocerans such as Daphnia (Elser and Goldman,
1991; Zhao et al., 2013), and Cristalina Lake, a tropical
oligotrophic high mountain lake, is dominated by a
calanoid copepod. The size structure of phytoplankton
depends on the species composition of the zooplankton
assemblages (Bergquist ef al., 1985). Our results indicate
that copepods can consume food particles larger than
those consumed by cladocerans (Peters and Downing,
1984; Bern, 1994). A high abundance of algae with
GALD>30 um may reflect high herbivore pressure on
smaller algae (Litchman et al., 2010). We expected, but
did not observe, increased biomass of smaller algae in
treatments with trout fry (Fig. 4).

Although the effect of fish may be strong on zooplank-
ton and weak on phytoplankton in oligotrophic lakes
(Jeppesen et al., 2000; Magnea et al., 2013), our results
indicate strong cascading effects on chlorophyll and ap-
preciable on biomass and diversity of phytoplankton. Cas-
cading effects were observed even though the keystone
grazer Daphnia was absent from Cristalina lake, and po-
tentially omnivorous copepods dominated the zooplank-
ton assemblage. In addition, although nutrient limitation
likely constrains primary productivity under such olig-
otrophic conditions, indirect effects of fish predators on
phytoplankton mediated by grazers are also important.
Fish also increased concentrations of dissolved inorganic

GALD<=30pum
3.0- |
- 1 --8-- LTF
.
------ % STF

2 20-
2 L —e— Control
=
@ 1.07

0 -

TO TI T2 T3 T4

Fig. 4. Changes in phytoplankton biomass in mesocosms with large (LTF) and small trout fry (STF) and controls fishless. The error

bars represent the standard deviations of the means of the mesocosms.
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nitrogen, indicating that nutrient excretion may be another
mechanism for their effects on phytoplankton.

CONCLUSIONS

Our results indicate that rainbow trout fry have cas-
cading effects on tropical mountain lakes ecosystems de-
spite the absence of large herbivorous zooplankton such
as Daphnia. Our study showed that small changes in the
size of trout fry lead to ontogenetic diet shifts with effects
on the structure of zooplankton. The younger and newly
hatched fishes had stronger effects on zooplankton than
slightly larger fishes, and also prey on highly mobile
species like 7. prasinus. Our results revealed a cascading
effect by trout predation on size structure of phytoplank-
ton, and inverse correlations between large zooplankton
and chlorophyll a, large phytoplankton and richness of
algae. These results highlight that the fish introductions,
especially juvenile fish, in oligotrophic fishless have
strong effects on tropical lake ecosystems, comparable to
those observed in temperate lakes.
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Fig. 5. Changes in phytoplankton diversity in mesocosms with
large (LTF) and small (STF) trout fry and in controls fishless
over time. The error bars represent the standard deviations of
the means of the mesocosms.
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Fig. 6. Trophic relationships in presence-absence of fish. Stronger relationships (continuous black arrows), less strong relationships
(continuous gray arrows). Possible relationships (gray arrows discontinuous). The size of the circles is an indicator of abundance. Cb,
C. brandorffi; Tp, T. prasinus; Cq, C. quadrangular; Phyto>30um, large phytoplankton; Phyto<30um, small phytoplankton; H, her-

bivory; P, predation; C, competition; E, excretion; U, uptake.
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