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ABSTRACT

Role of plant architecture on littoral macroinvertebrates in temperate and subtropical shallow lakes: a comparative
manipulative field experiment

We dedicate this paper to the late Maria Rosa Miracle, who was a key researcher in the shallow lakes community, always enthu-
siastically dedicated to science, and always ready to discuss and guide younger scientists and fellow colleagues on the dynamics
of zooplankton as well as on shallow lakes functioning at large. She will be sadly missed.

Plant habitat complexity can buffer against predator-prey interactions by offering physical refuges, and also novel microhabi-
tats for alternative prey. In shallow lakes, submerged and free-floating plants affect predator-prey interactions with expected
differences related to climate-driven differences in fish community structure. We tested the overall hypothesis that fish preda-
tion shapes the structure of plant-associated macroinvertebrate communities. By introducing artificial free-floating and
submerged plants in a total of 14 shallow lakes under contrasting climate regimes (temperate and subtropical), we predicted that
higher densities of macroinvertebrates would occur in the temperate zone where littoral fish predation is comparatively weaker
than in the subtropics. We also tested the hypothesis that different structural complexities and % PVI would lead to different
association patterns. Taxonomic richness, diversity, and densities of plant-attached macroinvertebrates were several fold higher
in the temperate lakes. Macroinvertebrate densities per unit of plant weight were generally higher on the more complex
free-floating than on the more abundant (as % PVI) submerged plants. The structure of littoral macroinvertebrates showed no
clear relationship with the trophic state gradient. Fish communities, whose structure (biomass, density and habitat use) differed
consistently between the temperate and subtropical locations, seemingly shaped the macroinvertebrate communities, most
likely via predation and in the subtropics potentially also by competition. Free-floating plants appeared as a better anti-preda-
tion refuge or a preferred habitat for macroinvertebrates, particularly in the subtropics, but with increasing water turbidity this
pattern became less distinct. In contrast, in the temperate lakes, the use of artificial plants by macroinvertebrates was rather
related to the biomass of periphyton than to their refuge capacity, thus suggesting stronger bottom-up effects. A stronger fish
predation pressure, which is to be expected with climate warming and eutrophication, may reduce the richness and abundance
of plant-associated macroinvertebrates, with potentially strong impacts on shallow lake functioning. A warming-driven expan-
sion of free-floating plants could, if moderate, weaken such effects, but a more diverse macrophyte community would facilitate
co-existence of macroinvertebrate and fish.
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RESUMEN

Rol de la arquitectura de las plantas sobre los macroinvertebrados litorales en lagos someros templados y subtropicales:
una comparacion experimental de campo

La complejidad del habitat puede modular interacciones entre depredadores y presas al ofrecer refugio fisico y nuevos micro-
habitats para competidores potenciales o presas alternativas. En los lagos someros, las plantas sumergidas y flotantes afectan
las interacciones depredador-presa, con diferencias relacionadas a diferencias en la comunidad de peces influenciadas por el
clima. Mediante la introduccion de plantas flotantes libres y plantas sumergidas artificiales en un total de 14 lagos someros en
dos regimenes climdticos contrastantes (templado y subtropical), analizamos la hipotesis de que la estructura de la comunidad
de macroinvertebrados litorales estd principalmente determinada por la presion de depredacion de los peces. Por lo tanto,
esperamos encontrar mayores densidades en la zona templada, donde la depredacion por parte de los peces litorales es
comparativamente mds débil que en la zona subtropical. También analizamos la hipotesis de que las diferencias en compleji-
dad estructural (mayor en las flotantes), asi como en volumen ocupado por plantas (mayor en las sumergidas) promueve
diferentes patrones de asociacion en los macroinvertebrados.

La riqueza taxonomica, la diversidad y la densidad de los macroinvertebrados litorales fueron varias veces mayores en los
lagos templados. Las densidades de macroinvertebrados (por unidad de masa de las plantas) fueron en general mayores en las
plantas flotantes libres. La estructura de los macroinvertebrados litorales no mostro una relacion clara con el gradiente de
estado trofico estudiado. Los peces, cuya biomasa, densidad y uso del habitat difirieron de forma consistente entre ambas
zonas, determinaron la estructura de los macroinvertebrados probablemente via depredacion y en la zona subtropical poten-
cialmente también por competencia. Las plantas flotantes libres parecieron actuar como un refugio mds efectivo o hdbitat
preferido particularmente en la zona subtropical, pero con el aumento de la turbidez del agua el patron se hizo menos evidente.
En los lagos templados, el uso del habitat estuvo mas vinculado a la biomasa de perifiton, sugiriendo la ocurrencia de contro-
les ascendentes. Una mayor presion de consumo por los peces (esperada con el calentamiento climatico y un aumento de la
eutrofizacion), puede reducir la riqueza y abundancia de los macroinvertebrados litorales con impactos potencialmente fuertes
sobre el funcionamiento de los lagos someros. Una expansion de las plantas flotantes libres promovida por el calentamiento
climatico, podria, si fuera moderada, debilitar estos efectos. Sin embargo, una comunidad diversa de macrofitas seguramente
promoveria la coexistencia entre macroinvertebrados y peces.

Palabras clave: complejidad de habitat, sustitucion tiempo por espacio, plantas artificiales, plantas flotantes libres, depreda-
cion por peces

INTRODUCTION

Our understanding of lake functioning advanced
dramatically with the recognition that the
littoral-benthic and pelagic food chains are often
very strongly linked (e.g. Timms & Moss, 1984;
Vadeboncoeur et al, 2002; Schindler &
Scheuerell, 2002). By feeding in the littoral or
benthic habitats, macroinvertebrates can trans-
form and translocate organic matter and nutrients
that ultimately reach fish and other top predators
(Jones & Waldron, 2003), thus impacting
whole-lake energy dynamics.

Habitat complexity in the different lake zones
may affect whole ecosystem processes, not least
by modulating predator-prey interactions. Macro-
phytes may reduce the feeding efficiency of fish
and serve as a refuge for macroinvertebrates
against fish predation (Diehl & Kornijov, 1998)
and for small and juvenile fish against piscivo-
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rous fish (Persson & Crowder, 1998). Particularly
in vegetation-free areas (Leppi et al., 2003), fish
predation can reduce the density and biomass of
benthic macroinvertebrates and alter community
structure by reducing the density of the larger and
more motile taxa (Mittelbach, 1988; Diehl &
Kornijow, 1998). The predation pressure of fish
on macroinvertebrates can lead to trophic
cascades that ultimately reach periphyton and
macrophytes (Bronmark & Vermaat, 1998),
potentially influencing the environmental state
(e.g. clear or turbid waters) of shallow lakes
(Jones & Sayer, 2003; Burks et al., 2006). Areas
with macrophytes, therefore, often support a
much higher biomass and diversity of macroin-
vertebrates than vegetation free areas (Hargeby et
al., 1994; Boll et al., 2012). Besides acting as a
refuge against predation, macrophytes support
the growth of epiphyton that serves as an impor-
tant food source for grazing macroinvertebrates
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(Jones et al., 1998). Oligochaetes and chirono-
mids can substantially reduce epiphytic biomass
(Cattaneo, 1983), but especially snails facilitate
the growth of submerged macrophytes by remov-
ing epiphytes (Bronmark & Vermaat, 1998; Jones
et al., 1998).

The physical structure or architecture of
macrophytes determines several components of
habitat complexity and therefore influences the
abundance and community structure of plant-as-
sociated macroinvertebrates. Their abundance is
often higher on submerged than on float-
ing-leaved (Cattaneo et al., 1998) and emergent
macrophytes (van de Meutter et al., 2008).
Besides, macrophytes with finely divided leaves
often host a higher abundance of macroinverte-
brates than macrophytes of simpler structure
(Cheruvelil et al., 2002; Xie et al., 2006). Differ-
ences in macroinvertebrate densities between
plant types may partly be explained by epiphyton
production, because epiphyton biomass often
increases with increasing plant complexity (Cat-
taneo et al., 1998; Hao et al., 2017).

The role of macrophytes for macroinverte-
brates, not least their interaction with potential
predators, has been elucidated in much more
detail in shallow temperate lakes (Bronmark &
Vermaat, 1998; Jones & Sayer, 2003, Boll et al.,
2012) than in subtropical and tropical lakes
(Meerhoff et al., 2007a; Thomaz et al., 2008;
Teixeira-de Mello et al., 2016). However, a
differential role of macrophyte architecture in
several biotic interactions has been associated
with climate-related differences in fish communi-
ty structure. In (sub)tropical lakes, fish, particu-
larly small species and individuals, occur in high

761

abundances and are especially associated with
submerged macrophytes (Meerhoff et al., 2007a;
Teixeira-de Mello et al., 2009). Consequently,
the refuge effect of submerged plants for
zooplankton (Burks et al., 2006), for instance, is
substantially less efficient in the subtropics
(Meerhoff et al., 2007 b; Gonzalez-Sagrario &
Balseiro, 2010) and Mediterranean lakes (Tavsa-
noglu et al., 2015) than in similar lakes in the
temperate zone.

Despite the importance of the effects
produced by the physical structure of aquatic
plants, no standardized methods to measure plant
complexity exist, limiting comparisons among
different plant species and ecosystems (reviewed
in Kovalenko et al., 2012). The use of artificial
plants with controlled physical complexity can
help decrease natural variability and allow for
more specific hypothesis testing. Although
plastic plants can promote different colonization
patterns from those occurring on natural plants,
typical confounding factors can be limited by the
introduction of the same habitat modules along a
trophic state gradient.

Here, we explored how plant-associated
macroinvertebrates were affected by plant archi-
tecture, submerged or free-floating, in shallow
lakes under different environmental scenarios, in
particular along a gradient in trophic state and
contrasting climates (temperate, Denmark, and
subtropical, Uruguay).

We tested the hypothesis that the fish preda-
tion pressure shapes the structure of plant-associ-
ated macroinvertebrate communities. We expect-
ed to find impoverished littoral macroinverte-
brate assemblages in lakes with high fish

Table 1. Main limnological characteristics of the lakes where the habitat modules were introduced, showing mean and range values
for the temperate and subtropical zones (n = 7 in each country). Principales caracteristicas limnologicas de los 14 lagos donde se
introdujeron los habitats experimentales con plantas artificiales. Se muestran la media y el rango de los valores para los lagos templa-

dos y los lagos subtropicales (n = 7 en cada pais).

Area (ha) T (°C) SD (m) pH TN pg/l TP pg/l Chla pg/l
Temperate 18.2 17.4 0.96 7.4 915.7 474 30.6
3--73 12--20.7 0.25--1.5 6.5--8.4 340--2090 14--76 2--40
Subtropical 20.2 21.7 0.8 7.3 735.4 63.8 19.7
3--60 20.7--29 0.3--1.6 5.9--7.8 249--835 21--182 0.8--20
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biomass, most pronouncedly in the subtropical
lakes given the stronger predation pressure
expected there (Meerhoff et al., 2007a; 2012).
We also predicted differences in the number and
diversity of macroinvertebrates between both
plant types, with outcome depending on the
relative importance of complexity (higher for the
free-floating plants) and the volume occupied by
the plants (higher for the submerged plants).
However, within each climate zone we expected
macroinvertebrate density to increase with
increasing nutrient concentrations and potentially
increasing food availability (Blumenshine et al.,
1997; Diehl & Kornijow, 1998), despite varia-
tions in fish densities.

MATERIALS AND METHODS
Design and sampling methodology

Based on previous information, we paired a set of
seven shallow temperate lakes (Denmark: 55 °-57
° N) varying along a trophic gradient (turbidity
plus total phosphorus concentration) with a set of
similar subtropical lakes (Uruguay: 30 °-35 ° S).
The lakes were paired according to a series of
limnological characteristics (i.e. lake area, mean
depth, Secchi disk, macrophyte % PVI, total
phosphorus (TP), total nitrogen (TN), phyto-
plankton chlorophyll @ (chl a), suspended solids,
light attenuation, and pH; Table 1). We then
ordered the lake pairs along a proxy trophic gradi-
ent determined by decreasing water transparency
and nutrient concentrations (1-7; seven of the 10
lake sets in the study of fish by Teixeira-de Mello
et al. (2009) were included in our study on
macroinvertebrates) (Table 1).

Habitat modules resembling submerged and
free-floating plant beds (four replicates of each)
were introduced in a sheltered and plant-free
littoral area of each lake (water depth: 1 meter).
The artificial submerged plants and artificial
roots of the floating plants consisted of the same
plastic material (a total of 80-100 m of garlands
made of finely dissected 3.0-cm long pieces per
module). The artificial 0.80-1.0-m long
submerged plants roughly mimicked the overall
structure of Elodea spp., while each artificial
free-floating plant consisted of a plastic disc (15
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cm in diameter, 40 per module) to which a total of
2 m garlands were attached in pieces so as to
roughly mimic the root network of water
hyacinth, Eichhornia crassipes (Mart) Solms (for
photos see Meerhoff ef al., 2007b). Local plant
volumes inhabited were 49 % and 30 % for
submerged and free-floating plants, respectively.
Following Tokeshi & Arakaki (2012), habitat
complexity is interpreted as all the different char-
acteristics of structure, thus including spatial
scale, size, density, spatial arrangement, and
diversity (heterogeneity) of structural elements in
an ecosystem. The artificial plants used in this
study shared spatial scale, size, and density and
varied in two of these complexity components
(i.e. spatial arrangement and heterogeneity
(length of) structural elements). We used the
same habitat modules in both countries after they
had been thoroughly rinsed, washed using high
water pressure, disinfected with concentrated
chlorine solution, and sun-dried.

Sampling campaigns were conducted in
summer, four weeks after the introduction of the
habitat modules, to allow periphyton and inverte-
brates to colonize the artificial plants (January
2005 in Uruguay and July 2005 in Denmark;
average water temperatures were 25.5 and 18.1
°C, respectively). Water samples for the analysis
of TP, TN (Valderrama, 1981; Sendergaard et al.,
1992, respectively), chl a (Jespersen & Christof-
fersen, 1987), and alkalinity were collected from
the open water of the lake, where also in situ
measurements of Secchi depth, oxygen, pH,
temperature, and conductivity (with Horiba field
sensors) were conducted. Periphyton biomass
was determined as chlorophyll a from a 10-cm
long piece of one artificial plant or artificial root
taken randomly from each habitat module at
10-20 cm depth from the surface.

Fish and large-bodied low-numbered
macroinvertebrates were collected during the
night with a cylindrical net (diameter 1.20 m,
mesh size 0.3 cm), which was placed on the
sediment under the habitat modules in the previ-
ous afternoon. We approached the modules in a
boat and lifted the net in a quick maneuver using
a 1.5-m-long stick with a hook. The nets, with the
plant modules inside, were removed from the
water and carefully inspected. We used an over-
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dose of anesthetic 2-phenoxi-ethanol to euthanize
the fish (methodology suggested by the Honorary
Animal Research Commission of Uruguay),
which were afterwards identified, counted,
weighed, and measured (standard length) (Teixei-
ra-de Mello et al., 2009). We used quantitative
fish data from Teixeira-de Mello et al. (2009).
We sampled the plant-associated macroinverte-
brates (> 500 pum) during the day by carefully
removing one artificial plant from each of the
habitat modules. Macroinvertebrates were stored
in 70 % ethanol and in the laboratory determined
to genus level, whenever possible, using different
identification keys (e.g. Merritt & Cummings,
1984). We estimated macroinvertebrate densities
as individuals per weight of artificial plant, with
the exception of densities of large-bodied
(low-numbered) macroinvertebrates, which were
included as individuals per m2 of area occupied
by plants. We assigned the identified individuals
to broad trophic classification according to the
literature and measured subsamples of chirono-
mid larvae from all genera under microscope to
determine their body size range.

Statistical analyses

Evenness (J, Piclou's evenness) and diversity
(H’, Shannon diversity) were calculated at the
genus level using the formulae: J= H’/ log N and
H =-3%(p; * log p;), where p; is the fraction of
genus i in the sample (n; / N). The individuals
that could not be identified to genus level were
included in the calculations of total density and
as a single genus (per family) in the diversity,
Piclou's evenness, and richness calculations.
This conservative method assured that diversity
was not boosted by the occurrence of a few
individuals that could not be determined to genus
level. All dependent variables, except diversity,
evenness, and richness, were log(x)-transformed
to achieve normality in the dataset. Diversity and
evenness were x2-transformed before analyses,
and richness was untransformed.

We tested the effects of location (two levels),
plant type (two levels), and a proxy of trophic
state (seven levels) with a three-factor ANOVA.
For post hoc analyses, we used Tukey HSD tests
with the Tukey-Kramer adjustment. Dependent
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Figure 1. Mean richness of genera (A) and densities (B) of
macroinvertebrates, and periphyton biomass (C) in both artificial
plant types introduced in temperate (Dk) and subtropical (Uy)
shallow lakes. F = free-floating plants, S = submerged plants.
Data show the average of lake averages and associated standard
deviations. Riqueza de géneros (A) y densidades (B) promedio de
macroinvertebrados y biomasa de perifiton (C) en ambos tipos
de plantas artificiales introducidas en lagos someros templados
(Dk) y subtropicales (Uy). F = plantas flotantes libres, S =
plantas sumergidas. Los datos muestran el promedio de los
promedios de cada lago y el desvio estandar asociado.
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variables included densities of macroinverte-
brates per unit of plant biomass (g artificial
plant), diversity, evenness and genera richness of
macroinvertebrates, and periphyton biomass.

To facilitate interpretation of the potential
habitat use by macroinvertebrates under the
different environmental conditions, we estimated
the density ratio between the two plant types (i.e.
Submerged/Free-floating (hereafter S/F) density
ratio). The S/F density ratio was calculated for
densities of macroinvertebrates per gram of plant,
and differences between the two countries were
analyzed with one-way ANOVA. Since the over-
all statistical power was too low to include both
countries in the same model, we analyzed varia-
tions in the S/F density ratio within each country
in relation to lake concentrations of chl a, TP and
TN, and Secchi disc depth, as well as in relation
to mean fish biomass and periphyton biomass as
indicators of potential predation pressure and
food availability per lake, respectively (i.e. aver-
aging data from the two plant types in each lake).
The variables were log10-transformed before the
analyses and tested in simple and multiple linear
regressions with stepwise selection retaining
variables significant at the 0.05 level (Stepwise
selection with p-enter: 0.25 and p-leave: 0.05).

RESULTS

We found clear differences between the two
climate zones in the structure of the macroinver-
tebrate communities associated with the artificial
plants, in terms of taxonomic richness, density,
and size structure (Fig. 1 A, B). Diptera was the
dominant group in terms of abundance in both
countries. Mollusks appeared with higher
richness in the temperate lakes than in the
subtropical lakes (where only the family Ampul-
laridae was found). In contrast, large-bodied
motile macroinvertebrates, such as apple snails
(Pomacea canaliculata Lamarck), shrimps
(Palaemonetes cf. argentinus Nobili), and crabs
(Aegla sp.), were only found in the subtropical
lakes. Apple snails were most abundant in lakes
with low nutrient levels. Crabs were only found
in the three lakes with the highest fish biomass,
while shrimps, the most abundant of the large
macroinvertebrates, were absent or very rare in
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the most eutrophic lakes. Mean (= SD) densities
were 2.1 £ 2.6, 14.0 £ 24.2, and 57.5 £ 90.3
ind./m2 for apple snails, crabs, and shrimps,
respectively, on the free-floating plants, and 6.4 +
9.3, 194 + 42, and 103.6 + 122.6 ind./m2,
respectively, on the submerged plants. Amphi-
pods (Hyalella sp. in Uruguay and Gammarus
spp. in Denmark) were found in the lakes with the
lowest potential predation pressure, whereas the
proportion of oligochaetes rose with increasing
fish biomass (with the exception of the Danish
lake at trophic level 5, where dipterans were the
overall dominant group despite a relatively high
fish biomass).

We found a significantly higher richness
among the artificial plants in the temperate lakes
(see statistical results in Table 2). A total of 36
families and 68 genera occurred there, whereas
19 macroinvertebrate families and 35 genera
occurred among the artificial plants of the
subtropical lakes (Fig. 1A). We found a total of
19 genera of chironomids (four of which were
predators) among the plants in the temperate
lakes and only seven in the subtropical lakes.
Mean taxonomic diversity was higher in the
temperate lakes (1.87 £ 0.37 and 1.13 + 0.26
(mean + SD) in the Danish and Uruguayan lakes,
respectively, Table 2). In contrast to diversity,
evenness did not differ significantly between the
two climate zones (Pielou's evenness = 0.77 +
0.09 and 0.64 + 0.14; mean + SD, in the Danish
and Uruguayan lakes, respectively).

Mean density of macroinvertebrates was also
significantly higher in the temperate lakes (36.6 £
27.9 and 11.4 £+ 12.6 ind./g plant in Denmark and
Uruguay, respectively) (Fig. 1B). The size range
of chironomids was broad in the temperate lakes
(from 0.5 to 19.0 mm), whereas most chironomids
in the subtropical lakes had a much narrower body
size range (13.0-15.0 mm). Considering macroin-
vertebrate functional groups, we found ca. 8-fold
higher densities of predators, 10-fold higher
densities of grazers, and 2-fold higher densities of
collectors in the temperate lakes (average of plant
types) than in the subtropical lakes.

Regarding our overall hypothesis, we found
that macroinvertebrate density was significantly
and negatively related to fish biomass in the
subtropics, whereas no such relationship occurred
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Table 2. Effects of location (climate zone, C), proxy of trophic state (L), and plant type (P) on littoral macroinvertebrate structure and
periphyton biomass, indicating the degrees of freedom (D.F.) and the F and p-values in the three-factor ANOVA tests. Densities of
macroinvertebrates per biomass of plants (ind./g of plant) and periphyton biomass (pg/g of plant) were log(x) transformed before
analysis. Richness is number of genera. Efectos de la zona climatica (C), proxy del estado trofico (L) y tipo de planta (P) sobre la
estructura de los macroinvertebrados litorales y biomasa de perifiton, indicando los grados de libertad (D.F.) y los valores de F y p
de las pruebas ANOVA de 3 vias. Las densidades de macroinvertebrados por biomasa de plantas y la biomasa de perifiton por bioma-

sa de plantas fueron transformadas mediante log () antes de los andlisis. La riqueza refiere al nimero de géneros.

Density (ind. g/ plant) Richness
Explanatory factors D.F.  Fvalue D D.F. Fvalue p
Climate zone (C) 1,71 227.83  <0.0001 1,71 361.63  <0.0001
Plant Type (P) 1,71 24.09  <0.0001 1,71 1.53 0.2200
Trophic Level (L) 6,71 13.31  <0.0001 6,71 31.24  <0.0001
C*P 1,71 0.69 0.4079 1,71 5.84 0.0182
C*L 6,71 3438  <0.0001 6,71 34.88  <0.0001
P *L 6,71 3.64 0.0033 6,71 1.92 0.0890
C*P* L 6,71 5.11 0.0002 6,71 5.36 0.0001
Diversity (H”) Periphyton biomass

Explanatory factors D.F.  Fvalue p D.F. F value p
Climate zone (C) 1,71 229.32  <0.0001 1,77 70.90  <0.0001
Plant Type (P) 1,71 1.28 0.2615 1,77 2.13 0.1488
Trophic Level (L) 6,71 11.81  <0.0001 6,77 9.20  <0.0001
C*P 1,71 0.00 0.9891 1,77 35.14  <0.0001
C*L 6,71 6.85 <0.0001 6,77 1632 <0.0001
P *L 6,71 1.59 0.1630 6,77 3.31 0.0060
C*P* L 6,71 2.93 0.0131

in the temperate lakes (R2 = 0.70 p = 0.018 and
R2=0.03 p =0.695, respectively).

Plant type did not significantly affect diversity
and evenness of macroinvertebrates, although a
few more families were found on the submerged
than on the free-floating plants in both climate
zones. However, the overall densities of macroin-
vertebrates were higher on the free-floating than
on the submerged plants (per gram of artificial
plant) in most lakes (Table 2). In the Danish
lakes, differences were insignificant as we found
an average density of 37.9 + 22.5 and 35.3 + 34 .4
(mean + SD) ind./g plant among the free-floating
and the submerged plants, respectively, whereas
in the Uruguayan lakes we found 14.9 £ 16.5 and
7.9 + 6.2 ind./g plant among the free-floating and
submerged plants, respectively.

Periphyton biomass was significantly higher
in the temperate than in the subtropical lakes
(Table 2; 288.7 + 222.7 and 123.6 = 116.3 pg

chl-a/g plant, in Denmark and Uruguay, respec-
tively). Free-floating plants in the subtropics
supported a higher biomass of periphyton per unit
of weight than did the submerged plants, the
opposite being observed in the temperate lakes
(significant country x plant type interaction,
Table 2) (232.5 £209.2 and 345.4 + 237.2 (mean
+ SD pg chl-a/g plant) for free-floating and
submerged plants in Denmark and 133.2 + 64.6
and 114.0 + 157.8 pg chl-a/g plant for free-float-
ing and submerged plants, respectively, in
Uruguay, Fig. 1C).

Plant type had a differential effect on
macroinvertebrate density under different envi-
ronmental conditions in the lakes in the two coun-
tries (significant third order interaction in the
ANOVA test, Table 2) despite the fact that the
mean S/F density ratio did not differ significantly
between the countries (one-way ANOVA Fy 15 =
2.71; p=0.125).
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Figure 2. Use of artificial plant by macroinvertebrates (Submer-
ged/Free-floating (S/F) density ratio) in the temperate
(Denmark) and subtropical (Uruguay) lakes under different
environmental conditions. From top to bottom: A. S/F density
ratio and TP concentration, B. S/F density ratio and Secchi depth,
C. S/F density ratio and potential predation pressure (fish
biomass), and D. S/F density ratio and periphyton biomass.
Variables were loglO-transformed. All regression statistics are
shown, but only the lines of significant regressions are plotted.
The dotted line over 0 indicates equal use of free-floating and
submerged plants; below 0 use of free-floating plants predomina-
tes and vice versa. Uso de las plantas artificiales por los
macroinvertebrados (cociente de la densidad entre plantas
sumergidas y flotantes libres (S/F density ratio)) en los lagos
templados (Dinamarca) y subtropicales (Uruguay), bajo
distintas condiciones ambientales. De arriba abajo: A. Cociente
S/F y concentracion de PT, B. S Cociente S/F y profundidad de
disco de Secchi, C. Cociente S/F 'y presion de depredacion
potencial (biomasa de peces), y D. Cociente S/F'y biomasa de

fitoplancton. Las variables fueron transformadas mediante

logl0. Se muestra el resultado de todas las regresiones, pero
solo de las significativas se muestra la linea de regresion. La
linea punteada sobre el valor cero indica un uso igualitario
entre los tipos de plantas, mientras que valores negativos
indican una preferencia por las plantas flotantes libres y
viceversa con las sumergidas.

In the subtropical lakes, TP concentration and
Secchi depth explained the variation in the S/F
density ratio equally well (Fig. 2 A, B), but
Secchi depth and fish biomass were selected for
the final explanatory model (stepwise selection,
R2 =0.90, Fo4 = 18.16, p = 0.009). As Secchi
depth, fish biomass had a negative impact on the
S/F density ratio (Fig. 2 C), causing larger differ-
ences in macroinvertebrate densities between the
two plant types towards an even stronger use of
free-floating plants with increasing transparency
and an increasing potential predation pressure. In
contrast, although macroinvertebrate densities
were overall not significantly related to periphy-
ton biomass in the temperate lakes, periphyton
biomass significantly and positively explained
the difference in abundance between plant types
(expressed as the S/F density ratio) (Fig. 2 D).

DISCUSSION

We found distinctly different patterns in commu-
nity structure, association to different habitat
complexities, and relationships with environmen-
tal variables of littoral macroinvertebrates
between temperate and subtropical regions.
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Because we sampled only the macroinvertebrate
assemblages associated with the artificial plants
(i.e. littoral), we cannot rule out that other taxa
could appear in plant-free or pelagic areas. How-
ever, based on works from other systems (e.g.
Thomaz et al., 2008; Boll ef al., 2012), we do not
expect a climate bias in the potentially missing
information. Besides, the observed pattern in
macroinvertebrate richness was similar to that
found for zooplankton in the same field experi-
ment (Meerhoff et al., 2007b), and plausible
explanatory mechanisms emerge.

The major differences in the structure of the
fish community in shallow lakes between the two
climate zones have been identified as the main
explanatory factor behind the observed differences
in the structure of the potential prey communities
(Meerhoft et al., 2007a). Our results suggest that
fish are more important than trophic state and local
habitat complexity in structuring the richness,
composition, and density of plant-associated
macroinvertebrates. In both climate zones, amphi-
pods were found in higher proportions in the lakes
with the lowest fish biomass, most likely due to
their high vulnerability to fish predation (Macneil
et al., 1999; Toft et al., 2003). Also, Trichoptera
and other insects, excluding Diptera, were found in
relatively higher densities in the lakes with the
lowest fish biomasses, indicating that these groups
are vulnerable to fish predation too. The very
narrow body size range of the subtropical chirono-
mids in contrast to the relatively broad size range
in the temperate lakes is also consistent with a
stronger (and size-selective) predation by fish in
the subtropics. In contrast, large-bodied shrimps,
snails, and crabs were only found in the Uruguayan
lakes and often occurred even at high fish biomass.
Apple snails, shrimps, and crabs are large enough
to escape predation at least by small fish, allowing
for coexistence with the small fishes typically
found in the littoral areas of subtropical lakes
(Teixeira-de Mello et al., 2009). An equivalent
pattern has been recorded in brackish lakes in
temperate areas where the shrimp Neomysis
integer (Leach) coexists with the small stickle-
backs Pungitius pungitius (L.) and Gasterosteus
aculeatus (L.) (Jeppesen et al., 1994).

In slight contrast to our results, an experimen-
tal study undertaken along a latitudinal gradient in

shallow lakes in Europe (Miracle et al., 2006)
showed that fish affected the composition rather
than the abundance of the plant-associated
macroinvertebrate community and that the
outcome of the fish-macroinvertebrate interaction
depended markedly on the life history traits of the
macroinvertebrates (Miracle et al., 2006). Howev-
er, the fish density in their study was relatively
low and fixed in closed mesocosms, while fish
were allowed to move freely between the open
water and the artificial plants in our field experi-
ment and in a similar experiment conducted by
Brucet et al. (2012) in brackish shallow lakes in
Denmark and Mediterranean Spain. The differ-
ence in the experimental design, with consequent
differences in fish density and the potential preda-
tion pressure, therefore likely explains the differ-
ent outcome of these experiments, and the broader
impacts of fish detected in this study and in the
Mediterranean shallow lakes. The lower macroin-
vertebrate richness and densities at high fish abun-
dance in the subtropical lakes may result not only
from the expectedly greater fish predation there
(Teixeira-de Mello et al., 2009; Meerhoff et al.,
2012), but also potentially from long-term strong
competition with small omnivorous fishes (Fleck-
er, 1992). Small subtropical fish might occupy
trophic niches usually used by macroinvertebrates
in other regions (Wootton & Oemke, 1992). Alter-
natively, as the biomass of periphyton was signifi-
cantly higher on the artificial plants in the Danish
lakes than in the Uruguayan lakes, this greater
food availability could lead to a higher abundance
of macroinvertebrates in the temperate lakes.
However, the stronger role of predation in warmer
climates is also evident from the comparative field
study of Brucet et al. (2012) in brackish lakes,
where drastically lower densities of macroinverte-
brates occurred on artificial plants in Mediterrane-
an lakes than in similar temperate lakes despite
comparable periphyton biomasses.

Habitat complexity, however, interacts with
fish characteristics. Rennie & Jackson (2005)
found that small-scale variation in microhabitat
complexity shaped the distribution of littoral
macroinvertebrates, but they also found that such
effects were systematically different relative to
whether fish were present or absent. In their study,
greater habitat complexity promoted higher densi-
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ty of macroinvertebrates only in the presence of
fish, suggesting that habitat complexity effects are
mostly mediated through top-down mechanisms.
In a study of 104 shallow cold temperate lakes,
fish assemblages explained > 11 % of the
among-lake variance patterns in macroinverte-
brates despite possible buffering effects by
submerged plants (Hanson et al., 2015).

Temperate macroinvertebrates often occur in
higher abundance on submerged vegetation than
on floating-leaved plants (Cremona et al., 2008;
van de Meutter ef al., 2008), arguably as a conse-
quence of the higher structural complexity of the
former. A comparative study found that the abun-
dance of macroinvertebrates on natural submerged
plants did not differ between simple and complex
forms, whereas on artificial plants more inverte-
brates occurred on complex than on simple forms
(Taniguchi et al., 2003). In our study the abun-
dance of macroinvertebrates on the artificial
submerged macrophytes was almost always lower
than on the free-floating macrophytes despite the
higher % PVI of the submerged plant modules.
However, variation in free or occupied space sizes
has been highlighted as more important for
macroinvertebrate taxonomic richness than overall
complexity, plant biomass, and density of stems
(St. Pierre & Kovalenko, 2014), and space size was
indeed more variable under our artificial floating
plant beds than on the more homogenously distrib-
uted submerged stems. Along the same line,
Thomaz et al. (2008) recorded higher values of
surface area available for colonization and fractal
dimension (as a measure of complexity) in the root
system of the anchored floating plant Eichhornia
azurea (Sw.) Kunth than for the submerged Egeria
najas Planch, and similar results were found for F.
crassipes compared with the submerged Cabomba
furcata Shult. & Shult.f. (Matsuda et al., 2015),
although such differences did not lead to differenc-
es in invertebrate densities.

The greater use of the free-floating plants by
macroinvertebrates in the subtropics coincided
with a lower use of these plants by the fish there
(Teixeira-de Mello et al., 2009). In most temper-
ate lakes, littoral macroinvertebrates were more
evenly distributed between the two plant types as
shown by an S/F density ratio frequently closer to
1 than in the subtropical lakes despite the greater

Limnetica, 38(2): 759-772 (2019)

fish density in the free-floating plant modules
(Teixeira-de Mello ef al., 2009). This could imply
that the artificial free-floating plants acted as an
even more effective refuge in temperate lakes or,
most likely, that temperate fish prey less heavily
on macroinvertebrates than their subtropical coun-
terparts, thus allowing co-existence. The positive
relationship between habitat use (S/F density
ratio) and periphyton biomass in the temperate
lakes also suggests that bottom up processes were
more relevant there than in the subtropics where
top-down processes seemed to rule.

Habitat complexity also interacts with water
transparency (Snickars ef al., 2004; Pekcan-Hekim
& Lappalainen, 2006), which can influence the
fish predation pressure on macroinvertebrates by
affecting visually hunting fish (Radke & Gaupisch,
2005; Pekcan-Hekim & Lappalainen, 2006). With
increasing eutrophication, water turbidity might
decrease the importance of plants as an anti-preda-
tion refuge. The refuge effect of the free-floating
plants in our study was particularly observed under
clear water conditions in the subtropical lakes.
Perhaps as a consequence of a relatively lower
need of refuge, the difference between plant types
decreased with lower water transparency.

Free-floating plants are currently more
common in warm lakes than in temperate regions,
but, as a result of climate warming and increased
eutrophication, the geographical distribution of
free-floating plants is likely to expand (Scheffer
et al., 2003). Fish predation pressure is also
expected to augment with climate warming
(Meerhoff et al., 2012). Even though we found
that patches of free-floating macrophytes may be
a comparatively better refuge (or preferred habi-
tat) for macroinvertebrates than submerged
plants, free-floating plant dominance in lakes
often leads to anoxia and biodiversity loss. Main-
tenance of a diverse macrophyte community in
shallow lakes thus seems important to facilitate
coexistence between plant-associated macroin-
vertebrates and fish and to allow linkage between
littoral, benthic, and pelagic habitats.
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