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Abstract

Different architectures in aquatic plants with different levels of morphological complexity provide environmental heterogene-
ity in freshwater ecosystems, and consequently influence invertebrate assemblages. We investigated the relative importance of
the structural complexity of macrophytes and environmental variables on the abundance and richness of the macroinvertebrate
assemblages associated with aquatic plants across the Esteros del Ibera. This protected wetland system located in Corrientes
(Argentina) is fed by rain. Macrophyte habitat complexity was quantified by measuring fractal geometry dimensions of area
and perimeter and plant biomass. We sampled macroinvertebrates associated with five species of macrophyte (Egeria najas,
Cabomba caroliniana, Potamogeton gayi, Eichhornia azurea and Salvinia biloba) in five shallow lakes during two different
seasons (dry and rainy) between 2007 and 2008. Regression analyses revealed that macrophyte structural complexity was an
important factor on macroinvertebrate assemblages, whereas explanatory power of environmental variables was low. In both
seasons, the fractal dimension of area was the variable with the highest explanatory power on richness, and plant biomass
was in the case of macroinvertebrate abundance. To conserve macroinvertebrate diversity in Esteros del Iber4, it would be
necessary to maintain the natural heterogeneity indicated by the different structural complexities of the macrophytes across
the wetland.

Keywords Freshwater ecosystem - Habitat complexity - Shallow lakes - Macroinvertebrates - Macrophytes - South
American Ramsar site

Introduction

Macrophytes play an important role in structuring communi-
ties in aquatic ecosystems. Vegetation type, and in particular,
its growth forms, with a particular architecture and structural
complexity, increase habitat heterogeneity and influence the
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composition and trophic structure of invertebrates occurring
in wetlands (Batzer and Wissinger 1996; Tessier et al. 2004)
and have a cascading effect on other communities (Meerhoff
et al. 2003). Plants exhibiting different morphology provide
shade and spatial complexity that may be important for
young fishes (Dibble et al. 1996).

Invertebrates play a crucial role in wetland food webs. In
many cases, they are the primary trophic link between plants
and fishes, amphibians or birds. Under the same limnological
conditions, the abundance of invertebrates is related to a suite
of factors, including plant morphology (Vieira et al. 2007,
Warfe et al. 2008; Mongao et al. 2012; Walker et al. 2013),
habitat complexity quantified by the fractal index (Thomaz
et al. 2008; Dibble and Thomaz 2009) and food availability
indicated by epiphytic biomass (Ferreiro et al. 2011). Differ-
ences in plant morphology and complexity at different scales
determine the architecture (Dibble et al. 2006) which can
influence the macroinvertebrate community. Previous stud-
ies have observed a significant relation between macrophyte
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complexity and structural parameters of the invertebrate
assemblages (McAbendroth et al. 2005; Thomaz et al. 2008;
Ferreiro et al. 2011; Mormul et al. 2011; Walker et al. 2013).
Habitats with high space-size heterogeneity support a greater
number of macroinvertebrate taxa (St. Pierre and Kovalenko
2014).

Cross-landscape studies have found a weak association
between invertebrate structure and emergent plant community
habitat (Batzer et al. 2004; Kratzer and Batzer 2007). Sub-
merged aquatic vegetation however together with environ-
mental variables, have been shown to be an important factor
influencing zooplankton community structure and functional
diversity of temperate lakes (Bolduc et al. 2016). An intensive
survey of submerged aquatic plants in temperate lakes (Cyr
and Downing 1988) revealed that the abundance of phytophil-
ous invertebrates is related to the biomass of macrophytes and
the average plant biomass per lake area.

We, however, have limited understanding of the influence
of habitat complexity on biotic assemblages in wetlands, and
even less knowledge of its effects on community and eco-
system attributes (Kovalenko et al. 2012). One of the major
reasons for this gap in our knowledge is the difficulty in quan-
tifying habitat structure in a way that allows for comparison
between different habitats and is relevant to the associated
fauna (Downes et al. 1998; Beck 2000). Further, sampling
methods are limited in their ability to generate accurate
quantitative estimates of invertebrate abundance; collection,
processing, and quantification of samples are also laborious
(Downing and Cyr 1985). Finally, classification of tropical and
subtropical invertebrate species is difficult for nonspecialists,
and descriptions of immature stages at the regional level are
very scarce (Jacobsen et al. 2008; Clarke et al. 2017).

In this study, we analyzed the changes in the richness
and abundance of macroinvertebrate assemblages associated
with five macrophytes with different structural complexity
within the Esteros del Ibera wetland across five vegetated
lakes during two seasons (dry and rainy) in the 2007-2008
period. We tested for the relative importance of the structural
complexity of macrophyte versus environmental variables on
invertebrate assemblages in two contrasting seasons.

We hypothesized that macroinvertebrate richness and
abundance might 1) differ among macrophytes that represent
a different range of fractal dimensions and biomass, and 2)
are affected by complexity to a greater degree than by other
environmental factors.

Methods
Study Site

The study was conducted in Esteros del Iberd, one of the
most pristine and largest inland wetlands of South America
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(12,000 km?). This subtropical wetland is located in Cor-
rientes Province (northeast Argentina, Fig. 1), between the
Parana and Uruguay Rivers (27°30-29°00°S and 56°25'-
58°00°W) although the wetland does not have superficial
connections with either of these rivers. The whole area is
protected as a provincial reserve and national park and,
one part of the wetland is recognized by the Ramsar Con-
vention as a habitat of international significance for breed-
ing and overwintering of birds, reptiles and mammals. The
wetland consists of a vast mosaic of marshes, swamps and
shallow lakes interconnected by streams of slow-flowing
water. The basin is fed by rain and limited drainage occurs
through Corriente River in the south of the system (Fig. 1),
due to the very flat slope (gradient around 1: 10,000) and
the large amount of vegetation accumulated in the basin.
Changes in the water level (between dry and rainy periods)
are the main vectors of biological changes in the Ibera
wetland (Poi et al. 2017). A previous study, using climate
projections coupled to hydrological models, predicted a
reduction in the extension of the wetland (Ijbeda et al.
2013) with potential effects on flora and fauna driven by
water level fluctuations.

In the lakes of Esteros del Ibera the number of species
of aquatic plants is high (161), but only a few of them
occupy extensive areas (Neiff et al. 2011). Macrophyte
species sampled were the rooted submerged: Egeria najas
Planch, Cabomba caroliniana A. Gray and Potamogeton
gavi A. Benn, the free-floating Salvinia biloba Raddi, and
the rooted with floating leaves Eichhornia azurea Kunth.
C. caroliniana and E. najas formed extensive beds in both
seasons while S. biloba and E. azurea were found in some
lakes during the rainy season and P. gavi in the dry season.
The macrophytes selected in this study represented species
that dominated extensive areas larger than 100 m? in the
lakes and were chosen because they exhibited different
levels of structural plant complexity.

We selected five shallow lakes (Galarza, Luna, Iber4,
Itati and Parand) based on accessibility (other lakes are
accessible only by air). Mean depths of the studied lakes
ranged from 1.2 to 3.2 m, and areas varied from 15 to
86 km? (Cézar et al. 2005, Table 1). The bottom of the
waterbodies is quite flat, even in open water areas, and
were made up of medium and fine sands covered by dif-
ferent thicknesses of organic debris. The rainy season
occurred from September to October 2007 (295.6 and
170.5 mm, respectively), whereas the dry season was
concentrated in January-February 2008 (22 and 43.5 mm,
respectively). The annual rainfall was similar in both years
(1033 and 1019 mm, respectively). All lakes were sampled
in both sampling campaigns, except Parana Lake, which
due to bad weather conditions and difficulties in access
could only be sampled in February 2008.
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Fig. 1 Esteros del Ibera wetland. Black thick lines indicate the wetland border. The location of the shallow lakes of the present study are indi-

cated (adapted from Neiff et al. 2011)

Table 1 Morphological parameters and environmental variables of
lakes in Esteros del Ibera. Taken from Neiff et al. (2011)

Luna Galarza Ibera Parana  Itati
Mean depth (m) 22 1.7 3.2 1.2 1.8
Area (km?) 86.0 16.5 58.1 15.5 3.2
Width/Length Ratio 0.7 07 0.3 0.1 0.2

Wind-induced resus-
pension

High Very High Medium Medium Low

Environmental Variables

Physical-chemical characteristics were measured at each
sampling site between 10 and 12 h. Water temperature,

electrical conductivity and dissolved oxygen concen-
tration were measured with an YSI 54A Water Quality
probe (YSI Incorporated, Yellow Springs, USA) and pH
was recorded using a WTW 330/SET-1 digital pH-meter.
A Secchi disk was used to measure water transparency.
Water samples taken subsurface were collected for nutrient
and chlorophyll analysis. In the laboratory, these samples
(1 L) were filtered through pre-washed Gelman DM-450
membrane filters (0.45 pm pore) for nutrient analyses
within 1-2 h of collection. Spectrophotometric methods
were used for determination of NH4™! (indophenol blue
method), NO3™ + NO2~ (called NO37) by Cd reduction
and orthophosphate called Phosphate (molybdenum blue
method) with persulfate oxidation (APHA 1995). Total nitro-
gen was calculated as the sum of NH4*! NO3~ and NO2~.
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The chlorophyll-a concentration was determined by filtration
of 0.5 L onto Whatman GF/C filters (0.7 pm, 47 mm). Fil-
ters were stored frozen at —20 °C until extraction with 90%
acetone solution in darkness for 24 h at 4 °C. The extract was
then measured by the fluorometric method (APHA 1975).

Determination of Macrophyte Fractal Dimension

To determine fractal dimensions, four representative por-
tions of each macrophyte species were submerged in a
container with clear water and photographed with a SONY
DSC-HX1 (20 megapixels, zoom lens G 5.0-100.0 mm)
digital camera, capturing an area of 100.47 x 150.71 cm?.
For E. azurea, only the roots were considered because they
represented the dominant structure in the water column
(Thomaz et al. 2008; Dibble and Thomaz 2009), which
provides substrate for aquatic invertebrates. Selected TIFF
images were transferred to grayscale and bit maps to produce
black and white images using Adobe Photoshop CS6 Ver-
sion 13 x 64, and then were modified to adjust background
shades to improve the resolution of plant features (Dibble
and Thomaz 2009). Because the fractal dimension of area
(D,) and perimeter (Dp) may represent different properties
of macrophytes (McAbendroth et al. 2005), we calculated
both estimators of the fractal dimensions with the pro-
gram ImageJ 1.49 v (Rasband 2015) using the box count-
ing method (Sugihara and May 1990) with a series of grid
sizes of 2, 4, 6, 8, 12, 16, 32, 64, 128 and 256 pixel widths
(Thomaz et al. 2008).

Macrophyte and Macroinvertebrate Sampling

Samples were collected within each macrophyte bed using
a frame net of 35 cm diameter (962 cm?) and 500 pm mesh
size (Poi de Neiff and Carignan 1997; USEPA 2002). The
net with a 1.5 m long handle, operated from a boat, was
vertically immersed in the water between the water surface

to 50 cm deep and then lifting it into a horizontal position
capturing invertebrates and macrophytes alike. In the bed
of submerged macrophytes it was necessary to trim the
stems.

We collected three replicate samples of 10 lake/macro-
phyte combinations (Table 2) for each sampling date (Octo-
ber 2007 and February 2008) which represent a diverse
range of environmental variables and macrophyte complexi-
ties, for a total of 60 samples. All samples were collected
within 50 cm of the surface to reduce variation due to dif-
ferences in water quality and amount of radiation between
the surface and bottom.

The invertebrates were separated from the plants by
washing the sample on sieves, and the animals retained by
a 500 pm sieve were preserved in 80% ethanol and then
identified and counted under a stereoscopic microscope. The
searching though detritus and plant material for invertebrates
took the most time during the counts. The plants (free of
macroinvertebrates and detritus) were drained on a sieve
for 24 hs and afterwards, oven-dried at 105 °C for 72 h to
determine plant biomass. Prior to drying, macrophytes were
carefully examined under a watchmaker’s magnifying glass.
This procedure allowed to find invertebrates attached to the
plants (funnel building midge larvae of Rheotanytarsus, lar-
val cases of some Trichoptera and pupae of Ceratopogoni-
dae), these stages and features provided additional informa-
tion for generic classification. For Odonata, the nymph of
some genera were identified by rearing out the nymphs in the
laboratory. Taxonomic determinations of macroinvertebrates
were carried out at genus level following Angrisano (1992);
Lopretto and Tell (1995); Trivinho-Strixino and Strixino
(1995); Michat et al. (2008); Dominguez and Fernandez
(2009); Libonatti et al. (2011) and other taxonomic refer-
ences given in Ramirez (2010). The invertebrate assem-
blages were quantified as abundance (number of individu-
als per mz) and richness, which was calculated as the total
number of genera encountered in a sample (962 cm?). To

Table 2 Ten lake/macrophyte combinations for each sampling date with three replicate samples (n=30). Number indicate the abundance (Ind./

m?) and+ SD (n=3) for each sampling data (February and October)

February Ind./ m?

October Ind./ m?

. Egeria najas. Ibera Lake 23,222 + 2584.4
6866.2 + 1416
3066.5 + 634.9
4407.5 £ 675.6
5806.8 + 634.2
6382.9 + 1330.5
15,027.7 + 2852
10,190.6 + 2235
4480.2 + 1284

57242 + 1720

. Egeria najas. Parana Lake
. Cabomba caroliniana Ibera Lake

. C. caroliniana Luna Lake

1

2

3

4

5. C. caroliniana Galarza Lake
6. C. caroliniana Itati Lake

7. C. caroliniana Parana Lake
8. Potamogeton gayi Ibera Lake
9. Potamogeton gayi Itati Lake

10. Potamogeton gayi Parana Lake

. Egeria najas Ibera Lake 25,467.8 +4.324.3
21,685 +6173.1
40,131.2 + 14,407.5
11,424.1 + 2646.8
19,598 + 4698.6
17,356.2 + 4251.6
12,851.7 + 3274.4
15,020.8 + 304.6
20,509.3 + 6757.2

18,598.7 + 4719.4

. Egeria najas Luna Lake
. Egeria najas Itati Lake

. C. caroliniana Ibera Lake

1

2

3

4

5. C. caroliniana Luna Lake

6. C. caroliniana Galarza Lake
7. Salvinia biloba Galarza Lake
8. S. biloba Itati Lake

9. Eichhornia azurea Ibera lake

10. E. azurea Itati Lake
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facilitate comparisons with other studies, the Shannon—Wie-
ner diversity was also calculated.

Statistical Analysis

To characterize complexity provided by the different archi-
tectures of macrophytes we used the fractal dimensions
of area (D,) and perimeter (Dp), and the plant biomass
(Table 4). A nonparametric analysis of variance (Kruskal-
Wallis test) was used to detect significant differences in the
environmental variables among the lakes and in the abun-
dance and richness of macroinvertebrates among 10 lake/
macrophyte combinations for each season. Single-factor
analysis of variance with post hoc Tukey test was used to
assess differences in the fractal dimensions of area (D,) and
perimeter (Dp), and the plant biomass among the five species
of macrophytes.

Simple linear regressions were used to test the relation-
ships between D, Dp and plant biomass on macroinverte-
brate abundance and richness. Multiple regression analyses
were performed for each season to relate macroinvertebrate
abundance and richness to the measured complexity attrib-
utes, including: D,, Dp, plant biomass and physical-chem-
ical variables in the lakes. To avoid multicollinearity, only
explanatory variables with a correlation factor below 0.7
were kept in the multiple regression analyses. For this rea-
son, the effect of D, and Dy on abundance and richness was
measured separately in the multiple regressions of the dry
period (February). Prior to this analysis, macroinvertebrate
abundance (ind./m?) data were standardized through loga-
rithmic transformation (log x +1). All statistical analyses
were performed using InfoStat (Di Rienzo et al. 2018) and
PAST 2.08 (Hammer et al. 2001) and statistical significance
was evaluated (p < 0.05).

Beta diversity was estimated for each season as an inte-
grator of habitat heterogeneity across the Esteros del Ibera
wetland using the Whittaker index with the modification
introduced by Harrison (Magurran 2004):

By, = {(S/a)-1}/(N — 1).100

where: S =total number of species recorded, a =mean spe-
cies richness, and N =number of sites. The measure ranges
from O (no turnover) to 100 (every sample has a unique set
of species).

The similarities among the macroinvertebrates from the
different macrophyte complexities and seasons were meas-
ured by the Euclidean distance using Hellinger transforma-
tion (square root of the abundance), which is appropriate for
beta diversity assessment (Legendre and De Caceres 2013).
The Hellinger transformation allows the reduction of the
relative weight of abundant species in the analysis.

Results
Environmental Variables

Water temperature was generally high (24.6 - 32.1 °C)
across the lakes, and the pH was slightly acidic or neu-
tral. Both variables did not show significant differences
among lakes in October or February (Table 3). Conduc-
tivity (range between 8.6 and 62.7 uS.cm™') was signifi-
cantly different among the lakes, and had the lowest values
during the rainy period (October, Table 3). The dissolved
oxygen concentration varied between 3.8 and 8.5 mg/L in
the rainy period, and only showed significant differences
among lakes in the dry period (February, Table 3). Nutri-
ents varied little among the lakes, except for total nitro-
gen in Iberd Lake, which registered the highest nitrogen
concentration, being an order of magnitude higher than
in the rest of the lakes (Table 3). This lake also showed
the highest chlorophyll-a concentrations, and low water
transparency during the dry season. The water transpar-
ency showed significant differences among lakes in both
seasons (Table 3).

Macrophyte Structural Complexity

The morphological traits of the selected macrophytes (E.
najas, C. caroliniana, P. gayi, E. azurea and S. biloba)
are summarized in Table 4. The fractal dimension of the
area (D,, Table 4) decreased following the sequence S.
biloba > E. najas > C. caroliniana > E. azurea roots > P.
gayi. The differences in D, among the selected macro-
phytes were significant (ANOVA, Tukey’s post hoc test,
F=20.81, P>0.0001, n=20), although E. najas and C.
caroliniana did not differ significantly from each other
(Table 4). When the fractal dimension of the perimeter
was considered (Dp, Table 4), both S. biloba, E. azurea
and C. caroliniana had similar plant architecture, whereas
Dy value of E. najas and P. gayi differed significantly of
the other macrophytes (ANOVA, Tukey’s post hoc test,
F=21.70, P>0.0001, n=20). The three rooted submerged
species have different leaf features (whorled in E. najas,
palmatisects in C. caroliniana and taped sheet leaves in
P. gayi). Of all macrophytes studied, P. gayi had the sim-
plest structure and the lowest fractal dimension value of
both area and perimeter, whereas S. biloba had the highest
values (Table 4). The linear regression between Dp and Dy
was not significant (r?=0.47, P=0.118), when the data of
all studied species were pooled.

The rooted emergent plant E. azurea, with long float-
ing stems and secondary submerged roots coming from
stem nodes, accounted for the highest mean plant biomass
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Table 3 Physical and chemical
variables of the studied lakes
in the dry (F) and rainy (O)
seasons. Where: F is February,
O is October, Bdl is below
detection limit. In the last
column are the p value from the
inter-lake comparisons of each
variable with a non-parametric
analysis of variance (Kruskal-
Wallis test). Significant
differences are in bold

Date Ibera Galarza Luna Parana Itati “p value
Temperature (°C) F 288+ 1.1 292+34 30.1+2.0 28.7+2.1 283+09 0.3177
o 255+1.7 261+02 270+14 - 25.7+0.5 0.3392
Dissolved oxygen (mg/L) F 77407 73+£005 6.1+23 47+£22 14=+1.1 0.0228
o 6.6+22 T74+1.1 59+2.1 - 62+09 0.4251
pH F 71+08 69+03 6.8+0.2 75+02 64+02 0.1356
(¢ 6.7+06 63+02 6.7+0.2 - 6.3+0.1 0.0979
Conductivity (uS/cm) F 203 +5 140+6 16.0+8 255+1 497+13 0.0271
(0} 155+5 8.8+0.2 93+1.0 - 323+6  0.0239
Transparency (m) F 05+0.05 1.1+03 0.85+02 13+05 1.13+0.1 0.0407
(6] 0.62+0.1 0.67+0.08 0.36+0.1 - 1.16+0.1 0.0049
Total phosphorus (pg/L) F 418+17 239+15 332+90 358+6.2 20.2+3.1 0.0685
(e} 18.1+88 14.0+69 194+102 - 10.6+1.5 0.1994
Total nitrogen (pg/L) F 122.8 +97 33+1.7 Bdl 51.6+41 48.6+37 0.0205
0} 143 +7 162+11.0 92.3+58 - Bdl 0.0194
Chlorophyll-a (pg/L) F 266+7.6 5+0 5+0 33+25 33+15 0.0212
(0} 11+9 5£0 6.5+13 - Bdl 0.0419

Table 4 Morphological traits of aquatic plants that characterize the
macrophyte habitat heterogeneity recorded in each macrophyte specie
in the both season studied (rainy and dry). Mean values and standard

error (S.E.) are presented for plant biomass, D, (fractal dimension of
the area) and D, (fractal dimension of the perimeter). Different letters
indicate means statistically different (Tukey’s test, p<0.05)

Traits E. najas C. caroliniana P. gayi E. azurea S. biloba

Size (m) <2 0.30-0.80 (upto 10)  0.5-1.5 05-1 <0.15

Growth form Rooted, submerged  Rooted, submerged Rooted, Submerged Rooted, emergent Free-floating, Surface
and/or floating leaves and/or floating leaves
leaves leaves

Frond /leaf blade area Small (< 1) Medium (1- 20) Medium (1- 20) Large (20- 100) Medium (1- 20)

(cm?)
Plant biomass (g/m?) 175.16 £ 55.66%° 149.84 +75.52%

Submerged fronds/roots — -

length (cm)
D, 1.81+0.02% 1.80+0.05"
Dp 1.44+0.03 1.55+0.05°

169.96 +55.13%
Dissected fronds

293.27 +85.56"
Secondary roots

112.09+5.56*

5-100 2.10-5.30
1.56+0.08% 1.74 +0.025 1.84+0.04°
1.33+0.03* 1.57 £0.05%* 1.58+0.05¢

*Fractal dimensions of E. azurea roots

per m%, whereas P. gayi showed the lowest (Table 4). The
biomass of both species differed significantly (ANOVA,
Tukey’s post hoc test, F =2.85, P > 0.05). The means of
E. najas, C. caroliniana and S. biloba were not significant
different (Table 4). However, the biomass of each macro-
phyte was highly variable across lakes and seasons, which
could be related to both the degree of plant cohesion and
the effect of wind.

Abundance and Richness of Macroinvertebrate
Assemblages

The total number of individuals collected was 83,129, dis-

tributed among a total of 40 families and 62 genera of mac-
roinvertebrates (SI Table 1) during the two study periods:

@ Springer

43 genera in February (dry season) and 56 genera in Octo-
ber (rainy season). Only few genera were abundant (SI
Table 1), while many (27) comprised less than 1% of the
total macroinvertebrates.

The mean macroinvertebrate abundance of 10 lake/
macrophyte combinations (Table 2) for each sampling date
varied between 3062 and 23,222 ind./m? (February) and
between 11,320 and 40,031 ind./m> (October). Macroinver-
tebrates richness ranged between 16 and 33 taxa per sample
in the dry season and between 20 and 37 taxa in the rainy
season. The linear regression between abundance and rich-
ness (Fig. 2) was weak in February (R*=0.23, F=8.05,
P=0.07, n=30) and October (R*=0.01, F=0.38, P=0.543,
n=30). The Shannon—Wiener diversity index ranged from
1.91 to 2.33 in February and from 0.96 to 2.49 in October.
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The fractal dimension of area was correlated with rich-
ness in February (R2 =0.59, F=40.86, P< 0.0001, n=30)
and October (R2=0.41 ,F=19.4, P< 0001, n=30; Fig. 3).
In both seasons, the linear regression showed similar trends;
therefore, we present the results pooled in Fig. 3 (R>=0.49,
F=55.6, P<0.001, n=060) to allow a better coverage of the
complexity gradient. At the highest complexity, the mean
richness was 40 and at the lowest complexity was 18.1; the
difference in the complexity gradient was 45%.

The fractal dimension of perimeter was weakly corre-
lated with richness in the dry season (R?=0.20, F=7.19,
P < 0.01) and in the rainy season (R2 =0.04, F=1.5,
P < 0.314). During the dry season C. caroliniana (highest
Dp) had lower taxa richness than E. najas in lakes where the
beds of both species coexisted. S. biloba had the highest taxa
richness during the rainy season but E. azurea (with similar
Dp) did not. Both measures of fractal dimension (D, and

Dp) were unrelated to invertebrate abundance. Not surpris-
ingly, the correlation between plant biomass and macroin-
vertebrate richness was weak and not significant in Febru-
ary (R?=0.05, F=1.51, P=0.22) and October (R?=0.08,
F=248, P=0.126).

Plant biomass was significantly correlated with mac-
roinvertebrates abundance (Fig. 4) in February (R?=0.41,
F=19.43, P=0.0001) and October (R*=0.37, F=5.91,
P=0.002). The multiple regression with D, alone (Table 5a)
indicated that the model explained 69% of the variability in
macroinvertebrate abundance (R? adjusted =0.626, F=10.4,
P < 0.0001, n=30) in February, with plant biomass as the
variable with greatest explanatory power. The coefficient of
determination (R?) for transparency, nitrogen and dissolved
oxygen was high and significant (Table 5a). The multi-
ple regression model with Dp as fractal dimension alone,
explained 61.2% (R2 adjusted=0.531, F=7.57, P < 0.0001,

Fig.2 Relationship between 105 9.0
macroinvertebrate abundance February s October
and richness in February 85 - L4
(n=30) and October (n=30) I °
o
5 8,0 °
c [ ] o
=] ° [ ]
g —e gt
o> 751 °
IS; L] ®
3 ° [
° ° e o °
7,04 [ ]
e o *
75 T T T 6,5 T T T T T T T
28 30 34 36 29 30 31 32 33 34 35 36 37
Log (Richness) Log (Richness)
Fig. 3 Relationship between 3,8
fractal dimension of the area
(D,) and macroinvertebrate
richness with the dates of 36 A
February and October pooled ’ %
(n=60) to allow a better cover- O v
age of the complexity gradient
™ 3,4 1 g \%
n
(O]
c
<
O 32 A
o
> /A
(@]
o Y/
— 3,0 A ]
O A
(]
2 -
8 o
2,6 T T T T T T

1,50 1,55 1,60

& E.azurea v S biloba 4 C. caroliana

1,65 1,70 1,75 1,80 1,85 1,90
DA

@ Pgayi © E najas

@ Springer



105 Page8of13

Wetlands (2021) 41: 105

Fig.4 Relationship between
plant biomass and macroinver-
tebrate abundance in February
(n=30) and October (n=30)
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Table5 Results of a multiple regression analysis relating the log
abundance of macroinvertebrate and the log of macroinvertebrate
richness to selected environmental variables and macrophyte struc-
tural complexity (D,, Dp and plant biomass) in February. In a: results
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Plant biomass

13

O P.gayi < E. azurea Vv S biloba

for D, alone (n=30), D, was removed to avoid multicollinearity). In
b: results for Dp alone (n=30), D, was removed to avoid multicollin-
earity. Variables with the highest explanatory power are in bold

Variables Coefficient SE T P Partial R? Coefficient SE T P Partial R?
a Abundance Richness

Intercept -1.202 1.337 —0.899 0.378 0.474 0.433 1.096 0.284

D, 1.798 0.625 2.878 0.008 1.109 1.406 0.202 6.954 0.0001 0.678
Biomass 1.560 0.392 3.981 0.001 2.121 0.021 0.015 1.371 0.183 0.026
Oxygen 0.121 0.048 2.526 0.019 0.854 -0.012 0.015 —0.755 0.458 0.008
Transparency 0.181 0.047 3.854 0.001 1.988 —0.001 0.127 —0.007 0.994 0.000
Nitrogen 0.009 0.002 3.718 0.001 1.850 0.001 0.001 1.381 0.180 0.027
b Abundance Richness

Intercept —0.052 1.787 —0.029 0.977 0.791 0.738 1.072 0.294

Dp 1.168 0.885 1.321 0.199 0.293 1.235 0.365 3.381 0.002 0.327
Biomass 0.197 0.053 3.740 0.001 2.349 0.035 0.022 1.614 0.120 0.075
Oxygen 0.132 0.054 2.447 0.022 1.005 0.000 0.022 —0.003 0.998 0.000
Transparency 1.592 0.458 3.474 0.002 2.026 0.077 0.189 0.408 0.687 0.005
Nitrogen 0.009 0.003 3.060 0.005 1.571 0.001 0.001 1.200 0.242 0.041

n=30) of the variability, and the selected environmental
variables were the same as in D, (Table 5b). In October
(Table 6), the model explained 47% of the variability (R?
adjusted =0.364, F=4.31, P < 0.006, n=30), and just one
variable (plant biomass) was significantly related to mac-
roinvertebrate abundance. The environmental variables and
D, had no effect on the abundance of macroinvertebrates in
the rainy season (Table 6).

The multiple regression relationship between macroin-
vertebrate richness and environmental variables and mac-
rophyte complexities was significant and indicated that D,
was the variable with greatest explanatory power in both
seasons. In February (Table 5 a and b) the model explained
69.1% of the variability with D, as fractal dimension alone
(R2 adjusted=0.626, F=10.72, P < 0.0001) and decreased
to 36.9% with Dp alone. (R* adjusted=0.237, F=2.80,
P < 0.01). In October, D, transparency and Dp explained
72% the variability in macroinvertebrates richness with

@ Springer

greatest explanatory power of D, (R? adjusted =0.663,
F=12.42, P< 0.0001, Table 6). The correlation matrix of
the multiple regression analysis were in SI Tables 2, 3 and 4.

The Shannon—Wiener diversity index showed no rela-
tionship with the macrophyte complexities variables (D,_
Dp and plant biomass) in February. Only D, was correlated
with diversity (R2=0.53, F=8.91, P< 0.01) in October.
The turnover rate of macroinvertebrate richness estimated
with the Whittaker index was relatively low in February
(B=9.2%) and October (p=13.19%). A higher value was
recorded in October due to the greater number of plant life
forms considered (submerged, free floating and rooted with
floating leaves plants) in this season.

The dendrogram derived from the cluster analysis of the
relative abundance of macroinvertebrates genera identified
five groups (Fig. 5). Grouping provided a good interpretation
(Cophenetic correlation coefficient=0.928) of the relative
effect of macrophyte structural complexity and seasonality.
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Table 6 Results of a multiple regression analysis relating the log of
macroinvertebrate abundance (n=30) and log of macroinvertebrate
richness (n=30) to selected environmental variables and macrophyte

structural complexity (D,, Dp and plant biomass) in October. Con-
ductivity was removed to avoid multicollinearity. Variables with the
highest explanatory power are in bold

Abundance Richness

Variables Coeff. SE T P Partial R? Coeff. SE T P Partial R?
Intercept 9.808 5.753 1.705 0.101 6.561 1.691 —3.880 0.001

D, 0.336 2.633 0.128 0.899 0.002 4.531 0.774 5.854 < 0.0001 0.337

D, -2.250 1.127 —-1.996 0.057 0.453 0.789 0.331 2.381 0.026 0.056
Biomass 0.038 0.016 2.36 0.026 0.636 0.008 0.005 1.701 0.102 0.028
Transparency -0.272 0.390 —0.698 0.492 0.055 0.331 0.115 2.889 0.008 0.082
Nitrogen -0.004 0.053 —1.008 0.323 0.116 0.001 0.001 0.809 0.427 0.006

The macroinvertebrates living on S. biloba from different
lakes showed a high degree of similarity. This free-floating
plant had a high proportion of Ceratopogonidae larvae (SI
Table 1) and high richness of Coleoptera and Hemiptera
genera (SI Table 1). Assemblages associated with E. azurea
were dominated by Reotanytarsus larvae (Chironomidae)
and Hyalella sp. (SI Table 1) and were segregated from the
rest (Fig. 5). Macroinvertebrates associated with P. gayi in
the different lakes were segregated from the rest with lower
affinity than those associated with E. azurea, C. caroliniana
and S. biloba (Fig. 5). Assemblages for the rest of submerged
plants were grouped according to seasonality.

Discussion

Our results showed that macrophyte structural complexity is
an important factor influencing not only macroinvertebrate
richness but also macroinvertebrate abundance. The frac-
tal dimension of area (D,) was the variable with greatest
explanatory power on taxa richness and plant biomass on
macroinvertebrate abundance. The most important finding
was that these variables explained the structure of the mac-
roinvertebrate assemblages in both seasons, so it was not
affected by seasonal change.

Previous studies suggest that aquatic plants with more
complex architectures support a higher abundance and dif-
ferent array of invertebrates than plants with simpler shapes,
but not a greater number of taxa (Dibble and Thomaz 2009;
Ferreiro et al. 2011; Walker et al. 2013). Thomaz et al.
(2008) found that structural complexity measured by fractal
geometry in some species of macrophytes included in this
study affected both abundance and richness of invertebrates.
Similar results were obtained by Mormul et al. (2011) in an
experiment with artificial substrates simulating submersed
macrophytes.

In this study, we used the fractal dimensions, discrimi-
nated as D, and Dp, and the plant biomass to character-
ize complexity provided by the different architectures of

macrophytes that grew in monospecific stands. We found
that values of D, were major than those of Dp, a fact that
also observed by Ferreiro et al. (2011) and McAbendroth
et al. (2005). During the rainy season, the highest D, was
found in the free floating plant S. biloba, which also pre-
sents a greater ranges of microhabitats for invertebrates (sub-
merged and floating aerial fronds) than submerged plants or
E. azurea roots. In the dry season, E. najas had the highest
fractal dimension of area. The shape of the leaves in the
case of E. najas (leaf entirely arranged in whorls) allows
a greater retention of organic matter than other submerged
macrophytes; in fact, this was observed when the samples
were sieved (unmeasured data). This detritus, together with
periphyton biomass, is an important source of food for inver-
tebrates and could contribute to explaining the differences
found in terms of the richness of invertebrates, especially in
systems with a high concentration of organic matter, such
as the Ibera wetland. S. biloba and E. najas have a high taxa
richness in the studied lakes, therefore it is not surprising
that D, had positive relationship with taxa richness in both
seasons. In another rain feed lake of Northeast Argentina
(Gallardo et al. 2017), S. biloba supported a greater number
of taxa and higher number of macroinvertebrates per plant
dry weight than E. najas.

Because we not found correlation between macroinverte-
brate richness and abundance, we conclude that the effects of
fractal dimensions on richness measured in our investigation
are not related to effects of organism abundance.

Our results indicate that the impact of D, on macroin-
vertebrate richness was higher than D,,. A high significant
correlation and a difference of 45% in the complexity gra-
dient D -richness support this conclusion. Furthermore,
the difference between the relationships richness-D, alone
and richness-Dp alone was 32.1% in the multiple regres-
sion model of the dry period. In other words, submerged
plants with finely dissected leaves (C. caroliniana) and
high D, did not support greater taxa richness than other
submerged plants. A bulk fractal, of area occupancy (D,)
and a boundary complexity fractal (Dp) provide subtly
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Fig.5 Cluster analysis based on
Euclidean distance (UPGMA
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different information and potentially meaningful for mac-
roinvertebrates associated with macrophytes. Both fractal
measurements may indicate differences in the size of the
gaps and spaces within plant beds for refuge of the inverte-
brates as well as in the colonization by the periphyton and
in the retention of organic matter, which have an effect on
the richness of taxa.

McAbendroth et al. (2005), who explicitly discrimi-
nated the effect of D, and D, indicated that both com-
plexity measures in mixed macrophyte stands were unre-
lated to invertebrate taxa richness. Other authors found a
relationship between D, and the total number of individu-
als expressed per unit dry weight of plants (Ferreiro et al.
2011), and the densities of Annelida and Odonata (Dibble
and Thomaz 2009). However, in our study, abundances of

@ Springer

E. azurea 4

macroinvertebrates were not related to fractal dimension
measures.

In contrast to plant complexity, plant biomass was a
significant predictor of macroinvertebrate abundance in
the Esteros del Iberd wetland. Previous studies demon-
strated that the abundance of phytophilous invertebrates
is related to the biomass of submerged plants (Cyr and
Downing 1988). In floodplain lakes of the studied area,
taxa richness of macroinvertebrates of seven plants with
different architecture were related to plant biomass (Poi de
Neiff and Neiff 2006). More recently, other studies indi-
cated that macrophyte biomass affects macroinvertebrate
richness primarily through increasing organism abundance
rather than by providing distinct habitats for more taxa (St.
Pierre and Kovalenko 2014).
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Plant complexity measures (D, Dp and plant biomass)
had no effect on the diversity of taxa, except for D, in the
rainy season. The Shannon diversity index was not useful for
the measurement of the changes in the studied lakes, as the
macroinvertebrate assemblages had few dominant taxa, and
the rest were present in smaller proportions.

The explanatory power of environmental variables on
richness was low. Water transparency, nitrogen content and
dissolved oxygen had an effect on the abundance of mac-
roinvertebrates in the dry season. The homogenization effect
on environmental variables during the rainy season by the
dilution of the water after the rainfall has been described
for Esteros del Ibera lakes (Poi et al. 2017). This fact is
especially apparent in dissolved oxygen concentration and
conductivity, which in some lakes are among the lowest for
freshwater environments in South America.

The low beta diversity, measured across seasons, indi-
cated that macroinvertebrate taxa richness changed little
across Iberd. However, the relative abundance of some gen-
era differed between macrophyte complexities and seasons,
which is reflected by the similarities indicated by cluster
analysis from quantitative data. Macroinvertebrate assem-
blages of S. biloba and E. azurea were differentiated from
that of other aquatic plants, regardless of the environmental
variables. These results revealed the importance of the struc-
tural macrophyte complexity on the relative abundance of
macroinvertebrates. The macroinvertebrate assemblages of
C. caroliniana were grouped only in the dry period. Segre-
gation of submerged plants according to seasonality is not
surprising because different taxa were found in February
and October.

The results of this study revealed that the structural com-
plexities of macrophytes that have extensive monospecific
beds across the Esteros del Iberd were the main factors
explaining the structure the macroinvertebrate assemblages.
These conclusions were not affected by the seasonal change
studied. More complex beds had greater invertebrate rich-
ness, this being particularly true when structural complex-
ity was estimated using a bulk fractal (D,). Macrophyte
complexity affected macroinvertebrate richness to a greater
degree than other environmental factors, thus the hypothesis
two is accepted. Environmental variables had an effect on
macroinvertebrates abundance only in the dry period. To
conserve macroinvertebrate diversity in Esteros del Ibera,
it would be necessary to maintain the natural heterogene-
ity indicated by the different structural complexities of the
macrophytes across the wetland.

The present study only refers to some aspects of the
macrophyte structural complexity that may not be the most
important for the organisms that use the habitat. Future stud-
ies could incorporate other aspects of habitat complexity and
heterogeneity such as leaf and stem configuration or space-
size heterogeneity, which could be related to how animals

perceive and use their environment (Dibble et al. 2006; St.
Pierre and Kovalenko 2014).

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s13157-021-01508-4.
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