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Abstract 24 

Macrophytes play an important role in the functioning and structuring of aquatic environments 25 

but rapid mass development of invasive macrophytes is causing global concerns. 26 

Macroinvertebrate richness and abundance are strongly influenced by macrophytes as 27 

macrophytes offer habitats and food resources, increase structural heterogeneity, and provide 28 

refuges. Meanwhile, the presence of macrophytes affects the efficiency of standard sampling 29 

methods for macroinvertebrates. These effects are not well studied but are leading to biased 30 

management decisions. To fill in this knowledge gap, we analysed macroinvertebrate 31 

communities from four lakes in four countries in Europe and Africa with mass development of 32 

invasive macrophytes. We compared macroinvertebrate communities in sediment samples 33 

from a plant-free part of the lake with those in sediment and sweep samples taken within 34 

macrophyte stands. We showed that taxa richness and density were higher in sediment samples 35 

beneath invasive macrophyte stands compared to plant-free habitats. Unique taxa were found 36 

in each sample type. Sampling efficiency of each sampling method varies greatly across lakes 37 

especially when replication is low. The taxonomic richness of macroinvertebrates within 38 

invasive macrophyte stands is often underestimated compared to open water sections with the 39 

same number of samples. To reach a high sampling coverage, a higher number of samples is 40 

necessary for sampling within invasive macrophytes. Our findings call for the development of 41 

a method that allows for comparable sampling within and outside of macrophyte stands. Such 42 

method will be the foundation for future research and management of aquatic systems. 43 

  44 
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Introduction 45 

Macrophytes play a crucial role in the structuring and functioning of freshwater systems. In the 46 

last decades, growth and abundance of macrophytes have increased globally due to 47 

anthropogenic impacts like eutrophication (Verhofstad et al., 2017). The fact that invasive 48 

macrophytes can rapidly inhabit a complete aquatic system by forming dense mats is of great 49 

concern (Hussner et al., 2017; Strayer, 2010). The presence of dense macrophyte stands, often 50 

hinders or interferes with important socio-economic activities (e.g., boating, swimming, 51 

fishing, clogging of hydropower plants). Thus, in recent years, macrophytes have become an 52 

important target in water management and are often removed at high costs (Hussner et al., 53 

2017; Thiemer et al., 2021). 54 

Apart from affecting important socio-economic activities, macrophytes also have a 55 

strong effect on the ecology of freshwater ecosystems, changing population dynamics of other 56 

aquatic organisms and their interactions, including macroinvertebrates (Burks et al., 2006). 57 

These effects on macroinvertebrates vary depending on the plant species, life form, structural 58 

complexity and density (Ferreiro et al., 2014; Taniguchi et al., 2003; Thomaz et al., 2008; 59 

Walker et al., 2013). 60 

The most direct positive effect of macrophytes on macroinvertebrates is the provision 61 

of structural complexity and heterogeneity in aquatic systems (Scheffer, 2004; Thomaz et al., 62 

2008). Complex structures have been shown to support higher invertebrate richness and 63 

abundance compared to less complex structures. This may be due to complex structures 64 

providing more microhabitats and creating new niches for small invertebrates (Labat et al., 65 

2022; Morse et al., 1985; Taniguchi et al., 2003; Thomaz et al., 2008). Alternatively the higher 66 

abundance could be linked to reduced predation, as complex structures offer refugia for 67 
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invertebrates (Balci and Kennedy, 2003; Dahl and Greenberg, 1997; Sato et al., 2014; Warfe 68 

and Barmuta, 2004). 69 

Macrophytes are important primary producers and produce oxygen via photosynthesis. 70 

As a result, waterbodies with macrophytes often have increased fluctuations of dissolved 71 

oxygen (DO) concentrations (daily and seasonal) than open water sites (Caraco et al., 2006; 72 

Frodge et al., 1990), with periods of low DO availability at nights and during warm periods. 73 

Increased dark respiration of macrophytes and of the attached biofilm (Żbikowski et al., 2019) 74 

as well as reduced oxygen exchange and transportation due to low mixing in macrophytes can 75 

lead to hypoxia (Caraco and Cole, 2002; Vilas et al., 2017). Many macroinvertebrate species 76 

depend directly on the availability of dissolved oxygen for their survival and low oxygen levels 77 

can critically change their diversity, community composition and biomass (Chapman et al., 78 

2004; Dodds and Whiles, 2019; Verberk and Bilton, 2013). 79 

Moreover, macrophytes act as food sources for herbivorous and omnivorous 80 

macroinvertebrates. Traditionally, herbivory on macrophytes has been considered insignificant 81 

(Lodge, 1991; Mann, 1988; Newman, 1991), but this assumption has been proven wrong. 82 

Different studies showed that herbivory on aquatic plants exceeds herbivory in terrestrial 83 

systems (Cyr and Face, 1993; Wood et al., 2017). Besides being a direct food source, 84 

macrophytes also provide habitats for epiphytic algae which are being grazed at high rates (Cyr 85 

and Face, 1993; Wolters et al., 2019). Typical herbivores that can be found living and grazing 86 

on macrophytes and epiphytic algae are larvae of aquatic insects such as Lepidoptera, 87 

Trichoptera, Diptera, Gastropoda, Oligochaeta and Crustacea (Cattaneo et al., 1998; Dehedin 88 

et al., 2013; Jacobsen and Sand-Jensen, 1992; Li et al., 2009). 89 

Macrophytes can have both positive and negative effects on macroinvertebrates, 90 

affecting taxonomic richness and abundance compared to plant free sections. Such differences 91 
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may not be well-captured by the standard sampling protocols. A great variety of methods are 92 

used to sample benthic macroinvertebrates in lentic systems, depending on the waterbody 93 

types. In wadable systems, a hand net can be used to sweep through the sediment (García-94 

Criado and Trigal, 2005; Labat et al., 2022; Porst et al., 2016), while in deeper lakes, grab 95 

samples and core samples are the standard methods for sampling benthic macroinvertebrates 96 

(Blomqvist, 1991; Jónasson, 2004; Ntislidou et al., 2018; Sly, 1969). However, there is a lack 97 

of commonly accepted sampling methods and research on how to account for differences in 98 

the compositions between sections with and without plants. It can be expected that sediment 99 

samples alone are not enough to get a complete profile of macroinvertebrates in macrophyte 100 

beds, given that macrophytes offer an additional habitat for macroinvertebrates. Therefore, 101 

complementary sampling within the plants should be performed (Indermuehle et al., 2010; 102 

Oertli et al., 2005). As macrophytes come in a wide variety of forms, a sweep net is commonly 103 

used for sampling within plants as it can be used within all plant types. Methodological studies 104 

on macroinvertebrate sampling mainly focus on comparing different sampling methods and 105 

their efficiency within macrophytes (Kornijów, 2014; Sychra and Adamek, 2010). 106 

Understanding the differences on macroinvertebrates sampling efficiency between macrophyte 107 

beds and plant-free sections are essential, especially when macroinvertebrate communities 108 

from these two sections are compared. However, research on this topic is scarce. 109 

In this study we compare freshwater macroinvertebrate communities within dense 110 

stands of invasive macrophyte to those in plant-free sections in the same lake. Study lakes were 111 

situated along a latitudinal gradient, covering Germany, France, Cameroon and South Africa. 112 

We also compared sampling efficiency of sediment samples collected in plant-free sections, 113 

sediment samples within macrophyte stands and sweep samples collected in macrophytes. This 114 

methodological assessment provides essential information for future macroinvertebrate studies 115 
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in systems with macrophytes. We hypothesize that: (i) the density and taxonomic richness of 116 

macroinvertebrates within invasive macrophyte stands are higher than those in open water 117 

sections; and therefore (ii) a higher number of samples is needed in stands of invasive 118 

macrophytes compared to plant-free sections to reach the same sample coverage of the 119 

macroinvertebrate community. Moreover, (iii) these two abovementioned effects are expected 120 

to be smaller in sections with free-floating plants as they offer less complex underwater 121 

structures compared to non-floating plants. 122 

Materials and Methods 123 

Study Lakes 124 

In this study, we sampled five invasive macrophyte species in four lakes in Europe and Africa 125 

(see Figure 1), all of which differed in their chemical and physical parameters (Table 1). The 126 

first lake is the Hartbeespoort Dam in South Africa, invaded by the free-floating macrophyte 127 

Pontederia crassipes (Mart.) Solms. Since the 1960’s the macrophyte infested the lake and 128 

covered up to 70% of the full lake. With a mix of mechanical, chemical and biological control 129 

measures since the 1990’s the cover was reduced to 5% in the summer 2020 (Coetzee et al., 130 

2021). In our second lake in Africa, the Lac municipal d’Ebolowa in Cameroon, we sampled 131 

beds of two different macrophytes. First the helophyte Typha australis Schumach. & Thonn. 132 

and second the free-floating Pistia stratiotes L. High nutrient input into the lake is leading to 133 

an eutrophication followed by a mass development of macrophytes and sedimentation a typical 134 

problem in other lakes in the region (Madjiki et al., 2013). In Europe we sampled Lac de Grand-135 

Lieu in France invaded by the amphibious Ludwigia grandiflora subsp. hexapetala (Hook. & 136 

Arn.) G.L.Nesom & Kartesz and Ludwigia peploides subsp. montevidensis (Spreng.) 137 

P.H.Raven. Lac de Gran-Lieu is an important nature reserve and Ludwigia spp. became 138 
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invasive in the 1970’s, threatening the native biodiversity and hindering human activity 139 

(Youenn, 2021). The second lake in Europe is the Kemnader See in Germany invaded by 140 

submersed Elodea nuttallii (Planch.) H. St John. Kemnader See is an important recreational 141 

area in a densely populated area frequently used for all kinds of water activities. Since 2001 E. 142 

nuttallii grows in most parts of the lake hindering activities on the lake (Podraza et al., 2008). 143 

Our lakes cover a latitudinal gradient from 51°N to 25°S covering tropical (Lac municipal 144 

d’Ebolowa), subtropical (Hartbeespoort Dam) and temperate (both European lakes) climates. 145 

The lake surfaces range from 13 (Lac municipal d’Ebolowa) to 3700 ha (Lac de Grand-Lieu). 146 
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Macroinvertebrate Sampling and Processing 147 

In each lake, two similar sections were selected for sampling: one with a dense macrophyte 148 

cover and one open water section without macrophytes. Replicates were distributed within the 149 

sections. Sediment samples were collected in both sections and additional sweep net samples 150 

were taken from vegetated sections to collect macroinvertebrates living within the macrophyte 151 

stands. The sample collection and processing varied slightly between lakes: 152 

Figure 1: Location of the four lakes: Kemnader See in Germany, Lac de Grand-Lieu in France, Lac 

municipal d’Ebolowa in Cameroon and Hartbeespoort Dam in South Africa. 
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Table 1. Overview of study lakes characteristics  153 

*measured at the location of the sampling 154 
 155 

Lake Country Latitude 
Longitude 

Altitude 
(m MSL.) 

Description 
Lake 

Surface 
(ha) 

Depth* 
(m) 

Trophic state Macrophyte species Life Form Fish Sampling 
date 

Lac municipal 
d’Ebolowa Cameroon 

2° 55.3349' N 
11° 9.4658' E 579 Artificial lake in the city  13 1.5 Hypereutrophic 

Typha australis / 
Pistia stratiotes 

helophyte/ 
free-floating present Mar-21 

Hartbeespoort 
Dam 

South Africa 25° 44.9572' S 
27° 49.9966' E 

1168 Reservoir lake 2060 4 Hypereutrophic Pontederia crassipes free-floating present Jan-20 

Lac de Grand-
Lieu 

France 47° 8.0356' N 
1° 40.4613' W 

2 Natural shallow lake; 
Nature Reserve 

3700 0.5 Eutrophic Ludwigia grandiflora / 
Ludwigia peploides 

amphibious present Jun-20 

Kemnader See Germany 51° 25.0188' N 
7° 15.6079' E 

71 Reservoir lake 1250 2,5 Eutrophic Elodea nuttallii submersed present Jul-20 
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• Lac de Grand-Lieu, Hartbeespoort Dam and Kemnader See:  156 

Sediment samples were taken using an Ekman grab sampler sampling an area of 15cm 157 

by 15cm. Macroinvertebrates living within macrophyte stands were sampled using a 158 

sweep net with 250 μm mesh size. The net was swept harshly through the plants for a 159 

duration of 30 seconds and over an area of 1 m². At each lake, we took five sediment 160 

samples from the open water section, and ten sediment samples plus ten sweep samples 161 

within the macrophytes. 162 

• Lac municipal d’Ebolowa:  163 

The same method was used as described above, apart from using a 400 µm mesh sized 164 

sweep net (n=10). Also, this lake contained two different macrophyte types (T. australis 165 

and P. stratiotes), which were sampled separately and named as Ebolowa-Typha and 166 

Ebolowa-Pistia hereafter. For both vegetated sections the same open water section is 167 

used for comparisons. At both plant-free and the two vegetated sections, ten sediment 168 

samples were collected.  169 

All samples were washed using a sieve with the same mesh size as the net used at that lake and 170 

were subsequently preserved in 96% ethanol. At the laboratory, macroinvertebrates were 171 

handpicked under a dissecting microscope. Macroinvertebrates were counted and identified to 172 

the lowest possible taxonomic level according to our expertise. Identification was based on 173 

Tachet et al. (2000), Day et al. (2001) and Durand and Lévêque (1981, 1980). For more detailed 174 

identification, we used additional references for Trichoptera (Waringer and Graf, 2011), 175 

Heteroptera (Savage, 1999), Odonata (Heidemann and Seidenbusch, 2002), Amphipods 176 

(Piscart and Bollache, 2012) and Gastropods (Glöer and Meier-Brook, 2003). Because sampled 177 

surface areas slightly differ between methods, all invertebrate densities were expressed as 178 
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individuals per m², for better comparison. 179 

Statistical Analysis 180 

All statistical analysis was performed in R version 3.6.3 (R Core Team, 2021). Comparisons 181 

of density (log+1 transformed) and taxonomic richness between different sample types were 182 

made based on Kruskal-Wallis Rank Sum Test (Kassambara, 2020a) and pairwise Wilcox tests 183 

from the stats package (R Core Team, 2021). Non parametric tests were chosen due to non-184 

normal distribution of some parameters and p-values were adjusted with the Holm-Bonferroni 185 

method for multiple testing (Holm, 1979). Macroinvertebrate communities were compared 186 

among lakes, macrophyte life forms (free-floating/non-floating) and sample types with 187 

permutational multivariate ANOVA (PERMANOVA) using adonis2 function from the vegan 188 

package (Oksanen et al., 2019). This analysis was based on a Bray-Curtis dissimilarity matrix 189 

(Bray and Curtis, 1957). Venn diagrams, created with ggvenn (Yan, 2021), were used to show 190 

overlaps and differences in the macroinvertebrate community by sample type. Because 191 

different sampling methods were used, we estimated the total taxonomic richness and 192 

computed rarefaction curves, including extrapolations, to compare sampling coverage of the 193 

different sample types based on Hill numbers (order q=0) (Chao et al., 2014) using the iNEXT 194 

package (Hsieh et al., 2020). These diversity estimators allow for an unbiased comparison of 195 

effective number of taxa (Chao et al., 2014). Plots were generated using ggplot2 (Wickham, 196 

2016) and ggpubr for boxplots (Kassambara, 2020b).  197 

  198 
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Results 199 

Comparison of taxonomic richness and density among sample types 200 

Taxonomic richness differs among the three sample types (sediment samples in open water, 201 

sediment samples in macrophytes and sweep samples in macrophytes) in all lakes except 202 

Kemnader See based on the Kruskal-Wallis test results (Figure 2; Table S1). In all samples, 203 

but samples from Hartbeespoort Dam, we found significant differences between all sampling 204 

type combinations according to the pairwise Wilcox test results (Figure 2). In Hartbeespoort 205 

Figure 2: Taxonomic richness of macroinvertebrates recovered from different sampling methods in each 
macrophyte. Results from pairwise Wilcox tests are shown for all sample type pairs. Significance level 
is indicated as: ns: p-value > 0.05, *: <0.05, **: <0.01, ***: < 0.001 
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Dam, there is significantly higher taxonomic richness in sweep samples, but no differences 206 

between the two sediment sample types (Figure 2). For all macrophytes the highest estimated 207 

taxonomic richness was found in the sweep samples, followed by sediment samples in 208 

macrophytes and lowest in sediment samples in the open water (Table S2). Samples from free-209 

floating plants (Ebolowa-Pistia, Hartbeespoort Dam) and non-floating plants (Lac de Grand-210 

Lieu, Kemnader See, Ebolowa-Typha) showed similar patterns. 211 

Macroinvertebrate communities found in each type of samples differed not only in 212 

taxonomic richness but also in their density. Figure 3 (and Table S3) shows the density of 213 

macroinvertebrates found in different sample types in each macrophyte. Significant differences 214 

of macroinvertebrate density among different sample types were found in all country (Table 215 

S4). The two types of sediment samples were different in Ebolowa-Pistia, Kemnader See and 216 

Ebolowa-Typha. Within plants sediment samples were different from sweep samples in all 217 

macrophytes except Ebolowa-Pistia. Open-water sediment samples differed from sweep 218 

samples only in Ebolowa-Typha. In all lakes the highest density was found in sediment samples 219 

taken within macrophyte stands, except in Hartbeespoort Dam where mean density was highest 220 

in sediment samples from the open water area. The lowest density was found either in sediment 221 

samples from the open water (Ebolowa-Pistia, Kemnader See, Ebolowa-Typha) or in sweep 222 

samples (Hartbeespoort dam, Lac de Grand-Lieu). There were no differences in density 223 

between samples collected from within stands of free-floating and non-floating macrophytes.  224 
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Comparisons of species assemblages 225 

Based on the permutational multivariate ANOVA (PERMANOVA) analysis, 33.3% (F = 35.8, 226 

p <0.001) of the dissimilarities among macroinvertebrate communities was explained by the 227 

lake (see Table S5). The interaction between lake and sample type accounted for 11.8% (F = 228 

6.3, p <0.001) of the dissimilarities. Further, the sample type accounted for 9.0% (F = 14.6, 229 

p<0.001) of the dissimilarities, plant life form for 5.4% (F = 17.5, p <0.001) and their 230 

Figure 3: Log-transformed density of macroinvertebrates recovered from different sampling methods 
in each sampling site. Results from pairwise Wilcox tests are shown for all  sample type pairs. 
Significance level is indicated as: ns: p-value > 0.05, *: <0.05, **: <0.01, ***: < 0.001 
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interaction for another 3.1% (F = 5.0, p <0.001). 231 

Presence and absence of taxa per sample type 232 

The distribution of macroinvertebrate taxa in the three sample types varies among lakes (Figure 233 

4, Table S6). In general, around 90% of the diversity in all lakes was covered solely by sweep 234 

samples (exclusive and shared taxa with other sample types), except in Kemnader See where 235 

the sweep samples cover 76% of all taxa. The distribution of species in Kemnader See samples 236 

was more even than any other site. In all lakes, we found species exclusive to the sweep 237 

samples. In Lac de Grand-Lieu and Kemnader See, some taxa were only present in the sediment 238 

samples in open water. Taxa exclusively present in sediment samples within plants were 239 

reported in Ebolowa-Pistia, Hartbeespoort Dam, Kemnader See and Ebolowa-Typha. 240 

Common taxa found in all sample types included Oligochaeta (Ebolowa-Pistia, 241 

Hartbeespoort Dam, Kemnader See, Lac de Grand-Lieu), amphipods and isopods (Kemnader 242 

See), Hydracarina (Acari; Kemnader See), Sphaeriidae (Bivalvia; Lac de Grand-Lieu), 243 

Chironomidae (Diptera; Lac de Grand-Lieu, Kemnader See), Caenis sp. (Ephemeroptera; 244 

Kemnader See), Nemathelminthes (Lac de Grand-Lieu) and the gastropods Stagnicola sp. 245 

(Ebolowa-Pistia, Ebolowa-Typha), Physella acuta (Kemnader See), Gyraulus sp. (Kemnader 246 

See) and Potamopyrgus antipodarum (Kemnader See). Several unique species were found 247 

within the open water samples: Corbicula fluminea (Bivalvia), Chelicorophium sowinskyi 248 

(Amphipoda), Limnius sp. (Coleoptera) and Acroloxus lacustris (Gastropoda) in Kemnader See 249 

and Ceratopogonidae (Diptera) in Lac de Grand-Lieu. Most taxa found in sediment samples 250 

were also found in the sweep samples. The five taxa restricted to sediment samples within 251 

plants were the two Diptera genus Chironomus sp. (Ebolowa-Pistia) and Chaoborus sp. 252 

(Hartbeespoort Dam), the two Gastropoda Potadoma sp. (Ebolowa-Pistia, Ebolowa-Typha) 253 
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and Melania tuberculate (Ebolowa-Pistia, Ebolowa-Typha) as well as Nemathelminthes (Lac 254 

de Grand-Lieu). In sweep samples, we found a long list of exclusive taxa from many different 255 

groups (Table S6).  256 

Figure 4: Venn diagrams showing taxa distributions in the three sample types. 
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Macroinvertebrates diversity found in floating plants and in submersed plants differed, 258 

although both sampled macrophytes were located in Lac municipal d’Ebolowa and the total 259 

number of taxa was close (Figure 5). Ten taxa (Coleoptera: Curculionidae, Cybister 260 

lateralimarginalis, Dryops sp., Hydrophilus sp.; Gastropoda: Galba truncatula, Gyraulus sp., 261 

Physa sp.; Heteroptera: Ranatra linearis, Notonecta sp.; Arthropoda: Chaoborus sp.) only 262 

occurred in the sweep samples from the free-floating plants (Ebolowa-Pistia), and nine taxa 263 

(Diptera: Simulini sp.; Gastropoda: Planorbis sp.; Coleoptera: Dytiscus sp., Chaetarthria sp., 264 

Scirtidae; Heteroptera: Belostoma sp.; Odonata: Coenagrion speciosa, Platycnemis sp.; 265 

Ephemeroptera: Heptagenia sp.) were only found in the sweep samples of the non-floating 266 

plant (Ebolowa-Typha). 267 

Figure 5: Venn diagram showing the taxa number in samples from within floating 
plants (Ebolowa-Pistia) and within submersed plants (Ebolowa-Typha) in 
Cameroon 
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Differences in sampling coverage by sampling type 268 

Rarefaction curves (Figures 6) showed that reaching a high sample coverage (% of taxa present 269 

in the habitat found) requires a high number of samples. For a low number of samples, the 270 

curves show considerable differences in the sampling coverage of each sample type. For 271 

instance, with a total of five samples, we reach a coverage gap between the lowest and highest 272 

sampling coverage by sample type of 5% in Kemnader See, 15% in Hartbeespoort dam, 20% 273 

in Lac de Grand-Lieu, 22% in Ebolowa-Typha and 23% in Ebolowa-Pistia. To reach a sample 274 

coverage of 95%, based on the extrapolation curves, for open water sediment (Sediment Open) 275 

between 5 (Hartbeespoort Dam) and 15 samples (Ebolowa-Pistia), for sediment of the plant 276 

zone (Sediment Plants) between 10 (Hartbeespoort dam, Kemnader See) and 26 (Ebolowa-277 

Typha) samples and for within macrophytes (Sweep) between 11 (Lac de Grand-Lieu) and 28 278 

(Ebolowa-Typha) samples are needed. Within lakes, the number of samples which are needed 279 

to reach 95% coverage varies by sample type. The differences between number of samples 280 

needed per sampling type to reach 95% sample coverage are quite big. The gap between the 281 

first sample type to reach 95% coverage to the last one reaches from 11 samples (Ebolowa-282 

Pistia, Kemnader See, Lac de Grand-Lieu) up to 18 samples (Hartbeespoort Dam). Considering 283 

the mean number (averaged over all sites) of samples necessary to reach a 95% coverage of the 284 

community we need 9.8 sediment sediment samples in open water sections, 17.2 sediment 285 

samples in macrophytes and 18.4 sweep samples.  286 

  287 
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  288 

Figure 6: Rarefaction curves showing the sampling coverage depending on the number of samples. Solid 

line indicates interpolated data and dashed lines extrapolated data. Colour and symbol represent 

different sample types. 
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Discussion 289 

This study aims to understand the role of dense mats of macrophytes as a habitat for 290 

macroinvertebrates and to provide the first methodical analysis on sampling efficiency of 291 

different sampling methods inside and outside of macrophyte stands. The mix of different plant 292 

species in four lakes with different characteristics allows us to disentangle global from local 293 

effects.  294 

The effect of invasive macrophytes on macroinvertebrate assemblages 295 

Differences in density between sediment samples and sweep samples are biased by the method 296 

used, but the density in the two sediment sample types are well comparable. We found a 297 

significant increased macroinvertebrate density in Kamnader See, Ebolowa-Pistia and 298 

Ebolowa-Typha. Lac de Grand-Lieu showed a trend to a higher density were as in 299 

Hartbeespoort Dam the density tends to be lower within the macrophytes. The increase 300 

macroinvertebrate density in the sediment in macrophytes can not only be explained by 301 

increased habitat heterogeneity by the presence of macrophytes but also by the availability of 302 

food sources. Macrophytes offer a direct food source as plant litter is accumulating under 303 

macrophyte beds. In addition macrophytes can increase the growth of periphyton on the 304 

sediment and plant litter offers an extra surface where periphyton can grow (Smock and 305 

Stoneburner, 1980; Vermaire et al., 2013; Wolters et al., 2019). Macrophytes therefore not only 306 

offer a food source for Shredders but also for Gatherers and Scrapers on the sediment (Hill, 307 

1985). Sediment samples from Hartbeespoort Dam were the only ones showing a slightly lower 308 

macroinvertebrates density in macrophytes. This pattern could be the results of low DO levels 309 

within macrophyte stands. Former studies have shown that reduced DO levels lead to decreases 310 

of macroinvertebrate density (Casco et al., 2014; Coetzee et al., 2014). The fact that mainly 311 
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Oligochaeta and Hirudinea were found in the area also supports the hypothesis as these two 312 

taxa are known for their tolerance for low oxygen levels (Glasby et al., 2021). Taxonomic 313 

richness in the sediment samples was also higher between the plants compared to the plant-free 314 

section. Only in Hartbeespoort Dam and Kemnader See we did not find a significant increase 315 

in taxonomic richness. Increased macroinvertebrate density combined with the above described 316 

increase in habitat and food resources can be expected to cause this increase in richness. Sweep 317 

samples showed a higher taxonomic richness (measured as well as estimated richness) and 318 

different taxa than in sediment samples were found. Among the many contrasting 319 

characteristics of open water and macrophyte stands, the most fundamental one is structural 320 

heterogeneity. The presence of macrophytes offers a complex structure in the water column, 321 

providing more diverse habitats and therefore leading to increased macroinvertebrate diversity. 322 

This result aligns with findings from earlier studies (Ferreiro et al., 2014; Labat et al., 2022; 323 

Scheffer, 2004; Thomaz et al., 2008; Walker et al., 2013). Only in Kemnader See no higher 324 

taxa richness was found within the macrophytes with respect to that in open water. 325 

Explanations for this could be the production of allelopathic chemicals by Elodea nuttallii 326 

harming phytoplankton and epiphytic algae in the macrophytes and therefore reducing the 327 

benefits of macrophytes (Erhard and Gross, 2006). Another possible explanation could be a 328 

higher sediment heterogeneity outside the macrophytes, which we observed during the 329 

sampling. Both, higher taxonomic richness and density within macrophytes confirms our first 330 

hypothesis.  331 

The impact of different plant types 332 

No difference was found comparing samples from floating and non-floating plants regarding 333 

taxa richness. Non-floating macrophytes generate more complex underwater structures than 334 
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free floating plants which grow on the water surface and build roots which don’t reach down 335 

to the sediment (Meerhoff et al., 2003; Thomaz et al., 2008). Hypothesis (iii) can therefore not 336 

be confirmed. Even if they are don’t grow down to the sediment, plant litter will accumulate 337 

under the plant cover. This plant litter only seems to be enough to have comparable effects as 338 

the presence of rooted macrophytes. The effects of plant types in our studdy may be masked 339 

by other factors like climate and/or eutrophic levels as they have more profound effects on the 340 

aquatic ecosystem across a larger geographic scale (Kosten et al., 2009; Pan et al., 2015). In 341 

our study, the two lakes with floating plants (Lac municipal d’Ebolowa, Hartbeespoort Dam) 342 

are hypereutrophic and situated in a subtropical or tropical climate, while the lakes with non-343 

floating plants share no common feature. To fully understand the impacts of plant types on 344 

macroinvertebrate communities at a large scale, more lakes and macrophytes should be 345 

included for further investigations. Nonetheless, the comparisons between samples from within 346 

floating and submersed plants in our lake in Cameroon provide insights on the effects of plant 347 

types on the macroinvertebrate communities at a local scale. Only 43% of the taxa were found 348 

in both plants, while the rest remained exclusive to only one of the two plants. This finding is 349 

in line with research from Walker et al. (2013), which showed that different macrophyte species 350 

accommodate different macroinvertebrate communities and taxa. Structures provided by 351 

macrophytes differ strongly depending on plant life type and species (Thomaz et al., 2008). 352 

Aquatic systems with a diverse macrophyte community could be expected to support higher 353 

macroinvertebrate diversity than systems dominated by monocultures, as they provide even 354 

higher levels of structural heterogeneity (Yofukuji et al., 2021). 355 

Presence and absence of macroinvertebrates in different sample types 356 

Most of the macroinvertebrate taxa found in plants were only found in sweep samples and only 357 



 

24 
 

© <2022>. This manuscript version is made available under the CC-BY-NC-ND 4.0 
license https://creativecommons.org/licenses/by-nc-nd/4.0/ 

few taxa were unique to sediment samples in our study. The presence of macrophyte offers 358 

new and different habitats for macroinvertebrates. Increased habitat heterogeneity from 359 

macrophytes offers a niche for a broad variety of invertebrate taxa (Morse et al., 1985; Thomaz 360 

et al., 2008). Macroinvertebrate communities were mostly dominated by one or two taxa, 361 

although sweep samples also contained several other taxa with intermediate abundance. In most 362 

lakes, the same abundant taxa were found in all sample types. However, in samples around 363 

macrophytes, especially sweep samples, we found many additional taxa with high abundance 364 

known to be herbivorous or/and detritivorous. This includes Gastropoda, Lepidoptera, 365 

Ephemeroptera or Isopoda, which feed on plant tissue or the algal biofilm growing on it (Tachet 366 

et al., 2000). In addition, a higher density of Coleoptera, Odonata and Hydracarina associated 367 

with plants was also detected. All of these taxa are known to be predators to which the increased 368 

prey density (macroinvertebrates as well as zooplankton) in macrophytes offers a rich hunting 369 

ground (Sagrario et al., 2009). The presence of macrophytes therefore increases the complexity 370 

of the macroinvertebrate communities based on the fact that many of those taxa were found in 371 

the sweep samples only. Yet, the presence of unique taxa to only one of the three sampling 372 

types is reported for all three types of habitats. This finding has important implications for the 373 

proper sampling strategy for waterbodies with macrophytes. Sweep samples need to be added 374 

to the classical sediment sampling when macrophytes are present as they contain a high 375 

diversity exclusive to this sampling type. However, as both sediment samples in open water 376 

sections and macrophytes can contain exclusive taxa, sediment samples should be taken in both 377 

open water and under macrophyte stands. 378 

The effect of invasive macrophytes on the sampling efficiency 379 

Sampling efficiency differs between sample types. Such gaps are biggest when collecting only 380 
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a low number of samples (usually less than 5) which is standard for many research projects and 381 

biomonitoring programs. The taxa richness within macrophytes tends to be underestimated 382 

compared to open water sections if only a low number of samples are taken. In current 383 

macroinvertebrate sampling protocols, such differences in sampling efficiency are overlooked 384 

(for example in Oertli et al., 2005; Indermuehle et al., 2010). A project aiming to achieve a 385 

complete profile of the macroinvertebrates living in a certain waterbody with macrophytes, 386 

requires combined usage of different sampling methods, and the number of samples needs to 387 

be high enough to avoid differences in sampling coverage. However, in practice, taking a 388 

higher number of samples is difficult to achieve as it usually increases expenses and workload. 389 

For research and biomonitoring, the reduction of labor and costs is crucial. However, from a 390 

scientific point of view, a higher sample number leads to better comparable results. Finding the 391 

right balance between high precision and low labor and costs is a difficult task. Our study 392 

shows differences in sampling efficiency with low number of samples. If high number of 393 

samples are not possible, a more comprehensive methodical research to develop more 394 

comparable sampling strategies is in need to provide a reliable and strong knowledge 395 

foundation for making management decision. These findings could be used as part of the 396 

guideline for using a commonly accepted method when sampling aquatic systems with 397 

macrophytes. Factors like trophic state, climate, system size, plant type and plant species, 398 

leading to different patterns among lakes, need to be studied further. Similar findings can also 399 

be applied to sampling in rivers inhabited by macrophytes, but such notions remain to be 400 

validated by further studies covering more diverse freshwater bodies. 401 

Conclusion 402 

Under increasing anthropogenic pressure, climate change and the increasing spread of invasive 403 
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species, aquatic systems are under tremendous pressure and aquatic biodiversity is declining. 404 

To reduce the decline of aquatic diversity, good management is the key. All lakes in our study 405 

are colonised by an invasive species. Before the invasion of plants, only small parts of the lakes 406 

were colonised by macrophytes, and the invasion with macrophytes created new habitats for 407 

macroinvertebrates and other organism groups. Even if invasive macrophytes are often 408 

considered as problematic and are removed (Hussner et al., 2017; Thiemer et al., 2021), we 409 

found positive effects for macroinvertebrates. As long as invasive plants don’t repress a more 410 

diverse native vegetation, an invasion could be seen as beneficial from a macroinvertebrate 411 

perspective. Our findings call for a more flexible management plan for waterbodies with 412 

invasive macrophytes, taking these positive effects of invasive macrophytes into account. 413 

Moreover, a good management strategy needs to be based on robust scientific data. With this 414 

study, we have shown that the presence of macrophytes affects the sampling efficiency of the 415 

standard sampling methods, which makes it challenging to reach comparable results of 416 

macroinvertebrate sampling. Therefore, further research is needed to tackle this bias. 417 

  418 
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How macrophytes affect macroinvertebrate assemblage and sampling efficiency: results from a multinational survey 688 

Supporting Information 689 

 690 

Table S1: Summary of Kruskal-Wallis rank sum test comparing taxonomic richness among different sampling types by country. If the test 691 

was significant (p-value < 0.05), pairwise Wilcoxon rank sum tests (p-values, adjusted with Holm-Bonferroni method) were performed. p-692 

values < 0.05 are highlighted in bold. 693 
  694 

Lake Kruskal-Wallis Sediment Open / 
Sediment Plants 

Sediment Plants / 
Sweep 

Sediment Open / 
Sweep 

Ebolowa-Pistia 0.0001 0.0143 0.0006 0.0148 

Hartbeespoort Dam 0.0001 0.1246 0.0007 0.0049 

Lac de Grand-Lieu 0.0001 0.0345 0.0007 0.0051 

Kemnader See 0.053 - - - 

Ebolowa-Typha <0.0001 0.0010 0.0028 0.0003 



 

35 
 

© <2022>. This manuscript version is made available under the CC-BY-NC-ND 4.0 
license https://creativecommons.org/licenses/by-nc-nd/4.0/ 

Table S2: Estimated taxonomic richness based on Hill numbers (order q=0). 695 

 696 

  697 

Lake Sediment open Sediment plants Sweep 

Ebolowa-Pistia 3.9 13.4 39.25 

Hartbeespoort Dam 4.0 14.4 20.4 

Lac de Grand-Lieu 3.0 12.4 28.6 

Kemnader See 18.8 19.0 32.2 

Ebolowa-Typha 3.9 6.9 40.2 
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Table S3. Mean density in individuals/m2 (± SE) by site and sampling type 698 

Lake Sediment Open Sediment Plants Sweep Plants 

Ebolowa-Pistia   112 ± 108   936 ± 470   24 ± 10 

Hartbeespoort Dam   4368 ± 1668 1184 ± 276 118 ± 18 

Lac de Grand-Lieu   432 ± 207 2616 ± 797 165 ± 44 

Kemnader See 2576 ± 705 35836 ± 8537 3836 ± 605 

Ebolowa-Typha   112 ± 108   816 ± 280   43 ± 28 

 699 

  700 



 

37 
 

© <2022>. This manuscript version is made available under the CC-BY-NC-ND 4.0 
license https://creativecommons.org/licenses/by-nc-nd/4.0/ 

Table S4: Summary of Kruskal-Wallis rank sum test comparing density (log+1 tranformed) among different sampling types by country. If the 701 

test was significant (p-value < 0.05), pairwise Wilcoxon rank sum tests (p-values, adjusted with Holm-Bonferroni method) were performed. p-702 

values < 0.05 are highlighted in bold. 703 

704 
Lake Kruskal-Wallis Sediment Open / 

Sediment Plants 
Sediment Plants / 

Sweep 
Sediment Open / 

Sweep 
Ebolowa-Pistia 0.0072 0.032 0.054 0.34 

Hartbeespoort Dam 0.0011 0.0858 0.0010 0.0799 

Lac de Grand-Lieu 0.0019 0.0799 0.0006 0.3710 

Kemnader See 0.0003 0.0013 0.0006 0.2064 

Ebolowa-Typha 0.0001 0.0024 0.0013 0.0138 
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Table S5: Results of Permutational multivariate analysis of variance (adonis2 function, vegan package, 999 permutations)  705 

 706 

 707 

 708 

 709 

 710 

 Df SumOfSqs  R2 F Pr(>F) 
Plant life form 1 2.159 0.05427 17.4866 0.001 

Sample type 2 3.594 0.09036 14.5565 0.001 

Lake 3 13.263 0.33342 35.8096 0.001 

Plant life form : Sample type 2 1.249 0.03140 5.0591 0.001 

Sample type : Lake 6 4.698 0.11812 6.3429 0.001 

Residual 120 14.815 0.37243   

Total 134 39.778 1.00000   
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Table S6: Presence and absence of taxa in each sample type within each macrophyte. The 711 

corresponding order of sample type within each macrophyte is grab open/ grab plants/ sweep 712 

samples In each cell,  “-” indicates that the taxon is absent in the sample and “0” indicates 713 

that it is present. 714 

 715 

Group Taxa 

Ebolowa-
Pistia 

Hartbeespoort 
Dam 

Lac de 
Grand-

Lieu 
Kemnader 

See 
Ebolowa-

Typha 

Ephemeroptera Baetis sp. -/-/- -/-/- -/0/0 -/-/- -/-/- 
 Cloeon sp. -/-/- -/-/- -/-/- -/0/0 -/-/- 
 Caenis sp. -/-/- -/-/- -/-/- 0/0/0 -/-/- 
 Heptagenia sp. -/-/- -/-/- -/-/- -/-/- -/-/0 

Lepidoptera Pyralidae -/-/- -/0/0 -/-/- -/0/0 -/-/- 
Odonata Libellula sp. -/-/0 -/-/- -/-/0 -/-/- -/-/0 

 Orthetrum sp. -/-/0 -/-/- -/-/- -/-/- -/0/0 
 Coeanagion speciosa -/-/0 -/-/- -/-/- -/-/- -/-/0 
 Coenagrionidae -/-/- -/-/0 -/-/- -/-/- -/-/- 
 Ischnura elegans -/-/- -/-/- -/0/0 -/-/- -/-/- 
 Platycnemis pennipes -/-/- -/-/- -/-/- -/0/0 -/-/- 
 Platycnemis sp. -/-/- -/-/- -/-/- -/-/- -/-/0 

Trichoptera Stactobia moselyi -/-/- -/-/- -/-/- -/0/0 -/-/- 
 Ecnomus sp. -/-/- -/-/- -/-/- 0/-/0 -/-/- 

Heteroptera Notonecta glauca -/-/0 -/-/0 -/0/0 -/-/- -/-/- 
 Hydrocyrius sp. -/-/0 -/-/- -/-/- -/-/- -/-/0 
 Ranatra linearis -/-/0 -/-/- -/-/- -/-/- -/-/- 
 Plea pulla -/-/- -/-/0 -/-/- -/-/- -/-/- 
 Appasus capensis -/-/- -/-/0 -/-/- -/-/- -/-/- 
 Corixinae -/-/- -/-/- -/-/0 -/0/0 -/-/- 
 Belostoma sp. -/-/- -/-/- -/-/- -/-/- -/-/0 

Coleoptera Amphiops sp. -/-/0 -/-/- -/-/- -/-/- -/-/0 
 Noterus sp.  -/-/0 -/-/- -/-/- -/-/- -/-/0 
 Macroplea sp. -/-/0 -/-/- -/-/- -/-/- -/-/0 
 Curculionidae -/-/0 -/-/- -/-/- -/-/- -/-/- 
 Laccophilus sp. -/-/0 -/-/- -/-/- -/-/- -/-/0 
 Cybister lateralimarginalis -/-/0 -/-/- -/-/- -/-/- -/-/- 
 Dryops sp. -/-/0 -/-/- -/-/- -/-/- -/-/- 
 Hydrophilus -/-/0 -/-/- -/-/- -/-/- -/-/- 
 Scirtidae -/-/- -/0/0 -/-/- -/-/- -/-/0 
 Helodidae -/-/- -/-/0 -/-/- -/-/- -/-/- 
 Hydrophilidae -/-/- -/-/- -/-/0 -/-/- -/-/- 
 Limnius sp. -/-/- -/-/- -/-/- 0/-/- -/-/- 
 Dytiscus sp. -/-/- -/-/- -/-/- -/-/- -/-/0 
 Chaetarthria sp. -/-/- -/-/- -/-/- -/-/- -/-/0 

Megaloptera Sigara sp. -/-/- -/-/- -/0/0 -/-/- -/-/- 



 

40 
 

© <2022>. This manuscript version is made available under the CC-BY-NC-ND 4.0 
license https://creativecommons.org/licenses/by-nc-nd/4.0/ 

Diptera Chaoborus -/-/0 -/0/- -/-/- -/-/- -/-/- 
 Chironomini -/0/0 -/-/- -/-/- -/-/- -/-/0 
 Syrphidae -/-/0 -/-/- -/-/- -/-/- -/-/0 
 Chironomus  -/0/- -/-/- -/-/- -/-/- -/-/- 
 Chironomidae -/-/- -/0/0 0/0/0 0/0/0 -/-/- 
 Syrphidae -/-/- -/0/0 -/-/- -/-/- -/-/- 

Group Taxa 
Ebolowa-

Pistia 
Hartbeespoort 

Dam 
Lac de 
Grand-

Lieu 
Kemnader 

See 
Ebolowa-

Typha 
Diptera Rhagionidae -/-/- -/-/0 -/-/- -/-/- -/-/- 

(Continued) Ephydridae -/-/- 0/-/0 -/-/- -/-/- -/-/- 
 Psychodidae -/-/- -/-/0 -/-/- -/-/- -/-/- 
 Ceratopogonidae -/-/- -/-/- 0/-/- 0/0/- -/-/- 
 Sciomyzidae -/-/- -/-/- -/-/0 -/-/- -/-/- 
 Dolichopodidae -/-/- -/-/- -/0/0 -/-/- -/-/- 
 Stratiomyidae -/-/- -/-/- -/-/- 0/0/- -/-/- 
 Simulini -/-/- -/-/- -/-/- -/-/- -/-/0 

Decapoda Procambarus clarkii -/-/- -/-/- -/0/0 -/-/0 -/-/- 
Amphipoda Crangonyx pseudogracilis -/-/- -/-/- -/-/0 -/-/- -/-/- 

 Dikerogammarus villosus -/-/- -/-/- -/-/- 0/0/0 -/-/- 
 Chelicorophium sowinskyi -/-/- -/-/- -/-/- 0/-/- -/-/- 
 Gammarus roeselii -/-/- -/-/- -/-/- -/0/0 -/-/- 

Isopoda Asellus aquaticus -/-/- -/-/- -/-/0 0/0/0 -/-/- 
 Proasellus meridionalis -/-/- -/-/- -/-/0 -/-/- -/-/- 

Acari Hydracarina -/-/- -/0/0 -/0/0 0/0/0 -/-/- 
Gastropoda Gyraulus sp. -/-/0 -/-/- -/-/- 0/0/0 -/-/- 

 Physa sp. -/-/0 -/-/- -/-/- -/-/- -/-/- 
 Stagnicola sp. 0/0/0 -/-/- -/-/- -/-/- 0/0/0 
 Aplexa hypnorum -/-/0 -/-/- -/-/- -/-/- -/-/0 
 Radix sp. -/0/0 -/-/- -/-/- -/-/- -/-/0 
 Potadoma sp. -/0/- -/-/- -/-/- -/-/- -/0/- 
 Melania tuberculata -/0/- -/-/- -/-/- -/-/- -/0/- 
 Galba truncatula -/-/0 -/-/- -/-/- -/-/- -/-/- 
 Oxyloma patentissima -/-/- -/-/0 -/-/- -/-/- -/-/- 
 Physela acuta -/-/- -/-/- -/-/0 0/0/0 -/-/- 
 Acroloxus lacustris -/-/- -/-/- -/-/0 0/-/- -/-/- 
 Ferrissia californica -/-/- -/-/- -/0/0 -/-/- -/-/- 
 Menetus dilatus -/-/- -/-/- -/-/0 -/-/- -/-/- 
 Potamopyrgus antipodarum -/-/- -/-/- -/-/- 0/0/0 -/-/- 
 Valvata piscinalis -/-/- -/-/- -/-/- -/0/0 -/-/- 
 Radix auricularia -/-/- -/-/- -/-/- -/-/0 -/-/- 
 Planorbis sp. -/-/- -/-/- -/-/- -/-/- -/-/0 

Bivalvia Sphaeriidae -/-/- -/-/- 0/0/0 -/0/0 -/-/- 
 Corbicula fluminea -/-/- -/-/- -/-/- 0/-/- -/-/- 

Oligochaeta Oligochaeta 0/0/0 0/0/0 0/0/0 0/0/0 0/0/- 
Hirudinea Haementeria costata -/-/0 -/-/- -/-/- -/-/- -/-/0 

 Hirudinea -/-/- 0/0/0 -/-/- -/-/- -/-/- 
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 Glassiphoniidae -/-/- -/-/- -/-/- -/-/0 -/-/- 
Platyhelminthes Platyhelminthes -/-/- -/-/0 -/-/- -/-/0 -/-/- 

Nemathelminthes Nemathelminthes -/-/- -/-/- 0/0/0 -/0/- -/-/- 
 716 
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