
School of Doctoral Studies in Biological Sciences 

University of South Bohemia in České Budějovice 

Faculty of Science 

 

Role of habitat complexity  

and predation in the structuring  

of aquatic communities 
 

Ph.D. Thesis 

 

Mgr. Pavel Soukup 

 

 

 

 

 

 

Supervisor: doc. Ing. MgA. David Boukal, Ph.D. 
Department of Ecosystem Biology, University of South Bohemia 

Institute of Entomology, Biology Centre of the Czech Academy of 

Science 

 

České Budějovice 2022 





This thesis should be cited as:  

Soukup PR., 2022: Role of habitat complexity and predation in the 

structuring of aquatic communities. Thesis Series, No. 3. University of 

South Bohemia, Faculty of Science, School of Doctoral Studies in 

Biological Sciences, České Budějovice, Czech Republic, 203 pp. 

 

Annotation 

This thesis focuses on the roles habitat complexity and predation play in 

the structuring of aquatic communities. Chapter one provides an overview 

of the way habitat complexity structures communities separately, and by 

altering predator prey interactions in all aquatic habitats. The following two 

chapters examine their combined effects using different predator-prey pairs 

and time scopes: short-term laboratory experiments and a medium-term 

mesocosm experiment. 
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Thesis introduction 

 

Role of habitat complexity and predation  

in the structuring of aquatic communities 

 

Overview 

Small water bodies are well defined, relatively contained habitats 

with great potential for ecological research (De Meester et al., 2005). They 

range from ephemeral pools, hosting only the fastest developing 

invertebrates, to permanent ponds with established communities structured 

into several trophic levels (Wellborn, Skelly & Werner, 1996). Community 

structure is shaped by both biotic and abiotic conditions.  

Among the biotic interactions, predation is especially important in 

aquatic ecosystems, where fewer herbivorous interactions take place and 

saprophagy and detritivory is less prominent due to a relative lack of 

organic detritus (Hui, 2012). Apart from bottom-up biotic effects (i.e., the 

level of local primary productivity and its effects on higher trophic levels), 

aquatic communities are primarily shaped by predation. Predation is an 

important, top-down biotic factor for community assembly, as predators 

influence the community both directly (consumption of prey) and indirectly 

(e.g., via trophic cascade, Nyström, Svensson & Lardner, 2001). Predators 

can even influence habitat use or foraging activity of lower trophic level 

individuals via trait-mediated interactions (Bernot & Turner, 2001). 

Abiotic factors include psychical and chemical characteristics of 

water, such as viscosity and temperature. Habitat complexity is an 

important and omnipresent abiotic factor. It describes the arrangements of 

structural elements withing a habitat (Kovalenko, Thomaz & Warfe, 2012). 

The water column is utilized three-dimensionally by aquatic organisms, 

suggesting that habitat complexity can be an especially important abiotic 

factor in aquatic environments (Tokeshi & Arakaki, 2012).  

Taken together, habitat complexity and predation are ubiquitous and 

strong drivers of community assembly and structure in small standing 
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waters by causing both bottom-up and top-down changes. Considerable 

body of research has aimed to uncover effects of habitat complexity and 

predation on community structure and assembly. Despite that, the role 

habitat complexity plays in moderating the effects of predation on 

community structure and assembly remains incompletely understood. Their 

interplay needs to be studied on individual, population a community levels 

and on a variety of time scales.  
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Factors affecting the structure and assembly of aquatic communities 

Factors affecting community dynamics vary in time. The establishment and 

colonization of a newly formed habitat is described by community 

assembly. Community assembly describes how and why a set of species 

ends up inhabiting a particular locality (Weiher et al., 2011). Processes 

underpinning the assembly are partially deterministic. We can describe 

them by a set of ‘assembly rules’, which depend on a few quantifiable 

variables, most importantly the local/regional species pool size, and the 

local abiotic and biotic conditions (Cody & Diamond, 1975). Contrary to 

these mechanistic expectations, similar conditions can give rise to different 

communities (Drake, 1991). This is because multiple assembly trajectories 

can be derived from the same species pools and abiotic conditions due to 

the timing of species invasions and the innate stochasticity of interspecific 

interactions (Chase, 2003). The nonlinearity of biological processes further 

increases the role of stochasticity in early phases of colonization (nonlinear 

processes like predator’s functional response, Holling 1966; selection of 

oviposition habitats, Holzer and Lawler 2015, Blaustein et al. 2004; 

likelihood of dispersion, De Bie et al. 2012).  

Early biotic interactions are key to establishing new communities, 

when a more stable food web is only beginning to form, and trophic chains 

consolidate from the bottom up (Drake, 1991). Predator presence is an early 

key factor influencing community assembly (Vonesh et al., 2009). Small 

water bodies can form very rapidly e.g., as rain-filled puddles. Even these 

rapidly formed ‘islands’ of aquatic environment can be quickly colonized 

by predators, although ephemeral ponds host smaller predator density (Hill 

et al., 2017) and usually only invertebrate predators (Wellborn et al., 1996). 

Early presence of predators can have direct (e.g., reducing mesopredator 

abundance, Boersma et al., 2014) and indirect effects on community 

assembly (e.g., habitat selection, Kraus & Vonesh, 2010). Overall, predator 

effects affect the community top-down and may have cascading effects 

across multiple trophic levels. On the other hand, habitat complexity, i.e. 

the arrangement of physical structures and their features in habitats 
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(Kovalenko et al., 2012) modifies community assembly bottom-up by 

providing microhabitats and modifying predator-prey interactions. Both 

habitat complexity and predation have been recognized as key factors 

influencing community assembly in small standing waters and I focus on 

their effects on community structure and assembly in this thesis. 

 

 

 

Figure 1: Examples of experimental designs: controlled laboratory 

microcosm (top row, used in Chapter II), mesocosm experiment open to 

colonization (middle, used in Chapter III), long-term field experiment 

(bottom, e.g., Vebrová et al., 2018). 
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Linking individual traits to aquatic community structure 

Recent development of size- and other trait-based approaches has also 

changed the way researchers formulate their questions and characterize the 

processes and outcomes of community assembly (Boukal, 2014), including 

the role of habitat complexity and predation risk in the structuring of 

communities. Functional traits are characteristics of organisms that 

influence their fitness, including not only morphology but also behaviour 

(Nock, Vogt & Beisner, 2016). Differences in community structure are 

commonly inferred from taxonomic identity and abundance. Traits such as 

individual size (Gilljam et al., 2011; Miller & Rudolf, 2011), trophic 

position (Vonesh et al., 2009), habitat utilization (Klecka & Boukal, 2014) 

and activity (Start & Gilbert, 2019) can, however, provide important 

insights into the underlying mechanisms. 

Body size is an especially important trait in aquatic invertebrates, 

since they grow several orders of magnitude during ontogeny and this 

drives changes in trophic position and ecosystem functioning of individuals 

of the same species (Rudolf & Rasmussen, 2013). Many traits, including 

trophic position, microhabitat use, dispersion mode, often change during 

individual ontogeny and can be therefore partially accounted for by size. 

That being said, even size related effects can be species specific, indicating 

a combination of analyses is preferable to either species- or size-centric 

approach alone (Rudolf et al., 2014). Examining the community through a 

combination of taxonomic and functional perspective can prove more 

useful for answering certain questions. For example, higher densities of 

juvenile trout were seen in streams by Höjesjö et al. (2015), suggesting 

complex environment is better for the trout population. However, the 

increased trout density probably led to depletion of prey, greater 

intraspecific competition, and slower individual growth. Höjesjö et al. 

(2015) would not have detected that if they did not sample the population 

and measure the size of the individuals repeatedly. 
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Considering functional traits including body sizes can therefore 

help us make better predictions of the effect of predators on community 

structure (Start & Gilbert, 2019) and more efficient habitat management 

decisions (Kelley et al., 2018). 

 

 

Methodologies to study community structure and assembly 

Having established habitat complexity and predation as key factors 

influencing the structure and assembly of aquatic communities above, let 

us consider methods of elucidating these effects. Various experimental 

approaches have been used (Figure 1). Highly controlled laboratory 

experiments can help identify mechanisms underlying observed changes in 

community assembly (Kneitel & Chase, 2004). This approach is suitable to 

describe individual behaviour and interactions between key species on 

shorter time scales (e.g., Buxton et al., 2020). Extrapolating results from 

laboratory into natural setups is, however, difficult. Population and 

community level consequences are best understood in natural setups, such 

as longer-term mesocosm studies and field experiments (Pintar & 

Resetarits, 2020). Understanding all levels of organization (individual, 

interaction, community) in a study system therefore requires combining 

results from focused short-term and wider-scope long-term studies.  

For example, mosquitoes are well known for their oviposition 

habitat selection, as they can avoid ponds inhabited by predators when 

predator-free ponds are available (e.g., Silberbush & Blaustein, 2011). 

Preferences for conspecific presence appear to shape oviposition habitat 

selection in females of the genus Aedes (Albeny-Simões et al., 2014). In 

the field, however, selection of oviposition habitats can be driven solely by 

resource availability (Fader & Juliano, 2014). More natural set-ups can 

therefore help test hypotheses generated from lab results. Combinations of 

laboratory trials and mesocosm or field experiments are therefore required 

for both mechanistic and realistic explanations of community assembly in 

small standing waters. 



Introduction 

8 

In what follows, I discuss the main effects of habitat complexity and 

predation on community assembly and structure in more detail. Although 

separate sections are dedicated to both these effects, they do often co-occur 

in nature, as I will point out where appropriate. 

 

 

Effects of habitat complexity on community assembly and structure 

Habitat complexity, described as the arrangement of physical structures and 

their features in habitats (Kovalenko et al., 2012), is an abiotic factor 

shaping community structure and assembly. Its effect is particularly 

important in aquatic environments, as higher density of water allows for 

more three-dimensional utilization of space (Tokeshi & Arakaki, 2012). 

Examples of complex habitats include zones of dense macrophytes in 

standing waters and nearshore marine habitats (Wolters et al., 2018), living 

or dead mussel beds in freshwater and marine habitats (Kobak et al., 2016), 

and root and driftwood banks in running waters (Smokorowski & Pratt, 

2007). 

Habitat complexity has two main provisioning effects on the 

community. Firstly, it divides space, which can create refuges (e.g., from 

fish predation for Gammarus, Grutters et al. 2015), ovipositing sites (e.g., 

dragonfly laying eggs in emergent aquatic plants, Lutz and Pittman 1968), 

and perching sites (e.g., dragonfly larvae gaining access to pelagic prey, 

Mocq et al. 2021). Secondly, it usually also increases surface area available 

for biofilm development. This can increase primary production, which is 

then carried to higher trophic levels by grazers (Wolters et al., 2019). As a 

result, communities established in structurally complex habitats are usually 

more diverse and species rich, although the relative importance of various 

habitat complexity effects are likely specific to each habitat and largely 

undocumented (reviewed by Ortega, Thomaz, and Bini 2018). Similarly, 

many taxonomic groups thrive in higher abundances in structurally 

complex habitats. Examples include more algae cover developing on more 

complex plastic macrophyte models (Wolters et al., 2019), more frog eggs 
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laid in ponds with high vegetations density (Holzer & Lawler, 2015), and 

more abundant beetles in pools with denser vegetation and in complexity-

bearing habitats within them (Gómez Lutz, Kehr & Fernández, 2015).  

Complex habitats are to some degree connected to living organisms, 

whose biotic interactions are not considered when discussing the effects of 

habitat complexity alone. Inorganic sources of habitat complexity include 

substrate rugosity or refuge density (Jermacz et al., 2015), and artificial 

macrophyte models (Wolters et al., 2019) or even non-mimicking 

structures (Crooks, Chang & Ruiz, 2016). The latter are used to separate 

habitat complexity effects from biotic interactions in experiments. 

Ecological systems do not always gradually respond to 

environmental change. In particular, nonlinear responses can lead to 

chaotic behaviour or ecological regime shifts (Scheffer et al., 2001; 

Carpenter et al., 2011). Therefore, when possible, working with a gradient 

of habitat complexity with three or more levels is desirable. However, many 

studies have examined the effects of habitat complexity on community 

assembly only on a binary (presence-absence) scale. This may lead to 

incomplete or false conclusions about the role of habitat complexity in 

community assembly. For example, functional responses that describe the 

dependence of prey killed by a predator on prey density (Holling, 1966) 

can take many possible shapes when a gradient of habitat complexity is 

considered (Mocq et al., 2021). Predation rates are commonly expected to 

decline in structurally complex habitats due to the availability of refuges 

and lower encounter rates (Fulan & Anjos, 2015; Schmidt-Drewello et al., 

2016) but this may not always hold. For predators which change hunting 

strategies in high complexity (e.g., fish, Stahr & Shoup, 2015; dragonfly 

larvae, Mocq et al., 2021), there might be a low habitat complexity peak of 

predation efficiency which later declines in higher habitat complexity 

levels. This would be a unimodal response to a habitat complexity gradient. 

Likely all habitat complexity effects can only be linear within a narrow 

range of complexities. When a broad range of naturally occurring habitat 

complexity levels are considered, more complicated relationships are likely 

to be uncovered (Soukup et al., 2022). 
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While we can summarise the effects of habitat complexity as a 

provider of shelter and surface area (Tokeshi & Arakaki, 2012), divider of 

territories (Bilhete & Grant, 2016) and overall positive influence on 

abundance, biomass and diversity (St. Pierre & Kovalenko, 2014; 

Czarnecka, 2016) of aquatic organisms, some areas remain relatively 

sparsely understood. Ecosystem engineers interact with different 

components of habitat complexity (e.g., crayfish benefit from increased 

habitat complexity, Corkum & Cronin, 2004; they increase it by excavating 

banks but decrease it by disturbing macrophytes, Carreira, Dias & Rebelo, 

2014), and their activity can have long-term feedbacks, which remain 

largely unknown.  

Habitat complexity can greatly effect community assembly and 

colonization (Flecker & David Allan, 1984). Due to methodological 

difficulties, few colonization experiments examining community assembly 

in habitats of different habitat complexity are known in lotic systems 

(unlike manmade reefs in marine environments, e.g., Hylkema et al., 2020), 

presenting an opportunity for further inquiry. Additionally, natural habitats 

span a wide range of complexity, from barren bottoms to dense a diverse 

macrophyte beds (Tokeshi & Arakaki, 2012). Since habitat complexity 

often significantly modifies predator prey interactions (e.g., Fulan & Anjos, 

2015), efforts should be made to quantify the intensity of these effects on a 

finer scale of habitat complexities.  

 

 

Effects of predation on community assembly and structure 

Predators can alter the course of community assembly both directly and 

indirectly. The direct lethal effects stem from the killing and usually also 

consumption of the prey. Prey preferred by the predator are hence less 

likely to become established in the community (Liebold, 1997), and 

predation may also mediate competitive interactions among different 

species of prey, e.g., through apparent competition (Dijoux & Boukal, 

2021). Functional responses are often used to express direct lethal effects 
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of predators on a gradient of prey densities (Holling, 1966). This is 

beneficial for various modelling efforts. Precise descriptions of functional 

responses allow the analysis of species rich ecosystems, which are 

otherwise prone to chaotic dynamics (Williams & Martinez, 2004). 

Functional responses may help in formulating effective strategies for the 

removal of alien species (Boukal, Sabelis & Berec, 2007). Interestingly, 

habitat complexity can sometimes change functional response shapes from 

destabilizing Type II to stabilizing Type III, qualitatively changing predator 

prey dynamics (Barrios-O’Neill et al., 2015). 

Non-lethal effects are invoked by the mere presence of a predator 

(Figueiredo et al., 2018). The terms ‘consumptive’ and ‘non-consumptive’ 

are also used to describe these two kinds of effects (McCauley, Rowe & 

Fortin, 2011). Notably, the consequences of unsuccessful attacks (e.g., 

maimed, forewarned prey) can be considered ‘consumptive’, although 

technically also ‘non-lethal’. Additionally, predator effects can be 

described as ‘direct’, when exacted by the predator’s activity, or ‘indirect’ 

for secondary changes arising from direct effects (e.g., O’Connor et al., 

2012). Direct effects arise from so-called density-mediated interactions 

(more predators eat more prey), while indirect effects can be attributed to 

trait-mediated interactions (any number of predators stimulates defensive 

strategies in prey, Preisser, Bolnick & Bernard, 2005). 

The trophic cascade is a prime example of an indirect predator 

effect, in which the effects of predation propagate down to lower trophic 

levels (Figure 2). In food chains, we should see alternating negative and 

positive effects, radiating top-down from the predator (Power, 1990). For 

instance, predatory fish can have negative effects on herbivorous 

consumers such as zooplankton (Hrbáček, 1962; Dodson, 1974) and 

subsequently a positive indirect effect on the primary producers such as 

algae (Vonesh et al., 2009). Introducing a piscivore into such a system 

lengthens the trophic chain and reverses the trophic cascade (Carpenter, 

Kitchell & Hodgson, 1985). Once established, cascade effects are persistent 

until a change in the trophic structure occurs (Bell, Neill & Schluter, 2003). 

In small ponds, both fish and invertebrate predators can cause cascading 
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effects (dragonfly larvae: Stav, Blaustein & Margalit, 2000; rainbow trout 

and signal crayfish: Nyström, Svensson & Lardner, 2001). 

 

Figure 2: Examples of trophic cascades in freshwater systems. Fish or 

invertebrate predators prey on consumers. This indirectly increases 

biomass of primary producers, such as epiphytic algae. Here trout feed on 

insects, including predators and grazers, thereby increasing periphyton 

biomass (left column). Although the trout may eliminate some insect 

predators (intraguild predation), their overall effect on grazers can still be 

negative. Omnivorous predators also consume primary producers, partially 

compensating the cascading effects. Here a crayfish feeds on aquatic snails 

and rooting plants. Examples inspired by results reported in (Nyström et 

al., 2001). Thick solid arrows = direct predator effects, thin dashed arrows 

= indirect predator effects. Only interactions directly related to the 

described trophic cascades are represented. Signs (+, –) indicate overall 

effects of the top predator presence on the biomass of pictured groups. P = 

predators, C = consumers, PP = primary producers and bacteria. Design and 

illustrations by Pavel Soukup.  
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Indirect effects of predation can also contribute to a trophic cascade. 

For example, damselflies avoid oviposition in bromeliad phytotelmata next 

to which a stuffed bird was placed to invoke top predator risk (Breviglieri, 

Oliveira & Romero, 2017). Consequently, aquatic meso-predator 

abundance increased in bromeliads devoid of damselfly larvae that are top 

predators in the local food web. This led to a lower scraper abundance, 

which could have meant lower decomposition rates and stunted bromeliad 

growth in the long term. A perceived risk of predation and oviposition 

avoidance was thus enough to create cascading effects across both 

terrestrial and aquatic environments. 

The importance of non-consumptive effects depends on several 

factors. Besides the taxonomic identity and functional traits of interacting 

organisms, the intensity of non-consumptive effects can scale predictably 

with predator body size as shown in aquatic hemipteran predators (Krenek 

& Rudolf, 2014). Moreover, differences in prey sensory ability and habitat 

characteristics can drive the strength of non-consumptive effects (Smee, 

Ferner & Weissburg, 2008). Finally, antipredator behaviour may not be 

efficient in environments with multiple predators, as seen by mosquito 

larvae not diving when simultaneously under threat of predation by Aeshna, 

Agabus and Aquarius (Meadows, Owen & Snyder, 2017). Alternatively, 

prey can adjust their behaviour to the predator perceived most dangerous 

in environments with multiple predators (Rana sylvatica tadpole, Relyea, 

2003).  

All the effects outlined in the previous paragraphs can occur 

simultaneously in natural ecosystems. Nonetheless, their separation 

promotes clarity in communication, allows us to design experiments 

isolating the individual facets of predator effects and helps obtain a better 

mechanistic understanding of overall predator effects. Non-consumptive 

effects can be studied by exposing focal organisms to visual or chemical 

predator cues to simulate predator risk (e.g., Turner, Bernot, and Boes 

2000). Captive or otherwise incapacitated predators can be introduced in 

the environment (e.g., Turner et al., 2000) and even dummy predators can 

evoke measurable effects (competitive behavior in trout, Kalleberg, 1958). 
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Chemical cues are apparently most impactful for aquatic invertebrate prey 

(Adler & Drew Harvell, 1990; Ferrari, Wisenden & Chivers, 2010). These 

indirect effects commonly include growth of defensive appendages 

(Barnhisel, 1991), changes in larval development (McCauley et al., 2011), 

changes in oviposition habitat selection (Resetarits, 2001; Blaustein, 

Blaustein & Chase, 2005), habitat use (Oram & Spitze, 2013), activity, 

feeding and other behavioural alternations (e.g., Sih, 1992), which can 

negatively affect the prey population (Preisser et al., 2005). 

Predator-prey interactions are easily one of the most studied 

ecological phenomena, aquatic environments notwithstanding. Functional 

responses can quantify predation intensity in specific predator-prey pairs 

(e.g., Cuthbert et al., 2019). Factors including temperature (Wasserman et 

al., 2016) and habitat complexity can alter predator’s functional response 

(Barrios-O’Neill et al., 2015). Functional response shape was shown to 

change from Type II to Type three in certain predator prey pairs (Alexander 

et al., 2012) but not for others (Anderson, 2001; Wasserman et al., 2016). 

A decrease in attack rate in complex habitats can be attributed to the 

provision of refuges to prey (Barrios-O’Neill et al., 2015) but a decrease in 

handling time is sometimes also reported (Alexander, Dick & O’Connor, 

2013) and it is unclear why predators should take more time to process food 

in more complex environments. Available research is mostly evaluating 

functional responses in binary habitats (simple vs. complex), while we 

would expect a more complicated responses to take place in nature (e.g., a 

low threshold for the effect to manifest, and a high threshold levelling off 

the effect, or even reversing it). Despite the importance habitat complexity 

plays in predator-prey interactions, relatively little is known about the 

qualitative and quantitative changes to functional response. Similarly, the 

trophic cascade is well documented for piscivorous fish in ponds and lakes 

(e.g., Vašek et al., 2013), but cascades caused by indirect predator effects, 

or by omnivorous predators can be harder to detect (Figure 2). Knowledge 

about the various modifying effects of habitat complexity on direct and 

indirect predator effects might prove important for our understanding of the 

role of habitat complexity and predation risk in community assembly. 
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Aim and scope of this thesis 

In this thesis I focus on selected aspects of the role of habitat complexity 

and predation risk in community assembly in small standing bodies. I chose 

invertebrate predators as my focal group, since they are top predators in 

small fishless standing water bodies (Wellborn et al., 1996). I combine 

different levels of focus to deal with the topic. I conducted a review of the 

role of habitat complexity in community assembly to identify potential 

areas of interest. I further ran a semi-natural open colonization mesocosm 

experiment to identify the effects of habitat complexity and predation risk 

at the community level and controlled laboratory experiments to elucidate 

the effects of habitat complexity on the predator behaviour and the strength 

of predator-prey interactions. 

In Chapter I, I review habitat complexity effects on individuals, 

their interactions, and entire communities in all aquatic environments. This 

review provides a conceptual framework that covers both the effects of 

habitat complexity on the different levels of biotic organizations and all 

possible feedback loops that may enhance of diminish the direct effects. I 

reviewed 208 recent studies dealing with habitat complexity in aquatic 

environments and examined their results and reasoning in the spirit of this 

framework. This allowed me to identify understudied areas and suggest 

possible directions for future research. Among other things, this review 

showed that the role of habitat complexity is often studied using only 2-3 

levels of habitat complexity, which prevents the quantification of any 

nonlinear effects of habitat complexity on community assembly. 

To address this question, I examine predator-prey interactions on a 

more gradual gradient of habitat complexity in laboratory microcosms in 

Chapter II. We used dragonfly (Aeshna cyanea) larvae feeding on 

phantom midge (Chaoborus obscuripes) larvae as a case study. Aeshna 

larvae are visual predators that commonly employ a ‘sit-and-wait’ ambush 

strategy (Pritchard, 1965). Using a population-level experiment with five 

levels of habitat complexity (submerged plant mimics), we described the 
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dependence of the parameters of the functional response linking prey 

consumption to prey density (Holling, 1966) on the range of habitat 

complexity levels. To complement the data and provide more mechanistic 

explanations of the results from the population-level functional response 

experiment, I also conducted an individual-level behavioural experiment in 

which I recorded Aeshna behaviour while feeding on Chaoborus larvae in 

arenas with varying habitat complexity. We combined the population- and 

individual-level approach to identify plausible models of the effect of 

habitat complexity on functional response parameters, and reviewed 

previous experiments to advance our understanding of the role of habitat 

complexity in functional responses in 2D and 3D environments. 

In Chapter III, I focus on the effect of an invasive crayfish 

Orconectes limosus and habitat complexity on early stages of community 

assembly. I set up small outdoor mesocosms with crayfish and plastic plant 

models to mimic natural submerged plants and followed the colonization 

process for 29 days. I measured the abundance and biomass responses of 

the colonizing macroinvertebrates to habitat complexity and predation risk. 

I used well established allometric equations to estimate biomass from 

length measurements (e.g., Benke et al., 1999; Johnston & Cunjak, 1999). 

Size measurements were automated using algorithms which extract length 

estimates from even complicated outlines of invertebrates (e.g., longest-

shortest path, originally intended for measuring shoot lenghts of brached 

plants Polder et al., 2010, Figure 3). Acquiring individual-level data from 

long-term or large-scale experiments remains difficult. The above-

mentioned methods helped me show that the consumptive and 

nonconsumptive effects of the omnivorous crayfish on early stages of 

community assembly are relatively minor and manifested only in the 

altered size structure of the community. In this case, the assembly was 

driven more by the effects of habitat complexity. 
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Figure 3: Automated length measurement procedure for aquatic insects. 

Pictures of separated individuals are taken with a stereomicroscope (top 

left), binary (i.e., black and white) image is created using a black threshold 

(top right), skeletons for each object are calculated (bottom left) and pruned 

to find the longest shortest path, which closely corresponds to the body 

length of the individual (up to ~10% error). See also Chapter III for details. 
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Supplementary information for “From individuals to communities: 

habitat complexity affects all levels of organization in aquatic 

environments” 

Pavel R. Soukup, Joacim Näslund, Johan Höjesjö, David S. Boukal 

 

Conceptual framework and data acquisition 

We have constructed the overall structure of the conceptual Figure 

1 from first-principles thinking. That is, we considered all possible links 

between different levels of biotic organisation including individuals, their 

interactions and populations and communities. We assumed that 

environmental conditions can directly affect only individuals, and their 

effects on interactions and higher levels of biotic organisation are mediated 

through the individual level. We also considered all possible feedback 

loops between the different levels. Examples of the effects included Figure 

1 are based on previous reviews and our own literature review and represent 

the most common or typical effects demonstrated or hypothesized in the 

literature. 

We focused on papers published in years 2015-2020. By querying 

the Web of Science database (Clarivate Analytics, Philadelphia, last 

updated 31 December 2020) for “habitat complexity” AND (marine OR 

*water OR aquatic) we arrived at 555 studies, of which 365 were excluded 

as irrelevant for the subject of this review, leaving 190 for review. 

Complementary searches using the Google Scholar search engine (Google 

LLC, Mountain View) yielded 28 additional studies whose subject matched 

closely our topics. 

Additional search terms (“structural complexity”, etc.) inflated the 

list of results several times but most of the additional articles (i.e., those 

that were not found by using the search terms included in the paper) were 

irrelevant for the subject of this review as they included papers on terrestrial 

biota and otherwise irrelevant hits. Note that many papers using more 

specific terms throughout the article such as “woody debris” (Farina et al., 

2016), “habitat structure” (Montag et al., 2019) or “vegetation” (Lucon-
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Xiccato, 2019) refer to “habitat complexity” at least once in the 

introduction, abstract or keywords. For these reasons, we chose the narrow 

but robust search term “habitat complexity”. 

We assigned studies from this collected bibliography (Table S1) to 

the different levels and relationships of our conceptual framework. Our 

classification was based on both quantitative evidence (even inconclusive) 

and reasoning illustrated by the relationship to explain a result in the given 

study. This allowed us to identify knowledge gaps and to suggest future 

lines of research.  

We used the same approach to identify the main reviews and 

populate Fig. 2. That is, we queried the Web of Science database (Clarivate 

Analytics, Philadelphia, last updated 31 December 2020) for ("habitat 

complexity" OR “habitat heterogeneity”) AND (marine OR *water OR 

aquatic) AND (review OR meta-analysis OR metaanalysis) and included 

all papers published before 2021, i.e. we did not limit the search to the 6-

year window as in Table S1. This approach yielded 97 studies, from which 

we selected nine papers that focused on at least one of the forward or 

feedback links between habitat complexity and the local biota (arrows A1–

A8 in Fig. 1). Complementary searches using the Google Scholar search 

engine (Google LLC, Mountain View) yielded 10 additional reviews and 

meta-analyses. 
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Table S1: List of reviewed studies, sorted alphabetically by the first author’s last name. Reference = short citation, see full 

record below. HC type (levels) = type of habitat complexity used; maximum number of independent levels used is given in 

brackets (var = variable amount along a HC gradient). Method = broad categorization of the method and data analysed in 

the paper. Organisms = predators and prey (if any) examined in the study. Organisms from different trophic levels are 

separated by a “×” sign. Environment and scale = categorical information describing: aquatic environment (lotic, lentic, 

marine or special), spatial scale (microcosm, mesocosm, field and combinations), time scale (minutes, hours, days, weeks, 

months or years) and region (Africa, Asia, Europe, Arctic, Australia, Latin America, North America or multiple continents). 

Time scale refers to data collection period or experimental length. When multiple studies are reported in a single paper, the 

longest value is reported here. Conclusion = key results of the study concerning habitat complexity. A = Relationships 

depicted by arrow numbers A1–A8 in Fig. 1 in the main text that were examined in the study. Relationship entries are based 

on both quantitative evidence (even inconclusive) and reasoning illustrated by the relationship to explain a result in the given 

study. Abbreviations: HC = habitat complexity, FR = functional response. 

Reference 
HC type 

(levels) 
Method Organisms 

Environment 

and scale 
Conclusion A 

Agudo-Adriani 

et al., 2016 

Acropora 

cervicornis  

coral structural 

parameters 

(var) 

community 

survey 
reef fish 

marine, field, 

hours, Latin 

America 

Length, volume, the number of 

peripheral branches and average 

number of branches explain 40% of 

the variability of community 

structure and over 60% of variability 

of abundance and richness of fish. 

6 

Aguilar-

Medrano & 

Arias-González, 

2018 

coral cover 

(var) 
visual census reef fish 

marine, field, 

years, Latin 

America 

Variation in HC is a significant factor 

related to fish richness and functional 

diversity. 

6 
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Reference 
HC type 

(levels) 
Method Organisms 

Environment 

and scale 
Conclusion A 

Ajemian, Sohel 

& Mattila, 2015 

Zostera marina 

macrophyte 

analogue (2) 

habitat 

selection 

observations 

Perca fluviatilis 

× 

Gasterosteus aculeatus 

marine, 

mesocosm, 

minutes, 

Europe 

Prey prefers vegetated habitats, 

especially in high turbidity. Prey is 

less active in turbid environments. 

Prey uses HC as refuge after predator 

introduction, especially in high HC. 

2, 3 

Alexander et al., 

2015 

macrophyte 

analogue (4) 

counting 

survived prey, 

modelling FR 

Micropterus salmoides 

× 

Poecilia reticulata 

lotic, 

mesocosm, 

hours, Africa 

Less prey is consumed in high HC 

compared to all other levels. FR 

always type II. Handling time and 

attack rate increases in high HC. 

4, 5 

Anderson, 2019 

turbidity, 

macrophytes 

(var) 

frog survey Rana draytonii 

lentic, field, 

years, North 

America 

Probability of R. draytonii presence 

increases with vegetation presence 

and is further associated with 

moderate turbidity. 

6 

Strain et al., 

2020 

seawall tiles, 

live oyster (2) 

community 

survey 
reef community 

marine, field, 

months, 

Australia 

Species density of sessile 

invertebrates and the percentage 

cover of oysters does not differ 

between complex and seeded tiles. 

Flat unseeded tiles support fewer 

invertebrates and oysters. 

6 

Axelrod, 

Laberge & 

Robinson, 2018 

habitat type (2) 
brain mass 

measurement 
Lepomis macrochirus 

lentic, field, 

years, North 

America 

Individuals from littoral habitats with 

dense vegetation have larger brains 

relative to their size compared to 

individuals from pelagic rocky 

habitats. 

7 

Barrios-O’Neill 

et al., 2016 

substrate type 

(3) 

counting 

survived prey 

fish 

× 

Chelicorophium 

curvispinum 

lentic, 

microcosm, 

hours, Europe 

HC mediates the strength of body-

mass predator prey relationships and 

modulates destabilizing interactions. 

4, 5, 6 
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Reference 
HC type 

(levels) 
Method Organisms 

Environment 

and scale 
Conclusion A 

Bartholomew & 

Burt, 2015 

artificial 

habitat 

(3) 

community 

survey 
seagrass biota 

marine, field, 

weeks, Asia 

Shrimp abundance increases with 

HC in fall. 
5, 6 

Beal et al., 2020 

shell hash or 

gravel addition 

(3) 

counting and 

measuring 

survived prey 

Carcinus maenas 

× 

clams 

marine, field, 

years, North 

America 

Neither shell hash nor gravel mitigate 

negative effects of predation on clam 

populations. 

6 

Beatty et al., 

2020 

substrate type 

(3) 

counting 

survived prey 

Pacifastacus leniusculus 

× 

gammarids 

lentic, 

mesocosm, 

hours, Europe 

Under crayfish predation, amphipod 

survival varies with species, 

substrate type and the interaction of 

the two. 

4, 5 

Beatty, Ryan & 

Morgan, 2019 

woody debris 

(var) 

community 

survey 
Cherax cainii 

lentic, field, 

months, 

Australia 

C. cainii is more commonly found in 

areas with woody debris. 
6 

Bilhete & Grant, 

2016 

substrate 

gravel or 

gravel with 

stones (2) 

behavioural 

observations, 

growth rate 

measurements 

Salmo salar juvenile 

× 

stream biota 

lotic, field, 

minutes, 

North 

America 

Aggressiveness, feeding rate and 

territory size is smaller in high HC. 

Growth rate is not affected by HC. 

2, 3, 

4, 5 

Birck et al., 

2019 

macrophyte 

analogue, rock 

& driftwood 

(3) 

behavioral 

observation 

native fish predators 

× 

Oreochromis niloticus 

juveniles 

lotic, 

microcosm, 

days, Latin 

America 

HC did not influence predatory 

efficiency of fish predators. 
2, 4, 5 

Bishop & Byers, 

2015 

Gracilaria 

vermiculophyll

a macroalgae, 

Crassostrea 

virginica shell 

(3) 

counting 

survived prey, 

colonization 

Callinectes sapidus 

× 

Panopeus herbstii 

marine, field 

& mesocosm, 

days, North 

America 

Fewer prey (P. herbstii) colonize 

patches with predators (C. sapidus). 

Prey survival is greatest in C. 

virginica oyster beds, lower in algae 

and lowest in mud. Predator presence 

deters prey from inhabiting less 

complex substrates. 

2, 3, 

4, 5, 6 
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Reference 
HC type 

(levels) 
Method Organisms 

Environment 

and scale 
Conclusion A 

Bodmer et al., 

2017 

natural habitats 

(2) 

behavioral 

observation 

shadow stimulus 

× 

Diadema antillarum 

marine, 

mesocosm, 

minutes, 

Latin 

America 

Predator avoidance behavior of D. 

antillarum is comparable in both 

habitats differing in percentage 

scleractinian coral cover. 

2, 3 

Bolduc et al., 

2020 

macrophytes 

(var) 

community 

survey 
zooplankton 

lentic, field, 

years, North 

America 

Submerged aquatic vegetation 

influences zooplankton functional 

groups and diversity indices. 

1, 6 

Bolduc, Bertolo 

& Pinel-Alloul, 

2016 

macrophytes 

(var) 

community 

survey 
zooplankton 

lentic, field, 

weeks, North 

America 

Aquatic vegetation increases 

functional diversity and total 

biomass of the zooplankton 

community. 

6 

Bolton et al., 

2018 

crevice volume 

(3) 

video 

recording, 

colonization 

reef predators 

× 

reef biota 

marine, field, 

months, Au 

Predation pressure increases with 

crevice size. 

2, 3, 

4, 5, 6 

Bradford et al., 

2020 

seawall tiles, 

live oyster (4) 

community 

survey 
seawall community 

marine, field, 

months, Asia 

More complex tiles have greater 

cover and species richness of sessile 

epifauna. Tiles seeded with oysters 

facilitate recruitment of the same 

species. 

6 

Bradley, 

Gladstone & 

Gribben, 2018 

Caulerpa 

filiformis 

macrophyte (2) 

visual census reef fish 

marine, field, 

months, 

Australia 

Fish richness and abundance do not 

differ among habitat types. 
6 

Brito, Michelan 

& Juen, 2021 

macrophytes 

(var) 

community 

survey 
dragonfly larvae 

lentic, field, 

months, 

North 

America 

Limnological variables are more 

important for dragonfly community 

composition than habitat complexity. 

6 
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Reference 
HC type 

(levels) 
Method Organisms 

Environment 

and scale 
Conclusion A 

Brogan & 

Relyea, 2015 

Elodea 

canadensis 

macrophyte (4) 

community 

survey 
lentic community 

lentic, 

mesocosm, 

months, 

North 

America 

Densities of E. canadiensis 

converged over the course of the 

experiment. Rotifers reach higher 

population densities in high HC. Less 

periphyton grows in high HC. HC 

prolongs time to metamorphosis and 

decreases mass at metamorphosis in 

amphibians. Fewer snails inhabit 

high HC environments. 

6 

Buxton et al., 

2020 

Cyperus sp. 

stalks (3) 

counting 

survived prey 

Anisops sardea, 

Enithares chinai 

× 

Culex pipiens larvae 

lentic, 

microcosm, 

hours, Africa 

More C. pipiens larvae are consumed 

in multiple predator treatments in the 

absence of HC. HC modifies 

multiple predator effects differently 

for pairs of predators, reducing prey 

risk with multiple A. sardea 

compared to E. chinai. 

4, 5 

Cáceres et al., 

2020 

coral cover 

(var) 

community 

survey 
fish community 

marine, field, 

weeks, Latin 

America 

Complex reefs host fish assemblages 

with greater functional and 

ecological diversity. 

6 

Cai et al., 2019 habitat type (5) 

fish 

community 

survey 

fish 
lentic, field, 

months, Asia 

Richness, diversity and number of 

species differs with season, 

vegetation type and depth. 

2, 3, 6 

Callaway, 2018 

reef units from 

various rock 

(4) 

community 

survey 
benthic fauna 

marine, field, 

months, 

Europe 

Different reef units have variable 

abiotic properties. Community 

structure and species richness is best 

explained by the volume of 

interstitial space and trapped 

sediment. 

6 
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Reference 
HC type 

(levels) 
Method Organisms 

Environment 

and scale 
Conclusion A 

Campos et al., 

2020 

artificial kelp 

reefs (2) 

community 

survey 
reef community 

marine, field, 

months, Latin 

America 

Kelp promotes biomass of specific 

species and functional groups. 

Artificial reefs promote construction 

of biogenic structures and increase 

HC. 

6, 7, 8 

Carminatto et 

al., 2020 

habitat 

assessment 

score (var) 

community 

survey 
fish community 

marine, field, 

months, Latin 

America 

Fish assemblages vary with HC. 

More complex reefs host more fish of 

higher species richness. 

1, 6 

Carroll, Jackson 

& Peterson, 

2015 

seagrass 

macrophyte 

analogue (5) 

counting 

survived prey 

crabs 

× 

Argopecten irradians 

marine, 

mesocosm, 

days, North 

America 

HC increases survival in all predator 

setups. Predator identity and predator 

& prey size determines the slope of 

the relationship. 

4, 5 

Carter, 

Vodopich & 

Crumrine, 2018 

macrophyte 

analogue (2) 

counting 

survived prey 

Cybister fimbriolatus, 

Anax junius larvae 

× 

Pachydiplax longipennis 

larvae 

lentic, 

mesocosm, 

days, North 

America 

Prey consumption was lower in high 

HC for 4 out of 6 size combinations 

for both predators. Intraguild 

predation does not depend on HC. 

4, 5, 6 

Carvalho, Loiola 

& Barros, 2017 

amount of 

sediment 

fractions (4) 

community 

survey 
benthic fauna 

marine, field, 

weeks, Latin 

America 

Diversity of sediment fractions does 

not influence benthic fauna diversity 

and abundance. 

6 

Catano et al., 

2015 

reef structure 

(var) 

behavioral 

observations 
Sparisoma aurofrenatum 

marine, field, 

minutes, 

North 

America 

Males in lower HC reefs choose high 

HC territories. Males in higher 

overall HC choose smaller territories. 

2, 3 

Catano et al., 

2016 

rugosity of 

reefs 

(2) 

behavioral 

observations 

Mycteroperca bonaci 

× 

herbivorous reef fish 

marine, field, 

hours, North 

America 

Seagrass grazing by herbivorous fish 

decreases in the presence of predator 

(M. bonaci) decoy. This effect is 

more pronounced in high HC areas 

and abates with distance from the 

decoy. 

2, 3, 

4, 5, 8 
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Reference 
HC type 

(levels) 
Method Organisms 

Environment 

and scale 
Conclusion A 

Champion, 

Rosenfeld & 

Shadwick, 2018 

substrate type 

(3) 

counting 

survived prey 

Rhinichthys cataractae 

× 

Ephemeroptera, 

Simuliidae, 

Chironomidae 

lotic, 

microcosm, 

hours, North 

America 

Prey capture efficiency of R. 

cataractae declines with current 

velocity for all prey taxa and 

substrate types. Foraging efficiency 

does not depend on substrate type, 

except for fewer mayflies being 

consumed on unembedded substrate 

in medium velocity. 

4, 5, 6 

Chandler, 

Gorman & Haas, 

2016 

macrophyte 

analogue (3) 

counting 

survived prey 

Procambarus evermanni 

× 

Lithobates 

sphenocephalus, 

Pseudacris ornata 

lentic, 

mesocosm, 

months, 

North 

America 

Tadpole grow faster in predator 

treatments and in more complex 

treatments. HC does not mitigate 

predator effects. 

2, 4, 5 

Cheminée et al., 

2015 

concrete blocks 

(4) 

community 

survey 
fish community 

marine, field, 

months, 

Europe 

Recruits of Coris julis fish occur 

significantly more often in complex 

habitats. 

2, 3 

Chhor et al., 

2020 

erosion 

armouring 

implements (3) 

community 

survey 
lake biota 

lentic, field, 

months, 

North 

America 

Overall biotic diversity does not vary 

between habitats, more macrophytes 

grow on natural shorelines, fish and 

benthic communities differ among 

habitats. 

6 

Choi et al., 2015 
macrophytes 

(var) 

community 

survey 

epiphytic 

microcrustaceans 

lentic, field, 

years, Asia 

Distribution of epiphytic 

microcrustaceans differs among 

macrophyte species. 

6 

Choi et al., 2016 habitat type (4) 
community 

survey 
zooplankton 

lentic, field, 

months, Asia 

Zooplankton density is higher in 

vegetated habitats, especially in the 

mixed vegetation zone. 

6 
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Reference 
HC type 

(levels) 
Method Organisms 

Environment 

and scale 
Conclusion A 

Church & Grant, 

2019 

macrophyte 

analogue (2) 

behavioral 

observation 
Amatitlania nigrofasciata 

lentic, 

microcosm, 

minutes, 

North 

America 

Dominant A. nigrofasciata 

individuals select and defend 

complex habitats. 

2, 5 

Clausing, 

Phillips & Fong, 

2020 

substrate 

rugosity (var) 

community 

survey 
algal community 

marine, field, 

years, 

Australia 

HC accounts for most changes in 

species abundance, obscuring 

underlying effects of nutrient 

addition. 

6 

Clemente et al., 

2019 

macrophyte 

analogue (2) 

community 

survey 
invertebrate colonization 

lentic, field, 

weeks, 

multiple 

continents 

Communities in subtropics and 

temperate zones related to HC types 

differ. More periphyton grows on 

floating HC in subtropics and in 

temperate lakes. 

6 

Colden, Latour 

& Lipcius, 2017 

man-made 

reefs of 

varying height 

(6) 

population 

survey 
Crassostrea virginica 

marine, field, 

years, North 

America 

Reefs higher than 30 cm promote 

long term C. virginica survival, 

whereas lower reefs allow gradual 

degradation of C. virginica 

populations. 

6, 7, 8 

Collins et al., 

2015 

reef relief, 

volume, origin 

(3) 

population 

survey 
Epinephelus itajara 

marine, field, 

years, North 

America 

More E. itajara individuals inhabit 

artificial habitats over natural ones. 

Abundance of E. itajara correlates 

with high relief and volume. 

6 

Consoli et al., 

2015 
shipwrecks (2) 

community 

survey 
fish community 

marine, field, 

North 

America, 

Europe 

Artificial structures host more 

abundant and species rich 

communities compared to control 

sites. 

6 
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Reference 
HC type 

(levels) 
Method Organisms 

Environment 

and scale 
Conclusion A 

Corser & 

Wilcox, 2019 

habitat metrics 

(var) 

population 

survey 
Salmo trutta 

lotic, field, 

months, 

North 

America 

Local S. trutta population uses 

almost all woody debris, boulders, 

undercut bank and submerged 

vegetation habitats available. 

Different size classes utilize different 

habitats. 

2, 3, 6 

Costa-Pereira et 

al., 2016 
habitat type (2) 

morphologica

l 

measurements 

Astyanax lacustris 

lotic, field, 

years, Latin 

America 

Individual A. lacustris captured in 

habitats of different HC have 

different body morphologies. 

2, 7 

Crane et al., 

2019 

macrophyte 

analogue (2) 

behavioral 

observation 

(alarm cues) 

× 

Pimephales promelas 

lentic, 

microcosm, 

days, North 

America 

Risk cues reduce P. promelas 

movement in both HC treatments. 

Low HC leads to reduced movement 

of P. promelas regardless of cues. 

2 

Crooks, Chang 

& Ruiz, 2016 

macrophyte 

analogue and 

plastic army 

men (5) 

habitat 

preference 
Palaemon macrodactylus 

marine, 

microcosm, 

hours, North 

America 

P. macrodactylus shrimps prefer 

environments with more structures 

regardless of their organization in 

space (simple, branched, non-

mimic). 

1, 2, 3 

Cuthbert et al., 

2019a 

substrate 

presence (2) 

counting 

survived prey 

freshwater turtles 

× 

Gammarus pulex, 

Chironomid larvae 

lentic, 

microcosm, 

minutes, 

Europe 

Substrate presence reduces the 

magnitude of FR for both prey types 

in four freshwater turtles commonly 

kept as pets (Trachemys scripta 

scripta, T. s. troostii, Sternotherus 

odoratus, Kinosternon subrubrum). 

4, 5 

Cuthbert et al., 

2019b 

Schoenoplectus 

brachyceras 

macrophyte 

stalks 

(3) 

functional 

response 

Anisops debilis 

× 

Culex pipiens larvae 

lentic, 

microcosm, 

minutes, 

Africa 

Attack rate decreases stepwise with 

increasing HC. 
4, 5 
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Reference 
HC type 

(levels) 
Method Organisms 

Environment 

and scale 
Conclusion A 

Cuthbert, Dick 

& Callaghan, 

2018 

plastic caps (2) 
functional 

response 

Macrocylops albidus, 

M.fuscus, Megacyclops 

viridis 

× 

Culex quinquefasciatus 

larvae 

lentic, 

microcosm, 

hours, Europe 

High HC decreases attack rate. 

Handling time is not affected, and FR 

shape remains Type II. 

4, 5, 6 

Czarnecka et al., 

2019 

woody debris 

(2) 

counting 

survived prey, 

behavioral 

observation 

Perca fluviatilis 

× 

Gammarus fossarum 

lentic, 

mesocosm, 

minutes, 

Europe 

HC retards predation on dark nights 

but not during illuminated nights or 

during dusk. Fish activity is not 

influenced by HC. 

3, 4, 5 

da Silva-Pinto et 

al., 2020 

macrophyte 

analogues, 

shelter (2) 

behavioral 

observation 
Stegastes fuscus 

marine, 

laboratory, 

minutes, 

Latin 

America 

Barren habitat and warmer water 

temperature decrease the frequency 

of agonistic displays in S. fuscus. 

2, 3 

Dang et al., 

2020 

reef rugosity 

(var) 

community 

survey 
coral community 

marine, field, 

months, Asia 

Small scale HC correlates positively 

with juvenile coral abundance. Large 

scale HC correlates negatively with 

juvenile coral abundance. 

6, 8 

Dauwalter & 

Walrath, 2018 
habitat type (2) 

electrofishing

, habitat 

assessment 

Lepidomeda copei 

lotic, field, 

years, North 

America 

Beaver activity creates more 

complex streamflow where L. copei 

occur more often. Other HC 

components are also associated with 

L. copei occurrence. 

6 

Davies, Briones-

Fourzán & 

Lozano-Álvarez, 

2019 

habitat 

assessment 

score (var) 

community 

survey 

(PaV1 virus) 

× 

Panulirus argus 

marine, field, 

week, Latin 

America 

Seagrass coverage may increase the 

probability of infection by PaV1 

virus in P. argus. 

1, 2, 

3, 5 
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Reference 
HC type 

(levels) 
Method Organisms 

Environment 

and scale 
Conclusion A 

Davis et al., 

2017 

benthic 

structural 

complexity (3) 

community 

survey 
mollusc community 

marine, field, 

months, 

Australia 

Species richness and overall 

diversity increases in highly complex 

habitats. 

6 

de Fouw et al., 

2016 
sea grass (2) 

observation 

of behavior 

Calidris canutus 

× 

Loripes lucinalis 

marine, 

microcosm, 

minutes, 

Africa 

HC increases handling time and 

decreases searching efficiency of 

predators. 

2, 3, 

4, 5 

De la Parra, 

Sarma & 

Nandini, 2016 

Egeria densa 

macrophyte (2) 

counting 

survived prey 

Rhionaeschna multicolor 

larvae 

× 

mix of invertebrates 

lentic, 

microcosm, 

hours, Latin 

America 

Prey consumption by R. multicolor 

larvae is lower in high HC.  

2, 3, 

4, 5 

De Rock et al., 

2019 

seabed shape 

(var) 

occurrence 

analysis 
cetaceans 

marine, field, 

years, Africa 

Modelled habitat suitability for some 

cetaceans correlates with HC. 
2, 6 

Dennis et al., 

2018 

various 

concrete mixes 

(3) 

algae cover 

and taxonomy 
algae community 

marine, field, 

months, 

Europe 

Hemp and shell enriched blocks host 

more diverse algal communities with 

a larger live cover. 

6 

Ding et al., 2015 

substrate 

complexity 

(var) 

community 

survey 
Cichlidae 

lentic, field, 

weeks, Africa 

Habitats with higher rugosity host 

more functionally and taxonomically 

diverse communities. 

6 

Donadi et al., 

2019 

large wood 

debris (var) 

community 

survey 
stream fish 

lotic, field, 

years, Europe 

Presence of large woody debris 

correlates with higher abundance of 

Salmo trutta juveniles. Neither S. 

salar nor sculpin fish were affected 

by HC. 

6 

Duarte, Mota & 

Dias, 2020 
macroalgae (4) 

community 

survey 
molluscs 

marine, field, 

years, Latin 

America 

Higher HC enhances associated 

mollusc abundance, richness and 

diversity. 

1, 6 
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and scale 
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Eggertsen et al., 

2020 

coral reef 

outcrops and 

their features 

(var) 

community 

survey 
reef fish 

marine, field, 

weeks, 

Australia 

Seascape configuration and 

macroalgae influence rates of 

herbivory and abundance of 

parrotfish. 

2, 4, 

5, 6 

Eisele, 

Madrigal‐Mora 

& Espinoza, 

2021 

rugosity (var) 
community 

survey 
fish community 

marine, field, 

years, Latin 

America 

Season, HC, temperature and 

sampling location best predict 

species richness and abundance. 

Species richness and abundance 

increases with increased HC. 

6 

Ellis, Coleman 

& Koenig, 2017 

solution holes 

density (var) 

community 

survey 

Epinephelus morio 

× 

reef fauna 

marine, field, 

years, North 

America 

E. morio occupy on average 55% of 

solution holes. E. morio increase 

solution holes sizes. E. morio 

presence is correlated with higher 

abundance and species richness of 

mobile fauna. 

1, 6, 

7, 8 

Enefalk & 

Bergman, 2016 

fine wood 

(3) 

behavioral 

observations 

Salmo trutta juveniles 

× 

Chironomus larvae 

lotic, 

mesocosm, 

minutes, 

Europe 

S. trutta activity declines and 

sheltering time increases in complex 

environments. Fewer attack take 

place in high HC, but capture rate is 

unaffected. 

2, 3, 

4, 5 

Farina et al., 

2016 

macrophyte 

cover 

fragmentation 

(4) 

counting 

survived prey 

(natural predation) 

× 

Paracentrotus lividus 

marine, field, 

weeks, 

Europe 

P. lividus survival is lower in 

continuous habitat types as opposed 

to low/high fragmentation and rocky 

habitats. Predation pressure differs 

among habitats (fish vs. whelks). 

4, 5 

Ferrari et al., 

2018 

high-resolution 

surface 

rugosity (var) 

baited video 

surveys 
reef fish 

marine, field, 

weeks, 

Australia 

High-resolution surface rugosity 

explained 16% of variance of fish 

abundance. HC effects on abundance 

are species specific. Patterns are 

consistent across functional groups. 

6 
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Ferreira Barbosa 

et al., 2019 
macroalgae (3) 

community 

survey 
molluscs 

marine, field, 

weeks, Latin 

America 

HC of 3 algal species was 

determined, Sargassum polyceratium 

being most complex. Taxonomic and 

functional richness and abundance of 

algae-associated molluscs correlates 

with algal complexity. 

1, 6 

Figueiredo et al., 

2016 
turbidity (2) 

counting 

survived prey 

Hoplias aff. malabaricus 

× 

Moenkhausia forestii  

× 

midge larvae 

lotic, 

mesocosm, 

hours, Latin 

America 

Predation rate of the intermediate 

predator (M. forestii) is decreased by 

turbidity and unaffected by top 

predator presence. 

4, 5 

Figueiredo et al., 

2018 

macrophyte 

analogue (2) 

counting 

survived prey 

Astronotus crassipinnis, 

Hoplias aff. malabaricus 

(non-lethal effects only) 

× 

Astyanax lacustris 

× 

Daphnia, Chironomus 

larvae 

lotic, 

mesocosm, 

minutes, 

Latin 

America 

Prey survival is increased in high 

HC. To a lesser degree, high HC 

increases survival even when non-

native predator is present, but not 

when native predator is. In the 

presence of a native piscivorous fish 

in vegetated habitat, pelagic prey is 

preferred. Otherwise, no selectivity 

is observed. 

4, 5, 6 

Figueiredo, 

Mormul & 

Benedito, 2015 

Egeria najas 

macrophyte (5) 

counting 

survived prey 

Serrapinnus notomelas 

× 

Chironomus larvae, 

Cypricercus 

lotic, 

mesocosm, 

hours, Latin 

America 

Any amount of HC decreases prey 

consumption. Chironomus is 

preferred as prey in low or no HC 

treatments, but no preference occurs 

in high HC. 

2, 3, 

4, 5 

Flores et al., 

2016 

Ceratophyllum 

macrophyte 

analogue (2) 

leaf mass 

loss, FPOM 

production 

Gammarus pulex, Asellus 

aquaticus, Cyclops viridis  

× 

Alnus glutinosa leaf litter 

lentic, 

microcosm, 

weeks, 

Europe 

Loss of leaf mass by grazing is not 

affected by HC. All species perform 

equally, and polycultures do not 

differ from monocultures. pH 

decreases in high HC setups. 

1, 4, 5 
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Flynn et al., 

2020 

mussel shells 

and 

macroalgae (3) 

counting 

survived prey 

Carcinus maenas 

× 

small Carcinus maenas 

or Panopeus herbstii 

marine, 

laboratory 

and field, 

hours, North 

America 

In both field and laboratory 

experiments, only the most complex 

habitat (mussel and macroalga 

combination) provided more 

protection to small C. maenas or P. 

herbstii crabs from large C. maenas 

predation. 

4, 5 

Fonseca & 

Tanaka, 2015 

macrophytes 

(2) 

community 

survey 
invertebrate community 

lotic, field, 

months, Latin 

America 

Greater abundance of invertebrates 

can be found in grass patches in the 

wet season. In the dry season, 

diversity is lower in the grass 

patches. All functional groups other 

than scrapers are more abundant in 

grass patches at all sampling times. 

6 

Fontanarrosa et 

al., 2019 

plankton 

refuge with 

floating or 

submerged 

plants (2) 

community 

survey 

fish 

× 

zooplankton 

lentic, 

mesocosm, 

months, Latin 

America 

Phytoplankton and zooplankton 

communities diverge in time among 

treatments. Zooplankton prefers to 

hide in the traps and avoid open 

water. 

2, 3, 

4, 6 

Foo et al., 2021 
reef rugosity 

(var) 

community 

survey 
reef fish 

marine, field, 

years, North 

America 

Different factors best predict changes 

in biomass for different functional 

groups. Generally, increases in 

rugosity correspond with increases in 

biomass with all functional groups of 

fish but especially grazers. 

6 
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Fulan & Anjos, 

2015 

Pistia 

stratiotes, 

Salvinia 

auriculata 

macrophytes 

(2) 

counting 

survived prey 

Erythemis larvae 

× 

Chironomidae and 

Elmidae larvae 

lentic, 

microcosm, 

days, Latin 

America 

All prey was consumed in zero HC. 

Presence of Pistia reduces prey 

consumption to about 50%, presence 

of Salvinia to about 60%.  

2, 3, 

4, 5 

Gallardo et al., 

2017 

Salvinia 

biloba, Egeria 

najas 

macrophytes 

(2) 

community 

survey 

macroinvertebrate 

community 

lentic, field, 

months, Latin 

America 

More complex habitats support more 

diverse and more abundant 

macroinvertebrates. 

6 

Garner et al., 

2019 

reef 

complexity (2) 

community 

survey 
fish community 

marine, field, 

months, 

North 

America 

Combination of habitat 

characteristics including HC 

influences fish community structure. 

1, 2, 6 

Gehrels et al., 

2017 

substrate type 

(6) 

counting 

survived prey 

Carcinus maenas 

× 

juvenile Carcinus 

maenas 

marine, field 

& mesocosm, 

hours, North 

America 

Juvenile C. maenas mortality rates 

gradually decrease with increasing 

habitat complexity both in mesocosm 

and field enclosure experiments. 

4, 5 

Geraldi, 

Bacheler & 

Kellison, 2019 

substrate relief 

(var) 

trapping and 

recording fish 
reef fish 

marine, field, 

years, North 

America 

More fish appear on video with 

increasing HC, but fewer can be 

caught in traps. 

6 

Gething et al., 

2020 

substrate type 

(4) 

community 

survey 

macroinvertebrate 

community 

lotic, field, 

weeks, 

Europe 

Different substrate types support a 

distinct macroinvertebrate 

community with varying degrees of 

heterogeneity. 

6 
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Glaspie & Seitz, 

2018 

substrate type 

(4) 

counting 

survived prey 

Callinectes sapidus 

× 

Mya arenaria, 

Mercenaria mercenaria 

marine, field 

& mesocosm, 

days, North 

America 

In the field, predator exclusion 

decreases clam mortality, especially 

in the two more complex substrates 

(sand, seagrass). In the laboratory 

Mya may retain a low-density refuge 

from predation even with the loss of 

structurally complex habitats. 

4, 5 

Gómez Lutz, 

Kehr & 

Fernández, 2015 

habitat type (3) 
community 

survey 
Tropisternus spp. 

lentic, field, 

months, Latin 

America 

More complex ponds host more 

Tropisternus beetles, and more can 

be caught in vegetated microhabitats. 

2, 3, 6 

Granzotti, 

Muniz & 

Gomes, 2018 

macrophytes 

(3) 

video 

recording, 

counting 

survived prey 

Hoplerythrinus 

unitaeniatus × 

Moenkhausia forestii,  

× 

Chironomidae larvae 

lotic, 

mesocosm, 

hours, Latin 

America 

HC and H. unitaeniatus presence did 

not influence total prey consumption. 

More M. forestii individuals preyed 

on Chironomidae in the absence of 

H. unitaeniatus. M. forestii survival 

increased with HC in the presence of 

H. unitaeniatus. H. unitaeniatus 

switches to sit-and-wait strategies 

with increasing HC. M. forestii form 

shoals and seek cover in HC in the 

presence of the H. unitaeniatus. 

1, 2, 

3, 4, 5 

Gregor & 

Anderson, 2016 

different sized 

rocks, artificial 

habitat (3) 

counting 

survived prey 

Paralabrax clathratus 

× 

Lythrypnus dalli 

marine, field 

& mesocosm, 

days, North 

America 

Fish survival increases with rock 

size. Low predator access and low 

interstitial space promote prey 

survival. Prey prefer low predator 

access habitats only when predator is 

present. 

1, 2, 

3, 4, 5 
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Grof-Tisza et 

al., 2017 

macrophytes 

and 

macrophyte 

analogues (2) 

exuviae 

survey, 

behavioral 

observation, 

counting 

survived prey 

naturally occurring birds 

× 

Sympetrum corruptum 

larvae 

lentic, field, 

days, North 

America 

Sympetrum exuviae are more 

commonly found on plants with 

defences and more complex plants. 

Larvae choose to moult on complex 

plants, cages or plants with defenses. 

Mechanical defenses and plant 

complexity decrease avian predation 

on moulting larvae. 

1, 2, 

3, 4, 5 

Grutters et al., 

2015 

native and non-

native 

macrophytes 

and their 

analogues (3) 

counting 

survived prey 

Cyprinus carpio 

juveniles, Anax imperator 

larvae 

× 

Daphnia, Gammarus and 

damselfly mix 

lentic, 

mesocosm, 

minutes, 

Europe 

Carp consumes invertebrate prey in 

all densities of both native and non-

native plants. Under Anax predation, 

Gammarus survival is greater if any 

HC is available. Shoot fractal 

dimension and rigidity (usually high 

in macrophyte analogues) alter prey 

survival in complex environments. 

1, 4, 5 

Guo et al., 2020 
artificial 

habitat (2) 

community 

survey, 

counting 

survived prey 

Clarias gariepinus 

× 

fish community 

lotic, field 

and 

laboratory, 

months, Asia 

Artificial habitats increase species 

richness, abundance and diversity in 

field and improve survival of 

juvenile fish under predation in 

laboratory. 

4, 5, 6 

Hao et al., 2017 

macrophytes 

and their 

analogues (3) 

community 

survey 
periphyton community 

lentic, 

mesocosm, 

months, Asia 

Natural plants host less periphyton 

than artificial ones. Periphyton 

density and biovolume generally 

increases with HC. 

6 
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Hasselquist et 

al., 2018 

various 

metrics, 

including 

substrate 

heterogeneity 

(var) 

community 

survey 

macrophyte, diatom and 

invertebrate biota 

lotic, field, 

days, Europe 

Sediment heterogeneity and beaver 

wood increases macroinvertebrate 

species richness and abundance. 

Some aspects of HC are correlated 

with additional community 

characteristics. 

6 

Hatcher et al., 

2019 

submerged 

structures (var) 

community 

survey 
fish community 

lentic, field, 

years, North 

America 

Mudflats with submerged structures 

harbour more fish of a higher range 

of sizes. Community composition 

differs in complex and barren 

mudflats. 

6 

Henderson et al., 

2017 

macrophyte 

and habitat 

metrics (var) 

community 

survey 
fish 

marine, field, 

months, 

Australia 

Species richness is predicted by the 

distance to mangroves and seagrass 

areas, shoot density and seagrass 

biomass. 

6 

Herdrich et al., 

2018 

large wood 

debris 

(2) 

core 

sampling, 

electrofishing

, otolith 

measurement 

Salvelinus fontinalis 

lotic, field, 

months, 

North 

America 

S. fontinalis population density and 

biomass are higher in high wood 

streams. Growth rate is not affected 

by HC. 

6, 7 

Hill, 2016 

macrophytes 

and exclusion 

cage (3) 

community 

survey, 

counting 

survived prey 

Micropterus salmoides 

Hemichromis letourneuxi 

and other fish 

lotic, field & 

mesocosm, 

years, North 

America 

Water level and HC predicts fish 

abundance in the field. HC increases 

prey survival in mesocosms. 

4, 5, 6 

Ho et al., 2018 

macroalgae 

cover 

(var) 

habitat 

assessment, 

visual census 

reef fish 
marine, field, 

years, Asia 

Fish density and species richness 

correlate with seagrass coverage and 

distance from coral reef. 

6 
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Höjesjö et al., 

2015 

macrophyte 

analogues (2) 

population 

survey 
Salmo trutta 

lotic, field, 

months, 

Europe 

Emerged 0+ S. trutta abundance, 

condition and overall biomass is 

higher in high HC. Low HC habitats 

host only few but larger and heavier 

S. trutta. HC has no effect on 1+ year 

old S. trutta. 

6, 7 

Holzer & 

Lawler, 2015 

invasive and 

native 

macrophytes 

(5) 

community 

survey, 

behavioral 

observation 

Pseudacris regilla,  

other colonizing taxa 

lentic, field & 

mesocosm, 

months, 

North 

America 

More larvae and calling males of P. 

regilla are found in canary grass 

(Phalaris arundinacea) habitat. 

Average P. regilla tadpole survival is 

greater in canary grass. Algal 

primary production and water quality 

is not affected by HC. Predator and 

competitor communities are similar 

among treatments with plants and 

differ from plant-free controls. 

2, 3, 6 

Hovel et al., 

2016 

macrophyte 

analogue, 

Zostera marina 

(3) 

behavioral 

observations, 

counting 

survived prey 

Heterostichus rostratus 

× 

Hippolyte californiensis 

marine, 

mesocosm, 

minutes, 

North 

America 

Prey consumption is independent of 

HC. Predators move less in epiphyte-

enhanced shoots in both shoot 

densities. Predator strikes are more 

likely to success in low HC. In high 

HC prey attempts to escape the 

predator less often. 

2, 3, 

4, 5 

Huang et al., 

2016 

Hydrilla 

verticulata 

macrophyte (3) 

counting 

survived prey 

Procambarus clarkia 

× 

Rhodeus sinensis 

lentic, 

microcosm, 

hours, Asia 

Prey consumption decreases with HC 

and increases with prey density. 
4, 5 

Hunt et al., 2019 

3D reef 

structure 

(var) 

visual census Pterois spp. fish 

marine, field, 

months, Latin 

America 

Pterois individuals prefers broad-

scale, rather than fine-scale, HC. 
2, 3 
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Hylkema et al., 

2020 

artificial reefs 

(4) 

community 

survey 
reef fish 

marine, field, 

months, Latin 

America 

Artificial reefs host richer and more 

abundant fish communities than bare 

sand. Reefs providing more shelter 

volume host an even higher fish 

abundance and biomass. 

1, 6 

Ilarri et al., 2018 

shell type 

diversity 

(3) 

invertebrate 

colonization 
river biota 

lotic, field, 

months, 

Europe 

Heterogeneous treatments attract 

higher density of individuals of 

higher species richness and 

functional diversity than 

homogenous treatments. 

6 

James et al., 

2019 

habitats of 

varying 

complexity 

(var) 

gut content 

analysis 
Rhabdosargus holubi 

marine, field, 

months, 

Africa 

Rh. holubi successfully utilizes 

habitats with varying complexity. 

Diet differs according to habitat. 

1, 2 

Jermacz et al., 

2015 

substrate 

coarseness, 

macrophytes 

and their 

analogues (5) 

behavioral 

observation 

Pontogammarus 

robustoides 

lentic, 

mesocosm, 

minutes, 

Europe 

P. robustoides prefers coarser 

substrate, juveniles slightly less so 

than adults, and the most complex 

plants. Juveniles prefer natural plants 

over artificial analogues. 

1, 2, 3 

Kenison et al., 

2016 

naturally 

occurring 

macrophytes, 

branch bundles 

(2) 

community 

survey 

naturally occurring fish 

× 

Ambystoma 

macrodactylum larvae 

lentic, field, 

months, 

North 

America 

Vegetation density increases the 

probability of capture of A. 

macrodactylum in trout populated 

ponds but decreases it in trout-free 

ponds. Added HC has no effect on 

growth rate, morphology or 

metamorphosis of A. macrodactylum 

larvae. 

2, 3, 7 



Chapter I 

70 

Reference 
HC type 

(levels) 
Method Organisms 

Environment 

and scale 
Conclusion A 

Kerry & 

Bellwood, 2015 

coral canopy 

(4) 

community 

survey 
reef fish 

marine, field, 

years, 

Australia 

Coral canopy influences fish 

assemblages. Removing canopy 

reduces large fish diversity and 

abundance, especially for some 

groups. 

6 

Kloskowski, 

Nieoczym & 

Stryjecki, 2020 

dry plant 

biomass 

community 

survey 

natural predators 

× 

tadpole 

lentic, field, 

months, 

Europe 

The use of open or complex habitat is 

species specific. Only Bufo bufo 

densities were higher in the presence 

of fish.  

2, 6 

Kobak et al., 

2016 

Dreissena 

polymorpha, 

substrate type 

(3) 

counting 

survived prey 

Babka gymnotrachelus, 

Proterorhinus 

semilunaris 

× 

Chironomus larvae 

lotic, 

microcosm, 

minutes, 

Europe 

Predators eat most Chironomus 

larvae on sandy substrate. P. 

semilunaris feeds in mussel beds 

more efficiently than B. 

gymnotrachelus. Abundance of 

Chironomus increases in mussel 

beds. 

2, 3, 

4, 5 

Kobak, Jermacz 

& Dzierzyńska-

Białończyk, 

2015 

substrate 

coarseness, 

macrophytes 

and their 

analogues, 

Dreissena sp. 

(6) 

behavioral 

observation 
Dikerogammarus villosus 

lentic, 

mesocosm, 

hours, Europe 

D. villosus prefers coarser substrate, 

juveniles slightly less so than adults. 

D. villosus prefers the most complex 

macrophytes, adults slightly less so 

than juveniles. All D. villosus always 

prefer mineral particles over 

macrophytes. D. villosus prefers 

stones rather than living Dreissena 

mussel beds. 

1, 2, 3 

Kolar, Boukal & 

Sentis, 2019 

macrophyte 

analogue (2) 

counting 

survived prey 

predation risk cues × 

Ischnura, Libellula and 

Sympetrum larvae 

× 

Daphnia 

lentic 

microcosm, 

hours, Europe 

More prey is eaten in high HC in the 

absence of predation risk cues, 

except for Sympetrum.  

4, 5 
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Kornijów, 

Measey & Moss, 

2016 

Nuphar lutea 

macrophyte (3) 

community 

survey 

Perca fluviatilis 

× 

pond biota 

lentic, field, 

months, 

Europe 

Benthos abundance and biomass is 

highest in medium HC and lowest in 

high HC. Fish presence decreases 

total invertebrate biomass. Perch 

feed on plankton and floating leaves 

but avoid petioles.  

2, 3, 

4, 5 

Krabbenhoft, 

Burdett & 

Turner, 2017 

dry leaf litter 

(2) 

invertebrate 

colonization, 

gut content 

analysis 

young-of-the-year fish 

× 

invertebrate community 

lotic, 

mesocosm, 

weeks, North 

America 

Total invertebrate density did not 

differ between HC treatments. Fish 

prey preference is independent on the 

presence of leaf litter. 

4, 5, 6 

Kristensen et al., 

2015 
mussel beds (2) 

community 

survey 
fish community, eelgrass 

marine, field, 

months, 

Europe 

Addition of mussel beds increases 

abundance and diversity of fish even 

though most mussels are killed by 

starfish. 

6 

Kuhnen et al., 

2019 

mariculture 

structures (var) 

community 

survey 
fish community 

marine, field, 

months, Latin 

America 

Low HC leads to elevated fear in 

minnows. Risk cues reduce 

movement in both HC treatments. 

2 

Lantz & Cook, 

2015 

Utricularia 

macrophyte (3) 

recording 

behavior 

wading birds 

× 

Gambusia holbrooki 

lentic, field, 

days, North 

America 

Wading birds prefer more complex 

habitats early in January and less 

complex habitats in April. Bird 

foraging efficiency is not influenced 

by HC. 

2, 3, 

4, 5 

Lazic et al., 

2018 

natural habitats 

(var) 
visual census 

Hippocampus 

hippocampus and H. 

guttulatus seahorses 

marine, field, 

years, Europe 

Seahorses of both species are more 

often found in habitats assumed more 

complex. 

1, 2, 8 

Leclerc & Viard, 

2018 

macrophyte 

analogue (3) 

colonization 

of substrate 

marine biota 

× 

fouling community 

marine, field, 

months, 

Europe 

HC does not influence species 

richness, abundance and composition 

of the fouling community. 

6 
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Leclerc et al., 

2016 

Laminaria 

hyperborea 

kelp strata (4) 

community 

survey 
kelp forest biota 

marine, field, 

months, 

Europe 

Richness and biomass of fauna and 

flora differ between Laminaria kelp 

strata.  

6 

Ledbetter & 

Hovel, 2020 

eelgrass and 

bryozoan 

analogues (6) 

counting 

survived prey, 

behavioral 

observation 

Heterostichus rostratus 

× 

Hippolyte californiensis 

marine, 

laboratory 

and field, 

hours, North 

America 

H. rostratus prefers to forage in a 

clean eelgrass model habitat rather 

than bryozoan seagrass model 

habitat. Increased eelgrass density 

reduces foraging efficiency. Survival 

of tethered H. californiensis does not 

depend on HC in the field. 

2, 3, 

4, 5 

Lee et al., 2017 exclosure (4) 
counting 

survived prey 

Coreoperca herzi 

× 

Rhynchocypris 

oxycephalus 

lotic, 

mesocosm, 

weeks, Asia 

Exclosures increase survival and 

decrease vulnerability of R. 

oxycephalus to predation. HC did not 

influence growth rate of R. 

oxycephalus. 

4, 5, 7 

Lemay et al., 

2021 

seaweed 

morphotypes 

(5) 

community 

survey 
microbial community 

marine, field, 

days, North 

America 

Morphological characteristics of 

seaweeds can impact their 

microbiome by altering the way they 

come into contact with microbes, 

independent of biotic interactions. 

6 

Leslie et al., 

2017 

Spartina 

maritima, 

Zostera 

capensis 

macrophytes 

(3) 

community 

survey, 

behavioral 

observation 

Rhabdosargus holubi 

marine, field, 

months, 

Africa 

Zostera capensis has higher stem 

density and dimensionless indices 

than Spartina. Biomass of both plant 

species is comparable. Behavior of 

R. holubi differs between habitats 

and more complex habitats host more 

R. holubi individuals. 

1, 2, 

3, 6 

Li et al., 2019 
coarse woody 

debris (var) 

community 

survey 
invertebrate community 

lotic, field, 

days, Asia 

HC increases taxonomic and 

functional diversity of invertebrate 

communities. 

6 
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Liao, Yeh & 

Mok, 2015 

macrophyte 

shoot density 

(4) 

community 

survey 
meiofauna community 

marine, field, 

hours, Asia 

Meiofauna abundance, diversity and 

community structure differ between 

habitats. HC increases abundance 

and diversity of meiofauna. 

6 

Lisney, Collin & 

Kelley, 2020 

habitat metrics 

(var) 

morphologica

l 

measurements 

Melanotaenia australis 

lotic, field, 

months, 

Australia 

Populations of M. australis 

inhabiting low HC habitats have on 

average smaller, more dorsally 

located eyes. 

7 

Loke & Todd, 

2016 

concrete tiles 

with constant 

surface area (4) 

community 

survey 
colonization 

marine, field, 

months, Asia 

Abundance and species richness are 

highest in tiles with “pits”. More 

complex variants underline this 

effect. 

6 

Loke et al., 2019 
concrete tiles 

(3) 

community 

survey 
colonization 

marine, field, 

months, Asia 

Covered complex tiles host more 

organisms of higher species richness 

than uncovered complex tiles and 

control tiles. 

6 

Lopes et al., 

2015 

macrophytes 

(2) 

community 

survey 
fish community 

lotic, field, 

hours, Latin 

America 

Fish density is decreased by 

vegetation density. Densely 

vegetated patches host more species-

rich communities. 

6 

Lowe et al., 

2019 

reef slope and 

rugosity (var) 

community 

survey 
reef fish community 

marine, field, 

years, 

Australia 

Structural complexity of benthos best 

predicted wrasse density. Declines in 

HC and hard coral cover leads to 

abundance declines in many species. 

6 
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Lucon-Xiccato, 

2019 

macrophytes 

(2) 

behavioral 

observation 
Pelophylax esculentus 

lentic, 

microcosm, 

minutes, 

Europe 

Alarm cues obtained from P. 

esculentus tadpoles raised in 

vegetated areas have variable effect 

on P. esculentus tadpoles, whereas 

cues obtained from P. esculentus 

tadpoles raised in sparsely vegetated 

areas decrease activity in the 

tadpoles. 

2, 3 

Lv et al., 2019 

Potamogeton 

crispus 

macrophyte 

(var) 

community 

survey 
algae community 

lentic, field, 

months, Asia 

Macrophyte cover (%) and epiphytic 

algal richness are correlated. 
6 

Lyon et al., 

2019 

reef structure 

of artificial 

reefs 

(var) 

community 

survey 
reef fish, eelgrass 

marine, field, 

months, 

North 

America 

Reef rugosity correlates positively 

with seagrass density. Complex reefs 

host most diverse communities of 

fish, whereas less complex reefs host 

more abundant communities of fish. 

6, 8 

Margiotta et al., 

2016 

oyster shells 

and living 

oyster trays (3) 

invertebrate 

colonization 

several crab species 

(Eurypanopeus 

depressus, Panopeus 

herbstii, Petrolisthes 

armatus) 

marine, field, 

months, 

North 

America 

Densities of oyster spat and P. 

armatus increase with rugosity. E. 

depressus densities increase with 

rugosity and with Brachiodontes 

exustus mussel densities. P. herbstii 

is evenly distributed regardless of 

rugosity. 

1, 2, 

3, 6 

Marin Jarrin et 

al., 2015 

field locations 

of presumed 

varying 

complexity (2) 

gut content 

analysis, 

zooplankton 

community 

Perca flavescens 

× 

zooplankton 

lentic, field, 

years, North 

America 

Habitat heterogeneity caused by the 

Maumee River plume during the 

spring season does not affect 

zooplankton community 

composition, density of larval yellow 

perch, its diet or foraging behavior. 

2, 3, 

4, 5, 6 
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Massicotte et al., 

2015 

macrophytes, 

EVI (enhanced 

vegetation 

index)  

(var) 

field survey, 

satellite 

imaging 

Perca flavescens 

lentic, field, 

years, North 

America 

Probability of observing P. 

flavescens larvae increases in 

environments with high EVI 

measure. 

2, 3, 6 

Matias et al., 

2015 

habitat 

fragmentation 

intensity (3) 

invertebrate 

colonization 
invertebrate community 

marine, field, 

weeks, 

Europe 

Animal assemblages are not affected 

by habitat fragmentation intensity. 
6 

Matsuda et al., 

2015 

macrophytes 

(var) 

community 

survey 
Ostracoda 

combined, 

field, weeks, 

Latin 

America 

Some ostracod species are associated 

with vegetation of higher fractal 

dimension. 

1, 6 

Mayer-Pinto, 

Matias & 

Coleman, 2016 

synthetic turf 

(2) 

community 

survey 
benthic community 

marine, field, 

weeks, 

Australia 

Newly colonized assemblages vary 

among different habitat types. 

Contaminants mediate the increase 

of richness caused by HC. 

6 

Mazão & Bispo, 

2016 
substrate (2) 

invertebrate 

colonization 
colonization 

lotic, field, 

weeks, Latin 

America 

Substrate complexity does not alter 

species composition in riffles and 

pools. 

6 

Mazzuco, 

Stelzer & 

Bernardino, 

2020 

rugosity (var) 
community 

survey 
benthic community 

marine, field, 

months, Latin 

America 

Diversity and composition of benthic 

assemblages are regulated by 

rugosity and temperature. 

1, 6 

Medeiros & 

Henry-Silva, 

2017 

Egeria densa, 

Chara indica 

macrophytes 

(2) 

behavioral 

observation 
Melaniodes tuberculata 

lentic, 

microcosm, 

hours, Latin 

America 

Snails prefer grazing on E. densa, 

which is more complex than Ch. 

indica. 

1, 2, 

3, 4, 5 
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Mendez, 

Schwindt & 

Bortolus, 2015 

Balanus 

glandula 

structures (3) 

community 

survey 
invertebrate community 

saltmarsh, 

field, months, 

Latin 

America 

HC increases diversity, species 

richness and abundance of 

macroinvertebrates. Different 

communities establish in habitats of 

varying complexity. 

6 

Mendo et al., 

2015 

Hincksia 

sordida algae 

(var) 

community 

survey, 

predation 

trials 

natural predation 

× 

Pecten fumatus 

marine, field, 

weeks, 

Australia 

Predation risk of P. fumatus is lower 

in areas with intermediate algal 

biomass. P. fumatus density is 

independent on algal biomass. 

4, 5, 6 

Meyer-Gutbrod 

et al., 2019 

oil platform 

structures (var) 

community 

survey 
fish community 

marine, field, 

years, North 

America 

Fish utilize oil platform structures 

unevenly, internal horizontal 

crossbeams being the most attractive. 

2, 3,  

Michaels & 

Preziosi, 2015 

macrophytes 

and 

macrophyte 

analogues (4) 

behavioral 

observations, 

individual 

measurement 

Agalychnis callidryas 

tadpoles 

special, 

microcosm, 

weeks, 

Europe 

Both artificial and live plants 

increase A. callidryas size at 

metamorphosis. Larval period is 

shortened in high HC. Leaping 

behavior is rare in HC treatments. 

2, 3 

Milesi, Dolédec 

& Melo, 2016 

slate blocks 

(2) 

community 

survey 
invertebrate colonization 

lotic, field, 

months, Latin 

America 

Heterogeneous slate blocks host 

more organic matter and 

invertebrates of higher functional 

diversity. Large, predatory or 

shredder and collector invertebrates 

are more common on heterogeneous 

slate blocks. Scrapers and case-

building organisms are prominent on 

homogeneous substrates. 

1, 6 
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Miyashita, Paul 

Richardson & 

Emmett Duffy, 

2016 

algae 

Gracilaria, 

Crassostrea 

virginica shells 

(2) 

observation 

of behavior 

Crangon septemspinosa, 

Palaemonetes pugio, 

Callinectes sapidus 

× 

Americamysis bahia 

marine, 

mesocosm, 

weeks, North 

America 

All three predators are more effective 

in high HC. HC alone does not affect 

mysid abundance or microalgal 

biomass. P. pugio and C. sapidus 

only prey on mysids in high HC. C. 

septemspinosa and predator 

polyculture (one of each species 

together) suppress mysids regardless 

of HC. C. septemspinosa is the most 

effective predator regardless of HC. 

C. sapidus survive better in high HC. 

2, 3, 

4, 5, 6 

Montag et al., 

2019 

coarse woody 

debris (var) 

community 

survey 
stream biota 

lotic, field, 

months, Latin 

America 

HC correlates with species richness. 

Various habitat characteristics are 

associated with species richness in 

different groups. 

6 

Morris et al., 

2017 

concrete 

flowerpots on 

seawalls (2) 

visual census reef fish 

marine, field, 

months, 

Australia 

Flowerpots have no consistent 

effects on fish assemblages. 
6 

Murray, 

Stillman & 

Britton, 2016 

substrate (2) 
behavioral 

observations 

Rutilus rutilus 

× 

food pellets 

lentic, 

microcosm, 

North 

America, 

Europe 

HC decreases reaction distance of 

predators. Fewer prey is consumed in 

high HC. Turbidity reduces 

consumption rate and increases 

search time. 

2, 3, 

4, 5 

Nay et al., 2020 coral (2) 
behavioral 

observation 
Chromis atripectoralis 

marine, 

laboratory, 

hours, 

Australia 

When presented with environments 

with multiple temperatures, Ch. 

atripectoralis chose to inhabit high 

HC environments even slightly 

outside of the preferred temperature 

range. 

2, 3 
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Newman et al., 

2015 

reef 

complexity (5) 

community 

survey 
reef biota 

marine, field, 

North 

America, 

Latin 

America 

HC correlates positively with species 

richness. 
6 

Nichols, Segui 

& Hovel, 2015 
algae cover (2) 

community 

survey, 

behavioral 

observation, 

counting 

survived prey 

natural predation 

× 

Strongylocentrotus spp.  

marine, field, 

months, 

North 

America 

Strongylocentrotus mortality is 

higher in no-cover treatments during 

the day. Night-time predation is not 

affected. 

2, 3, 

4, 5 

Nunes, Sampaio 

& Barros, 2015 

rugosity of 

reefs 

(var) 

behavioral 

observation 

diver (spearfishing 

mimic) 

× 

reef fish 

marine, field, 

North 

America, 

Latin 

America 

Escape behavior of reef fish varies 

between species and habitats. Fish in 

high HC often hide in holes rather 

than flee in a group. 

3 

Ohira et al., 

2015 

stream depth 

and velocity 

(var) 

community 

survey 
fish community 

lotic, field, 

months, Asia 
Species richness correlates with HC. 6 

Olson et al., 

2019 

Zostera marina 

macrophyte, 

adjacent 

habitat (3) 

trawling, 

observations, 

gut content 

analysis 

Sebastes spp. fish 

marine, field, 

months, 

North 

America 

Rockfish recruitment is higher in 

most complex meadows or in 

meadows adjacent to kelp forests. 

HC dampens the positive effect of 

kelp proximity. 

6 

Ørberg et al., 

2018 

rock rugosity, 

macroalga 

cover (4) 

individual 

measurement 
molluscs and barnacles 

marine, field, 

years, Arctic 

Algal canopy and rock rugosity 

facilitate recolonization and increase 

species richness. 

6, 7, 8 
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Orland et al., 

2016 

Laminaria 

hyperborea 

kelp (var) 

CT scan of 

kelp holdfasts 

kelp-associated 

invertebrates 

marine, field, 

North 

America, 

Europe 

Volume and age of kelp holdfasts 

correlates strongly with abundance 

and richness of invertebrate colonist. 

Community composition is usually 

dominated by one group. 

1, 6 

Osório et al., 

2019 

macrophyte 

analogue (2) 

periphyton 

community 

survey 

periphytic colonization 

lentic, field, 

weeks, Latin 

America 

Species richness, diversity and 

density of periphyton is greater on 

complex macrophyte analogues. 

Community composition varies 

among HC treatments. 

6 

Paxton et al., 

2017 

artificial and 

natural reef 

structures (4) 

visual census reef fish 

marine, field, 

years, North 

America 

Reef rugosity varies among reef 

structures and increases fish 

abundance and species richness. 

6 

Paz Cardozo et 

al., 2021 

macrophyte 

biomass (3) 

community 

survey 
Moenkhausia forestii 

lotic, field, 

days, Latin 

America 

Individual specialization in diet and 

morphology is greatest in M. forestii 

populations inhabiting sites with low 

to intermediate macrophyte biomass. 

7 

Perkins et al., 

2020 
rugosity (var) 

habitat 

imaging 
barren habitat 

marine, field, 

years, 

Australia 

Barrens are more likely to develop in 

areas with higher reef rugosity. 
1, 6 

Phillips & 

Prestie, 2017 

sampling 

baskets placed 

on different 

substrates (2) 

invertebrate 

colonization 

macroinvertebrate 

community 

lentic, field, 

months, 

North 

America 

Different species of invertebrates 

colonize sampling baskets in varying 

densities based on the substrate 

underneath the baskets. 

6 

Pilotto et al., 

2016 

woody debris 

(2) 

community 

survey 
invertebrate community 

lotic, field, 

months, 

Europe 

Invertebrates are most abundant 

directly on or near wood logs. Wood-

rich habitats host most diverse 

invertebrate communities. 

6 
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Pitcher & Soluk, 

2016 

habitat 

connectedness 

and 

macrophyte 

analogue (2) 

counting 

survived prey 

Anax junius larvae,  

Lepomis cyanellus 

× 

amphipods, snails and 

damselflies 

lentic, 

mesocosm, 

hours, North 

America 

HC decreases A. junius predation on 

amphipods. A. junius and L. 

cyanellus combined consume more 

prey than predicted from their 

individual consumption regardless of 

HC. 

2, 3, 

4, 5 

Porreca et al., 

2020 

macrophyte 

analogue (2) 

counting 

survived prey, 

morphologica

l analysis 

Micropterus salmoides 

× 

Pomoxis spp. 

lentic, field, 

hours, North 

America 

Morphological differences in 

Pomoxis species alter their predator 

evasiveness. P. nigromaculatus are 

more successful at evading capture in 

vegetation and P. annularis are more 

successful at evading capture in open 

water. 

4, 5, 7 

Price et al., 2019 coral (var) 
community 

survey 
coral community 

marine, field, 

days, Europe 

Coral cover correlates closely with 

measured rugosity. Diversity of the 

coral community plateaus with 

rugosity. Proportion of dead to live 

coral does not matter to coral 

community structure. 

1, 2, 

3, 6 

Rek & 

Kwiatkowska, 

2016 

habitat type (3) 
acoustic 

measurements 
Rallid birds 

lentic, field, 

days, Europe 

Signals of species inhabiting less 

complex habitats have longer 

transmission ranges than signals of 

species inhabiting more complex 

habitats 

? 

Ren et al., 2019 
macrophyte 

analogue (5) 

prey mass and 

count 

consumed, 

growth rate 

Siniperca chuatsi 

× 

Cirrhinus mrigala 

lentic, 

mesocosm, 

weeks, Asia 

Any amount of vegetation increases 

prey (C. mrigala) consumption and 

weight gain of S. chuatsi compared to 

barren habitats. 

4, 5 
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Renick et al., 

2015 

macrophyte 

analogue (3) 

counting 

survived prey, 

behavioral 

observation 

Gasterosteus aculeatus 

× 

Atherinops affinis larvae 

marine, 

mesocosm, 

minutes, 

North 

America 

Predation increases with increasing 

HC. Pesticide exposure and habitat 

structure reduces prey aggregative 

behavior. 

2, 3, 

4, 5 

Reynolds et al., 

2018 

Zostera marina 

macrophyte 

(var) 

counting 

eaten tethered 

prey 

natural predators 

× 

site-specific amphipods 

and gastropods 

marine, field, 

hours, 

multiple 

continents 

Predation on amphipods decreases 

with increasing seagrass shoot 

density and latitude. 

4, 5 

Riquelme-Pérez 

et al., 2019 

Lessonia 

trabeculata 

macroalga kelp 

(2) 

community 

survey, baited 

predation 

observation 

piscivorous fish 

× 

fish 

marine, field, 

months, Latin 

America 

Fish richness and predation pressure 

is independent of habitat type. More 

fish can be seen on barren ground. 

2, 3, 

4, 5, 6 

Roth et al., 2018 
reef rugosity 

(2) 

community 

survey 
reef biota 

marine, field, 

months, Asia 

Algae-dominated habitats experience 

slower coral recruitment. Coral-

dominated habitats host higher fish 

biomass. 

6, 7, 8 

Schmidt-

Drewello et al., 

2016 

leaves (2) 
counting 

survived prey 

Gasterosteus aculeatus 

× 

Echinogammarus 

berilloni, Gammarus 

fossarum, G. pulex 

lotic, 

microcosm, 

hours, Europe 

G. aculeatus prefers native prey (G. 

fossarum, G. pulex) over invasive 

prey (E. berilloni) in complex 

environment; both prey types are 

consumed similarly in absence of 

HC. Predation decreases in high HC. 

E. berilloni are better protected by 

HC than native prey. 

2, 3, 

4, 5 

Schweitzer & 

Stevens, 2019 

coverage of 

biogenic 

organisms 

(var) 

community 

survey 
reef fish 

marine, field, 

years, North 

America 

Fish abundance is correlated with 

proportion of total cover by biogenic 

structures. 

2, 3, 6 
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Selfati et al., 

2018 

artificial 

habitat (2) 

fishing effort 

and visual 

census 

Epinephelinae (groupers) 
marine, field, 

weeks, Africa 

Artificial habitats host a significantly 

higher grouper density than natural 

habitats. 

6 

Smith, Quist & 

Hardy, 2016 

habitat metrics 

(var) 

community 

survey 
fish community 

lotic, field, 

years, North 

America 

Species richness increases with HC. 6 

Sohel & 

Lindström, 2015 

algal turbidity 

(2) 

behavioral 

observation 

Sterna hirundo silhouette 

× 

Gasterosteus aculeatus 

marine, 

mesocosm, 

months, 

Europe 

Smaller proportion of G. aculeatus 

individuals flees into shelter and 

leaves the feeding area in turbid 

water. 

2 

Sridharan & 

Namboothri, 

2015 

root density 

and canopy 

cover (var) 

community 

survey 
fish community 

lotic, field, 

months, Asia 

Root density and canopy cover does 

not affect fish abundance and species 

richness. 

6 

Stahr & Shoup, 

2015 

Justicia 

americana 

macrophyte (2) 

recording 

behavior 

Micropterus salmoides 

× 

M. salmoides juvenile 

lentic, 

mesocosm, 

minutes, 

North 

America 

Juvenile survival increases with HC. 

Predators are less active in HC. 

Attacks are more successful in no HC 

treatments. Juveniles avoid adults in 

absence of HC but hide in complex 

structures regardless of predation 

risk.  

2, 3, 

4, 5 

Stahr & Shoup, 

2016 

macrophyte 

analogue (5) 

observation 

of behavior 

Micropterus salmoides 

× 

Chironomidae larvae 

lentic, 

microcosm, 

minutes, 

North 

America 

M. salmoides consumed prey equally 

regardless of HC. 
4, 5  

Stephan et al., 

2019 

Eichhornia 

crassipes (2) 

community 

survey 
zooplankton community 

lentic, 

mesocosm, 

weeks, Latin 

America 

Floating macrophytes increase 

diversity by providing habitats for 

complementary functional groups to 

pelagic species. 

6 
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Strain et al., 

2021 

concrete tiles 

(3) 
colonization artificial structure biota 

marine, field, 

months, 

global 

Effects of HC on biodiversity are 

variable across different functional 

groups and local abiotic and biotic 

conditions. 

6 

Taira et al., 

2020 

concrete tiles 

(2) 

community 

survey 
shoreline community 

marine, field, 

months, Asia 

Plots with enhanced HC host a 

greater abundance and species 

richness of fish. More biotic cover in 

complex habitats attracts epibenthic 

feeding fishes. 

2, 3, 

4, 5, 6 

Tano et al., 2017 

macroalgal 

beds and 

seagrass 

meadows (var) 

fish and 

habitat survey 
fish 

marine, field, 

months, 

Africa 

Macroalgal beds host more juvenile 

fish than seagrass meadows. 
6 

Tavares et al., 

2017 

macrophyte 

analogue (2) 

counting 

emerged 

individuals 

Hyphessobrycon eques 

× 

larvae of Coenagrionidae 

lentic, 

mesocosm, 

weeks, Latin 

America 

Coenagrionid larvae emerge sooner 

and have lower mortality in high HC. 
6 

Taxböck et al., 

2020 

diversity of 

substrates (var) 

community 

survey 
diatom community 

freshwater, 

field, years, 

Europe 

Diatom species richness increased 

with elevation of springs and habitat 

diversity. 

6 

Thiriet et al., 

2016 
habitat type (4) 

community 

survey 
reef fish 

marine, field, 

weeks, 

Europe 

Diversity and abundance of fish is 

highest in the most complex habitat 

and lowest on barren ground. 

6 

Tornwall, Swan 

& Brown, 2017 

substrates in 

sampling 

baskets (2) 

invertebrate 

colonization 

macroinvertebrate 

community 

lentic, field, 

weeks, North 

America 

Species richness increases in time 

and differs between low and high HC 

treatments in headwater streams. In 

the main-stem waters these 

differences disappear after about 4 

weeks. 

6 
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Reference 
HC type 

(levels) 
Method Organisms 

Environment 

and scale 
Conclusion A 

Torres, Giri & 

Collins, 2018 

macrophytes 

(3) 

habitat and 

decapod 

community 

survey 

freshwater decapods 

lotic, field, 

North 

America, 

Latin 

America 

Body sizes, abundances and sex 

ratios of different species are affected 

by the presence of macrophytes. 

Some are more abundant in floating 

vegetation, while others in 

vegetation-free and emerged 

vegetation waters. 

6 

Tramonte et al., 

2019 

macrophyte 

analogue (2) 

grazing 

activity 

measurement 

Melanoides tuberculata, 

Aylacostoma chlorotica 

× 

algae community 

lotic, 

mesocosm, 

hours, Latin 

America 

Native grazer (A. chlorotica) 

consumption is constant in both HC 

treatments, but invasive grazer (M. 

tuberculata) consumes less algae in 

the high HC treatment. 

1, 2, 

3, 4, 

5, 6 

Trebilco et al., 

2015 

rugosity, kelp 

characteristics 

(var) 

community 

survey 
fish community 

marine, field, 

years, North 

America 

Higher rugosity correlates with 

greater density of smaller fish and 

greater total fish biomass. Higher 

kelp stipe density increases overall 

biomass across the entire size 

spectrum. Size spectra predictions 

can be obtained from habitat 

characteristics. 

6 

Tsunoda & 

Mitsuo, 2018 

naturally 

occurring 

macrophytes 

(var) 

gut content 

analysis 

Micropterus salmoides 

× 

pond biota 

lentic, field, 

North 

America, 

Asia 

Vegetation cover is associated with 

lesser fish consumption. 
4, 5 

Tuntiprapas, 

Rattanachot & 

Prathep, 2021 

seagrass (var) 
community 

survey 
Thalamita crenata 

marine, field, 

months, Asia 

T. crenata abundance increases with 

seagrass cover. 
6 

Turnbull et al., 

2018 

reef 

heterogeneity 

(var) 

visual census reef biota 

marine, field, 

years, 

Australia 

Fish abundance and biomass 

increases with increasing HC. 
6 
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Reference 
HC type 

(levels) 
Method Organisms 

Environment 

and scale 
Conclusion A 

Ushiama et al., 

2019 

concrete tiles 

and epibiota 

(3) 

community 

survey 
fish community 

marine, field, 

months, 

Australia 

Fish interaction time and feeding 

varies based on tile structure and 

epibiota. HC does not affect diversity 

or number of observed fish. 

2, 4, 

5, 6 

van Hal, 

Griffioen & van 

Keeken, 2017 

submerged 

wind farm 

structures (3) 

community 

survey 
coastal fauna 

marine, field, 

months, 

Europe 

Fish are generally attracted to 

submerged artificial wind farm 

structures. The structures have 

negligible effect on aggregation. 

2, 3, 6 

van Lier et al., 

2018 

multiple 

habitat metrics 

(var) 

habitat 

assessment, 

visual census 

labrid fish  
marine, field, 

months, Au 

Certain habitat metrics related to HC 

are associated with labrid fish 

diversity, functional trophic groups 

and live stage structure. 

6 

Villegas et al., 

2019 

kelp 

macroalgae (2) 

community 

survey 
kelp forest fish 

marine, field, 

months, Latin 

America 

Forested plots host more fish. Fish in 

kelp patches utilize rock 

microhabitat more than water 

column or kelp. 

2, 3, 6 

Voigt & Hovel, 

2019 

Zostera marina 

macrophyte (2) 

community 

survey, 

grazing trials 

Alia carinata, Hippolyte 

californiensis, gammarids 

× 

epiphytic algae 

marine, field 

& mesocosm, 

weeks, North 

America 

Grazing impact is higher in high HC. 

Epiphytic algal abundance is reduced 

by grazing in high HC but not low 

HC. More grazers colonize high HC 

areas.  

4, 5, 6 

von Nordheim et 

al., 2018 

macrophyte 

analogue (3) 

artificial 

fertilization 
Clupea harengus 

marine, field, 

years, Europe 

Fertilization rates are high and 

independent on HC. In late spawning 

season, egg mortality is higher in the 

least complex habitats. 

1, 4, 7 

Vowles & 

Kemp, 2019 

naturally 

occurring 

macrophytes 

(var) 

electrofishing

, tagging 
Salmo trutta fish 

lotic, field, 

years, Europe 

Macrophyte cover has no significant 

effect on trout density, which is best 

predicted by depth instead. 

6 
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HC type 

(levels) 
Method Organisms 

Environment 

and scale 
Conclusion A 

Wagner, Weber 

& Wahl, 2015 

naturally 

occurring 

wood debris 

(5) 

behavioral 

observations 

Esox masquinongy 

juvenile 

lentic, field, 

months, 

North 

America 

E. masquinongy juveniles prefer to 

inhabit sites with decaying wood of 

intermediate structural complexity. 

2, 3 

Wasserman et 

al., 2016 

Cyperus 

eragrostis 

macrophyte 

stalks (3) 

counting 

survived prey, 

FR model 

Enithares sobria 

× 

Daphnia longispina 

lentic, 

microcosm, 

hours, Africa 

Across temperatures, more prey is 

eaten in high HC treatments. HC 

increases attack rate (except in 14 °C 

where it decreases handling time 

instead). 

4, 5 

Webb, Schultz 

& Dibble, 2016 

naturally 

occurring 

macrophytes 

(2) 

plant 

community 

survey 

pond biota 

lentic, field, 

years, North 

America 

Community composition and overall 

plant biomass is not affected by 

herbicide (except for recession of 

invasive plants). 

2, 3, 

4, 5 

Weber & 

Weber, 2020 

habitats with 

different HC 

(var) 

long term 

radio-

monitoring 

Esox masquinongy 

lentic, field, 

months, 

North 

America 

E. masquinongy individuals select 

complex habitats according to their 

ability. Systems with more complex 

habitats promote post-stocking 

survival and reduce overall 

movement. 

2, 3, 

4, 5, 6 

White & Brown, 

2015 
habitat type (2) 

behavioral 

observation 
Gobiidae 

marine, 

microcosm, 

minutes, 

Australia 

Gobiids from complex habitats can 

learn to navigate mazes more 

quickly, make fewer errors and use 

macrophyte structures as landmarks 

more often than gobiids from simple 

habitats. 

2, 3 

White & Walsh, 

2020 

wood blocks 

(2) 

community 

survey 

macroinvertebrate 

community 

lotic, field, 

weeks, 

Australia 

HC increases abundance of most taxa 

but less so in urban streams. HC 

increases taxon richness in rural 

streams but less so in urban streams. 

6 
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Method Organisms 

Environment 

and scale 
Conclusion A 

Wilson et al., 

2015 

Hydrilla 

verticillata 

macrophyte 

(var) 

behavioral 

observation 
Lepomis spp. 

lentic, field, 

years, North 

America 

Fewer fish can be seen with 

increasing HC.  
2, 3 

Wolters et al., 

2018 

macrophytes 

(3) 

macrophyte 

and macro-

invertebrate 

survey 

stream 

macroinvertebrates 

lotic, field, 

months, 

Europe 

Macroinvertebrate species richness, 

diversity and functional richness 

increases in more complex plants. 

1, 6 

Wolters et al., 

2019 

macrophytes 

and their 

analogues (3) 

periphyton 

cover 

estimate, 

taxonomic 

analysis, 

growth trials 

periphytic community, 

Cloeon dipterum, Haitia 

acuta 

lentic, 

mesocosm, 

weeks, 

Europe 

Algal cover is lower on living 

macrophytes than on artificial ones. 

Complex artificial macrophytes have 

much higher algal cover than simple 

ones. Different natural plants 

cultivate different algal 

communities. 

H. acuta grew faster in E. densa 

macrophyte treatment. Both 

invertebrates grew in all treatments, 

except for C. dipterum in the simple 

artificial macrophyte treatment. 

1, 6 

Wulf & Pearson, 

2017 

Hypnodendron 

moss and its 

analogue (4) 

community 

survey 
stream biota 

lotic, field, 

weeks, Au 

Fewer invertebrates colonize 

artificial moss compared to live 

moss. Size structure and richness is 

similar in both substrate types.  

6 
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Abstract 

Invasive crayfish have a strong potential to alter the structure and 

functioning of freshwater communities. Habitat complexity is a key 

environmental characteristic shaping these communities, but its ability to 

modify the effects of invasive crayfish on lower trophic levels is little 

understood.  

We focused on the effects of habitat complexity and the 

consumptive and non-consumptive effects of predation risk by the invasive 

crayfish Orconectes limosus on community assembly in a full factorial 

outdoor mesocosm experiment that ran for 29 days. Habitat complexity was 

increased by added plastic plant models, which allowed us to focus on the 

habitat provisioning effect of complexity. 

We observed no effects of habitat complexity or crayfish presence 

on water quality including turbidity and chlorophyll-a concentrations. 

Habitat complexity and predation risk also did not alter the abundance of 

the colonizing macroinvertebrates, and their effects on the biomass were 

additive. More complex habitats had a higher biomass of ephemeropteran 

larvae and lower biomasses of gastropods and culicid larvae. Both 

consumptive and non-consumptive predation risk only lead to lower 

gastropod biomass. Finally, the size spectrum of chironomid larvae was 

significantly shallower in the structurally simple treatment without 

crayfish.  

Our results show that habitat complexity can be at least as important 

as the biotic effects of invasive crayfish during initial stages of community 

assembly in small standing waters, and highlight the need for future studies 

of invasive species effects across multiple time scales. 
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Introduction 

Invasive crayfish are on their way to replacing indigenous species in 

Europe (Holdich et al., 2009), with potentially widespread consequences 

for the structure and functioning of the local freshwater communities 

(Rodríguez et al., 2005; Correia & Anastácio, 2008; Lodge et al., 2012; 

Watanabe & Ohba, 2022). Although the role of crayfish in structuring the 

community can be small in some systems (Arce et al., 2019), the effects of 

invasive crayfish species on community structure can also be dramatic and 

persistent (Twardochleb, Olden & Larson, 2013; Mathers et al., 2016). 

Some invading species appear to serve a similar ecological function and 

alter the community similarly to native crayfish taxa (Orconectes rusticus 

native, O. propinquus invader, Kuhlmann, 2016). Other replacements lead 

to major decreases in benthic taxon richness and density, as seen in 

sublittoral lake assemblages in which the Pacifastacus leniusculus replaced 

Astacus astacus (Ercoli et al., 2015). 

As omnivores, crayfish directly interact with multiple trophic 

levels. They can efficiently predate on benthic fauna (Nyström, Brönmark 

& Granéli, 1996; Correia & Anastácio, 2008), especially on slow-moving 

taxa such as molluscs (Nyström & Perez, 1998; Kreps, Baldridge & Lodge, 

2012; Ruokonen, Karjalainen & Hämäläinen, 2014). Orconectes virilis can 

even negatively impact fish recruitment by feeding on fish eggs in ponds 

(Dorn & Wojdak, 2004). Crayfish also consume and/or destroy 

macrophytes (Lodge et al., 1994; Chandler, Gorman & Haas, 2016; 

Roessink et al., 2017). For example, Procambarus clarkii can eliminate 

macrophytes (Matsuzaki et al., 2009; Rodríguez-Pérez, Hilaire & 

Mesléard, 2016), although it prefers certain species (Carreira, Dias & 

Rebelo, 2014). This can lead to indirect cascading effects on macrophyte-

associated taxa (e.g., decapods > gastropods > periphyton, Rosewarne et 

al., 2016).  

Crayfish behaviour underpins further indirect effects of their 

presence on local communities. Burrowing increases substrate 

heterogeneity that can in turn enhance macroinvertebrate abundance in 

streams (Brown & Lawson, 2010). Orconectes rusticus can indirectly 
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increase periphyton and phytoplankton densities due to perturbation of 

sediment, however, since it also reduces macrophyte density, the total 

biomass of primary producers could decrease due to the reduction of 

surface area available for periphyton growth (Lodge et al., 1994). 

Cascading trophic effects of crayfish are therefore mostly obscured, owing 

to the omnivorous nature of crayfish (Wootton, 2017). Theory and 

empirical evidence in other taxa further imply that indirect, non-

consumptive effects of predation risk by invasive crayfish should 

accompany the direct, consumptive effects. For example, predation risk can 

deter adult insects from oviposition (mosquitoes with hemipteran predator: 

Eitam, Blaustein & Mangel, 2002). Individuals of many aquatic vertebrate 

and invertebrate taxa reduce their activity under predation risk, which leads 

to slower growth and development (Relyea, 2003; Davis, Purrenhage & 

Boone, 2012; Stahr & Shoup, 2015). 

Habitat complexity, representing the distribution of structural 

elements in space (Kovalenko, Thomaz & Warfe, 2012), interacts with 

individual, interaction and community level processes in aquatic 

environments (Soukup et al., 2022). In particular, habitat complexity and 

predation risk have been widely recognized to influence community 

assembly in small water bodies. Habitat complexity provides substrate for 

periphyton growth (Warfe & Barmuta, 2006) and refuges from predation 

(e.g., Grutters et al., 2015). It could therefore modify the direct 

consumptive effects of crayfish (Nyström & Perez, 1998). Potential indirect 

non-consumptive effects (see above) should however manifest regardless 

of habitat complexity (Davis et al., 2012).  

Habitat complexity can therefore alter the effects of invasive species 

on the local community (Garvey et al., 2003), but empirical evidence for 

its potential to mediate the effects of invasive crayfish species in standing 

waters is limited and equivocal. Ruokonen et al. (2014) showed that 

Pacifastacus leniusculus caused a decrease in snail density and taxon 

richness in rocky habitats but not in vegetated habitats in lakes, likely due 

to decreased mobility and lower density of crayfish in vegetated habitats. 

Crayfish can also alter the impact of habitat complexity on lower trophic 
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levels as demonstrated in a whole-lake crayfish removal experiment with 

Orconectes rusticus (Hansen et al., 2017). Crayfish removal did not alter 

the community but lead to the rewiring of the food web, because its removal 

lead to a regrowth of submerged plants, which in turn provided refuge for 

fish predators and increased their feeding pressure on macroinvertebrates. 

This increase in fish predation compensated for decreased predation by 

crayfish (Hansen et al., 2017). These studies suggest that habitat 

complexity can mediate the effects of invasive crayfish on local 

communities in multiple ways, but we are not aware of any studies 

examining the joint effects of crayfish presence and habitat complexity on 

the early stages of community assembly in small standing waters.  

To fill these gaps, we conducted a colonisation experiment using 

the spiny-cheek crayfish Orconectes limosus as a predator and artificial 

plant models as added habitat complexity. Orconectes limosus is one of the 

‘Old non-indigenous invasive species’ (old NICS) in Europe (Holdich et 

al., 2009). It is highly omnivorous (Vojkovská, Horká & Ďuriš, 2014) with 

strong potential to alter small standing water communities (Mathers et al., 

2020). Individual O. limosus can travel large distances, especially during 

mating season (Buřič, Kouba & Kozák, 2009), and may colonize relatively 

new water bodies and interfere with local community assembly. We 

combined crayfish presence and habitat complexity (1) to identify direct 

and indirect effects of predation and predation risk by O. limosus on 

macroinvertebrate community composition including functional traits, and 

(2) to investigate how habitat complexity modifies these direct and indirect 

crayfish effects on community assembly.  

Based on the current theory and empirical evidence, we expected 

that O. limosus would predate on slow-moving benthic taxa such as 

gastropods and chironomid larvae (direct effects). Furthermore, we 

hypothesized that the indirect effects of O. limosus would be compensated 

by its interactions with multiple trophic levels (Dorn & Wojdak, 2004), and 

that non-lethal effects of O. limosus would be weak or absent (Lodge et al., 

1994). We also expected that habitat complexity would alter the community 

assembly by taxon-specific preferences for more or less complex habitats 
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(Holzer & Lawler, 2015; Wulf & Pearson, 2017; Donadi et al., 2019) and 

by modulating the direct effects of O. limosus on its prey (Nyström & 

Perez, 1998). 

 

Methods 

 

Experimental protocol 

 

We conducted an outdoor mesocosm experiment at the main campus of the 

University of South Bohemia in České Budějovice (Czech Republic, GPS: 

N 48°58'31", E 14°26'48"). We used a 2×3 full factorial design with two 

levels of habitat complexity represented by the presence (N=17) or absence 

(N=17) of artificial plant models and three levels of predation risk with a 

free-ranging (N=12), caged (N=12) or absent O. limosus (N=10); each 

treatment was replicated 5–6 times. We used round plastic containers (45 

cm diameter, water depth 25 cm, holding about 45 L of water, with a mesh-

covered overflow to drain excess water from rain showers). This 

corresponded to a relatively high effective crayfish density of 6.3 inds.m-2 

(as compared to, e.g., Roessink et al., 2017). Three artificial plant models, 

made by tying three 50 cm long and 5 cm wide strips of green plastic mesh 

folded in half to a small stone, were placed in the high complexity 

treatments. One dome-shaped metal cage (mouse trap, 8 cm height, 14 cm 

diameter) was put in each container; the cage held the crayfish in the ‘caged 

predator’ treatments. The containers were arranged in four double rows. All 

treatments were distributed evenly across the double rows and randomly 

within each row. 

The containers were filled with tap water a day before the 

experiment and the bottom of each container was covered with fine 

crystalline gravel. The experiment began in the morning of 5 August 2014 

by adding the artificial vegetation, predators (where appropriate), and 0.5-

L aliquotes of a well-mixed inoculum of phyto- and zooplankton in each 

pool to mimic a small, early-stage body of standing water. The inoculum 
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was obtained with a plankton net (20 cm in diameter, mesh size 40 µm) 

from the nearby Dubenský rybník pond (N 48°58'48'', E 14°22'36''). The 

containers were then left for spontaneous colonization by aquatic 

macroinvertebrates from nearby source populations (several permanent 

small ponds and pools and a seasonally flooded meadow within a 2 km 

radius). 

The crayfish were obtained from experimental populations 

maintained at the Faculty of Fisheries and Protection of waters of the 

University of South Bohemia (carapace length: 17–24 mm, fresh weight: 

0.94–3.58 g) and randomized across treatments. They were monitored 

every other day and dead or moulted individuals were replaced to maintain 

comparable predation potential. We did not observe temperature stress 

signals in the crayfish (based on fish stress signals, Nakata et al., 2002) 

during monitoring, and hence assume that the effects on the community 

assembly in our experimental system could be extrapolated to natural 

conditions. Crayfish received no additional food in the containers to 

prevent the input of external nutrients into the environment. Free-ranging 

crayfish had ingested food visible when we inspected their abdomen. We 

therefore presume that they fed readily on colonizers, although we have no 

data on the composition of their diet. Caged crayfish fed very rarely, 

presumably on organisms that swam or crawled into their cages. 

Water temperature was monitored continuously 5 cm above the 

bottom in 15 randomly chosen containers using HOBO® Pendant® 

Temperature dataloggers (Onset Computer Corporation, Massachusetts, 

USA) during the experiment (range: 11.6–28.2 °C, mean ± SD: 18.0 ± 2.9 

°C, daily amplitude: 5.6 ± 2.3 °C). The conditions changed dramatically 

after the first 8 days (21.9 ± 2.5 °C), when it got cold for the rest of the 

experiment (16.8 ± 1.7 °C; Appendix S3).  

We terminated the experiment after 29 days on 4 September 2014. 

Water temperature (°C), conductivity (µS.cm-1), pH, turbidity (NTU), chl-

a (mg.L-1), and dissolved oxygen (mg.L-1)were taken by a YSI 6600V2 

field probe (YSI, Yellow Springs, Ohio, USA) and water samples from all 

replicates were collected, frozen and analysed in laboratory to determine 
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N-NO3
-, P-PO4

-, TN, TP and POC (mg.L-1) content in an accredited 

laboratory to quantify total nutrient content in the replicates. 

Macroinvertebrate communities were sampled destructively by filtering the 

entire content of each container through a net with 200 µm mesh size. 

Predator cages and artificial vegetation were washed in the container prior 

to sampling and taken out. Gravel was washed thoroughly in the container 

using the initial volume of water and then added tap water. No more 

macroinvertebrates were observed in the gravel after this procedure. The 

samples were stored in 80% ethanol and all aquatic macroinvertebrates 

(N=7918) were identified to one of the five present taxonomic groups that 

essentially corresponded to different trophic levels and habitat domains: 

aquatic beetles (Coleoptera; predatory, benthic), mosquito larvae (Diptera: 

Culicidae; primarily detritivorous, occupying water column), chironomid 

larvae (Diptera: Chironomidae; primarily detritivorous, benthic, as in 

Burdett & Watts, 2009; Walker, Wijnhoven & van der Velde, 2013; Lagrue 

et al., 2014), mayfly larvae (Ephemeroptera; primarily herbivorous, 

benthic/phytophilous), and snails (Gastropoda; herbivorous, benthic). We 

further split the Coleoptera into adults and larvae to account for their 

differences in size and colonization mode. Larvae rear from eggs and 

remain in the same environment until they mature, while adult beetles can 

enter and leave at any stage of community assembly (Nilsson, 1996). We 

identified the beetles, mayfly larvae and snails to the species level 

(Galewski, 1998; Ložek, 1956; Rozkošný, 1980). We did not attempt to 

identify the dipteran larvae because many of them belonged to early instars 

that often cannot be keyed. Overall biomass and abundance were calculated 

separately for each of the six groups (adult Coleoptera, Coleoptera larvae, 

Culicidae, Chironomidae, Ephemeroptera, and Gastropoda) in every 

container. 
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Measurements of body size 

 

Body length (without antennae and abdominal appendages) of each 

individual was measured either by hand (adult Coleoptera, Ephemeroptera, 

N=674) or using a semi-automated procedure (Diptera, N=5749) by 

analysing pictures taken with computer assisted stereomicroscope Olympus 

SZX10 (magnification 3.15×) in Quick Photo Camera 2.3 (PROMICRA, 

s.r.o., Czech Republic) software. The resulting binary image was then 

processed in the NIS-Elements software (Laboratory Imaging, Ltd., Czech 

Republic) to identify individuals in the photographs and FIJI plugin 

“analyse skeleton” (Polder et al., 2010) was used to measure their length. 

Shell diameter was measured as a proxy for body size in Gastropoda 

(N=313).  

To correct for possible errors of the semi-automated procedure, we 

re-measured by hand a subset of individuals spanning the minimum-

maximum length interval (Chironomidae: N=103, range 0.6–17.3 mm; 

Culicidae: N=107, range 1.2–8.6 mm). We approximated the error of the 

automated measurement, expressed as a function of measured length, with 

polynomial regression and compared polynomials of increasing degree and 

identified the best model based on the smallest AIC value. We then 

corrected the automated measurements by the estimated length-dependent 

measurement error (Text S1). 

We used published length-mass equations to estimate the dry mass 

of each individual. When multiple equations were available, we chose one 

according to criteria established by Benke et al. (2010). We did not find 

published equations for some taxa. In that case, we chose equations for the 

morphologically and taxonomically closest taxa (Table 1 and Table S1). 

Coleoptera larvae (Hydroglyphus geminus, N=1495) changed shape due to 

their preservation in ethanol. Instead of measuring them, we classified them 

into three size categories corresponding with larval instars, dried 10 

individuals of each instar at 60 °C for 8 hours, weighed them to the nearest 

0.001 mg, and assigned the average weight to all individuals of the same 

instar. 
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Statistical analyses 

 

We first used redundancy analysis (RDA) to evaluate the differences in 

environmental conditions and in the abundances and biomasses of the main 

taxa among the treatments. In the first RDA, we used only NTU, chl-a, N-

NO3
-, P-PO4

-, TN, TP and POC; other environmental characteristics were 

excluded because of their low variability (see Table S2). The treatments 

were included as a categorical explanatory variable and the response data 

were centred, and log(x+1) transformed prior to each RDA analysis. 

Moreover, we used analyses of species functional traits found in our 

experiment. The traits were obtained from the ‘freshwaterecology.info’ 

database (Schmidt-Kloiber & Hering, 2015). Locomotion type of 

Hydroglyphus geminus (not scored in the database) was inferred from 

values common in the Dytiscidae. We used the community-weighted mean 

(CWM) approach for the analyses, i.e. we averaged the trait values across 

species in the community weighted by the species abundance. The final 

CWM values were then related to each treatment by an RDA analysis with 

centred CWM values as the response variable and the treatment as the 

categorical explanatory variable. These analyses were run in CANOCO 

5.12 (ter Braak & Šmilauer, 2012). Statistical significance of each 

ordination analysis was tested by a Monte Carlo permutation test (4999 

unrestricted permutations). 

We used generalized linear models (GLMs) and a model selection 

approach (Burnham & Anderson, 2002) to analyse the univariate data on 

the total abundance and biomass of individual taxonomic groups. The data 

contained zero values; preliminary analyses showed that zero-inflated 

Gamma GLMs with a constant zero-inflation term were appropriate for the 

biomass data. Negative binomial GLMs were appropriate to model the 

abundance data; to meet the model requirements (integer responses), we 

rounded the weight data to the nearest µg. One type of negative binomial 

GLM did not satisfactorily fit the abundance data of all groups. We thus 

proceeded in two steps: we first identified an appropriate model structure 
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by selecting the model with the lowest value of the Akaike information 

criterion corrected for small sample size (AICc) in full models (i.e., with 

habitat structure, predation risk and their statistical interaction as 

predictors) with a linear or quadratic parameterization linking the variance 

to the mean (Hardin & Hilbe 2007) and with or without a constant zero-

inflation term (results not shown). We then fixed the most parsimonious 

model structure for each response variable and compared the full model and 

all four possible simpler models using AICc (see Tables S1 and S2 for 

details). We report the model parameters with the treatment without 

predation risk and habitat complexity as a baseline. We do not use any post-

hoc tests after the model selection. Instead, we deem the treatment effect 

‘insignificant’ if the 95% confidence interval of its parameter estimate 

overlaps zero and the difference between the treatments with caged and 

free-ranging predators as ‘insignificant’ if their 95% confidence intervals 

of parameter estimates overlap. 

We used standardized major axis (SMA) regression to analyse the 

size spectra because both the dependent and independent variables were 

measured with error (Warton et al., 2006). We focused on the size ranges 

in which abundance declined with body mass. To identify this range, we 

first binned the weight data and plotted a histogram for each combination 

of taxonomic group and treatment and used only the size range above the 

body weight at which the maximum frequency was reached. The size 

spectra were not fully continuous as they contained gaps, especially 

towards the largest individuals. Bin size for each taxon was set at the 

smallest value that yielded zeroes, i.e. no individuals in the size bin, in at 

most 40% of final size bins across all treatments and in at most 50% of the 

bins in any individual treatment. We replaced the zeroes with the value of 

0.01 (other similar values did not qualitatively change the results; details 

not shown). We then took the mean size of each size class used in the 

histogram and its frequency and log-transformed their values prior to 

analysis. We used the package ‘smatr-3’ to fit the allometries linking body 

size and abundance and to compare the slopes of the resulting size spectra 

between individual treatments (Warton et al., 2012). We are not aware of a 
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method that could compare size spectra as a function of two independent 

factors, and we thus considered each of the six treatments as independent. 

SMA regression of the Coleoptera and Ephemeroptera data did not produce 

meaningful results due to low numbers of individuals (not shown). 

All univariate analyses were carried out in R version 4.1.2 (R Core 

Team, 2021) using the packages ‘glmmTMB’ (Brooks et al., 2017) to 

analyse the models, ‘DHARMa’ (Hartig, 2018) to inspect model residuals 

and ‘sjPlot’ (Lüdecke, 2014) to tabulate the model parameters. 
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Results 

 

Water chemistry, turbidity and chl-a concentrations did not differ 

significantly among the treatments (RDA: pseudo-F = 0.30, P = 0.92, Fig. 

S2). Macroivertebrate diversity in our samples was low (Table 1). The 

small predatory dytiscid Hydroglyphus geminus was the most common 

beetle colonizer found in the containers, along with its larvae. Other aquatic 

beetles were found only rarely. Mayfly larvae were represented only by 

Cloeon dipterum, a grazer that mainly feeds on periphyton (Zahrádková et 

al., 2009). Only one species of snail appeared in the samples, the 

herbivorous Gyraulus albus, was most likely introduced with the 

zooplankton inoculum. All mosquito larvae most probably belonged to 

Culex. Its larvae are highly mobile suspension feeders that filter the water 

column for microalgae and fine detritus (Merritt, Dadd & Walker, 1992). 

Chironomids were represented by at least six species, some of which were 

predatory (P. Soukup, unpublished data), but the majority of individuals 

belonged to the tribe Chironomini. We treated all chironomids for 

simplicity as one group of benthic detritivores in the analyses. 

 

Effect of habitat complexity and predation risk on macroinvertebrate 

abundance and traits composition 

 

We found no significant differences in the macroinvertebrate community 

composition at the end of the experiment (RDA, abundance: pseudo-F = 

0.6, P = 0.94; functional trait composition: pseudo-F = 0.7, P = 0.78; Fig. 

S3AC). Similarly, the most parsimonious models found no effect of 

predation risk and habitat complexity on the abundance of any group (Fig. 

S1, Tables 2 and S3). Other plausible models suggested that adult beetles 

and chironomid and mayfly larvae tended to be more abundant in the 

complex than in the simple habitat (i.e., without the added artificial plants), 

while culicid larvae tended to avoid the complex habitat with artificial 

plants and adult beetles tended to avoid tanks with both free-ranging and 
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caged crayfish (Table S4). However, the effect of habitat complexity and 

predation risk as well as the differences between the free-ranging and caged 

predator were always insignificant based on the overlapping 95% 

confidence intervals. The full model corresponding to complexity-specific 

effects of predation risk was never included among the plausible models 

(Table S4). 

 

Effect of habitat complexity and predation risk on macroinvertebrate 

biomass 

 

We found no significant differences in the biomass-based 

macroinvertebrate community composition at the end of the experiment 

(RDA, pseudo-F = 1.0, P = 0.48; Fig. S3). However, the more detailed 

univariate models identified several patterns that could not be identified in 

the multivariate analysis. Total biomass of culicid and mayfly larvae and 

gastropods depended on habitat complexity, and the biomass of the latter 

group also varied with predation risk, while the biomass of chironomid 

larvae and larval and adult beetles did not differ among treatments (Tables 

3 and S5). Simple habitats had significantly lower total biomasses of the 

culicid larvae and gastropods and higher total biomass of the mayfly larvae. 

Gastropod biomass was also significantly lowered by predation risk and the 

impact of both caged and free-ranging predator was comparable based on 

the overlapping 95% confidence intervals (Fig. 1 and Table 3). Other 

plausible models suggested that the biomass of chironomid and mayfly 

larvae tended to decrease under predation risk, with comparable effects of 

caged and free-ranging predators based on the overlapping 95% confidence 

intervals. Similar to the abundances, the full model corresponding to 

complexity-specific effects of predation risk on the biomass was never 

included among the plausible models (Table S6). 
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Effect of habitat complexity and predation risk on macroinvertebrate size 

spectra 

 

Only the chironomid and mosquito larvae and the gastropod data yielded 

meaningful size spectra (Fig. 2). Mean slopes estimated by the SMA 

regression ranged between -1.00 and -0.26 for the chironomid larvae, 

between -1.85 and -1.08 for the mosquito larvae and between -1.06 and -

0.74 for the gastropods. That is, the size spectrum of mosquito larvae was 

on average steeper than those of chironomids and gastropods (Table 4). 

The slopes of size spectra varied significantly with habitat 

complexity and predation risk only in the chironomid larvae (Fig. 2, Tables 

4 and S7). Size spectrum of the chironomid larvae was significantly 

shallower in the structurally simple environment without a predator, mainly 

due to the relative absence of large individuals in the other treatments. 

Moreover, post-hoc test identified a significantly shallower size spectrum 

in the predator-free treatment with added artificial plants than in the 

treatment with free-ranging predator in the structurally simple environment 

(Fig. 2, Tables 4 and S7). 

  



Chapter III 

141 

Discussion 

 

Habitat structure can mediate biotic interactions and hence the impact of 

top predators on local communities (Kovalenko et al., 2012; Soukup et al., 

2022). This can be particularly important for emerging invasive taxa such 

as various crayfish with a high potential to disrupt local communities 

persistent (Twardochleb et al., 2013; Mathers et al., 2016), but comparative 

data on the impacts of invasive species along gradients of habitat 

complexity are all but lacking (but see Nyström & Pérez, 1998; Corkum & 

Cronin, 2004). Previous studies dealt separately with habitat complexity 

(Taniguchi & Tokeshi, 2004; Burdett & Watts, 2009; Walker et al., 2013) 

or predation risk (Stav, Blaustein & Margalit, 2000; Dorn & Wojdak, 2004; 

Usio et al., 2009; Vonesh et al., 2009) as a determining factor for 

community assembly in small water bodies. Research on community 

assembly combining these two factors is, however, scarce and mostly 

focuses on underlying mechanisms such as predation effectivity (Jordan & 

McCreary, 1996; Flynn & Ritz, 1999; Warfe & Barmuta, 2004) as opposed 

to overall patterns in community assembly. Moreover, few studies have 

investigated the impact of invasive species such as crayfish on community 

assembly. This limits our understanding of the impacts of invasive species 

on community structure along environmental gradients (but see Nyström & 

Pérez, 1998). Our manipulative experiment therefore focused on the joint 

role of habitat complexity and both consumptive and non-consumptive 

effects of predation risk by the invasive crayfish O. limosus on the early 

stages of macroinvertebrate community assembly in small standing waters. 

As trophic interactions change with body size (Rudolf & 

Rasmussen, 2013; Rudolf et al., 2014), we characterized the resulting 

community structure not only by total abundance but also by total biomass 

and size spectra of the main colonizing macroinvertebrate taxa. Most 

importantly, while the experimental treatments did not significantly affect 

macroinvertebrate abundance, we found multiple effects of habitat 

complexity and predation risk on the total biomass and size spectra. This 

shows that abundance estimates, and biodiversity inventories can miss 
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important information on the processes structuring natural communities 

(Gilljam et al., 2011) and may not provide reliable signals of more subtle 

effects of invasive species on local communities (Woodward & Hildrew, 

2002). We also found no evidence of non-additive effects of habitat 

complexity and predation risk except on the chironomid size spectra, and 

we therefore discuss their effects separately. 

 

Effect of habitat complexity 

 

Environmental conditions including the chlorophyll-a concentrations as a 

measure of primary production did not differ between the structurally 

simple and complex habitats. This implies that all observed effects of 

habitat complexity can be attributed to the physical modification of habitat 

structure provided by the added plant models such as increased surface 

available for colonization (reviewed in Smokorowski & Pratt, 2007; 

Kovalenko et al., 2012; Soukup et al., 2022). Indirect effects of increased 

habitat complexity such as increased primary production (Ferreiro et al., 

2014; Wolters et al., 2019) likely played only minor role in our experiment.  

We found no significant effect of habitat complexity on 

macroinvertebrate abundance, although detailed analyses of individual taxa 

identified possible trends towards higher abundance of chironomid and 

mayfly larvae and adult beetles in treatments with added plant models. The 

effect of habitat complexity on total biomass and size spectra of 

macroinvertebrate taxa differed among groups and did not follow the same 

patterns as the responses in abundance. In the presence of habitat 

complexity, the biomass of mayfly larvae (C. dipterum) increased, while 

the biomass of gastropods (G. albus) and mosquito larvae (Culex sp.) 

decreased. Finally, the size spectrum of chironomid larvae was 

significantly shallower in the treatment without predation risk in a 

structurally simple habitat. 

Presence of submerged macrophytes is typical for more permanent 

pools (Boven et al., 2008) with more predators (Resetarits, 1996; Wellborn, 
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Skelly & Werner, 1996). Nevertheless, many grazers and detritivores such 

as C. dipterum but also small predators such as the diving beetle H. geminus 

prefer vegetated water bodies (Bauernfeind & Soldan, 2012) because the 

increased habitat provisioning and food availability likely offsets an 

increase in predation risk in such habitats. Long-term colonization 

experiment found more abundant C. dipterum populations in sandpit ponds 

with the same artificial plant models as used in our experiment than in 

ponds without them (Sroka, Klečka & Boukal, 2016). The observed higher 

biomass but the same abundance of C. dipterum in the more complex 

habitat in our experiment could have been caused by preferential (i.e., 

earlier) oviposition by adult female C. dipterum and faster growth of the 

larvae in containers with artificial plants that get gradually overgrown with 

periphyton (Walker et al., 2013; Sroka et al., 2016). Similar mechanisms 

may explain the shallower size spectrum of chironomid larvae in containers 

without artificial plants: some chironomid taxa are typical ‘pioneer’ species 

that can quickly colonize new habitats (Frouz, Matěna & Ali, 2003; 

Vebrová et al., 2018) and the ovipositing females may recognize them by 

the lack of submerged vegetation. 

We attribute the observed lower gastropod biomass in complex 

habitats to a random seeding event, given that they feed on decaying 

biomass as well as periphyton and hence should prefer complex habitats 

with macrophytes (e. g. Walker et al., 2013). The higher biomass of 

mosquito larvae in containers without artificial plants could be due to 

slightly higher abundance (compare Figs. 1 and S2), earlier oviposition or 

faster growth. Finally, mosquitoes may avoid oviposition to structurally 

complex microhabitats because they often host more predators 

(salamanders: Sadeh, Mangel & Blaustein, 2009). 

These results suggest that the primary mechanism driving the 

differences in community assembly between simple and complex habitats 

in our experiment was the habitat provisioning and possibly increased 

periphyton availability in the complex habitat. However, we focused purely 

on the role of habitat complexity and therefore did not use live plants in the 

experiment, which could have affected our results. Macrophytes serve other 
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functions beyond increasing the complexity that make habitats with aquatic 

plants more suitable for various groups of macroinvertebrates (Grutters et 

al., 2015). For example, Burdett & Watts (2009) observed no effect of 

plastic models of vegetation on the abundance of mosquito and chironomid 

larvae but found more of them in complex habitats with live plants, 

indicating that plant-animal interactions determine the suitability of 

vegetated water bodies for these groups. Walker et al. (2013) observed no 

preference of chironomid larvae for any specific plant, suggesting that this 

interaction is general rather than species specific. Both taxa can also benefit 

from fine detritus produced by plant decay (Merritt et al., 1992). Finally, 

yet importantly, we decided to use artificial plant models because they 

cannot be eaten and destroyed by the omnivorous crayfish (reviewed in e.g., 

Twardochleb et al., 2013). 

 

Effect of predation risk 

 

Similar to habitat complexity, environmental conditions including the chl-

a concentrations as a measure of primary production did not vary 

significantly with the crayfish presence and predation risk unlike in 

(Doherty-Bone et al., 2019). This implies that all observed effects of 

predation risk in our experiment can be attributed to the consumptive and 

non-consumptive effects of O. limosus on lower trophic levels and not to 

other indirect effects such as increased nutrient cycling by the crayfish 

(Stav et al., 2000).  

Predation risk had negligible impact on abundance and a limited 

impact on total biomass and size spectra. We detected no positive effects 

of predation risk. Biomass of gastropods (G. albus) decreased significantly 

and adult beetle abundance and chironomid and mayfly larval biomass 

tended to be lower in habitats with predation risk. The shallower size 

spectrum of chironomid larvae in the treatment without predation risk in a 

structurally simple habitat (mentioned above under the effects of habitat 

complexity) was driven primarily by the presence of larger individuals. 
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Moreover, the differences between caged and free-ranging predators were 

at most minor, suggesting that the responses of taxa to the top predator 

Orconectes limosus were dominated by non-lethal and indirect effects of 

predation risk and that any lethal effects were either negligible or 

compensated by bottom-up facilitation (Stav et al., 2000). This contrasts 

with our expectations and observations of crayfish with full guts during the 

experiment. 

Four different processes could have led to these results: (1) all 

treatments were colonized at similar rates irrespective of predation risk but 

the individuals grew more slowly when exposed to predators (Nyström et 

al., 2001); (2) colonization rates were higher in habitats with free-ranging 

predators due to positive cues (Albeny-Simões et al., 2014) but the 

abundances were subsequently decreased by predation, and individual 

growth in habitats with predators was slower due to competition or 

predation risk; (3) habitats with predators were colonized later when the 

costs of perceived predation risk became similar to the costs of competition 

(Arav & Blaustein, 2006; Albeny-Simões et al., 2014); or (4) colonizers 

and ovipositing females might have avoided certain habitats, e.g. those 

without added habitat structure or with predators, but our results lack 

statistical power due to the relatively small number of replicates. 

Prey exposed to predation risk cues can become less active 

(Resetarits, 2001), attempt to hide (Gotceitas & Colgan, 1989; Oram & 

Spitze, 2013; Klecka & Boukal, 2014) or change energy allocation in 

favour of development as opposed to growth (Werner & Gilliam, 1984; 

Werner & Anholt, 1993), which typically results in slower growth and 

smaller size-at-age as in the first two processes outlined above. Predation 

risk cues released by actively feeding predators can be evaluated as 

undesirable due to increased risk of predation (Eitam, Blaustein & Mangel, 

2002; Eitam & Blaustein, 2004; Blaustein et al., 2004) but also as desirable 

indicating a habitat suitable for conspecifics to colonize in numbers 

(Albeny-Simões et al., 2014). Moreover, predators can promote nutrient 

regeneration and cause trophic cascade favourable for quickly developing 

grazers (Stav et al., 2000). The latter effects can lead to higher colonization 
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rates compensated by the consumptive effects of predation on larger prey 

individuals, which can result in a community with equal abundance, lower 

biomass and steeper size spectra of individual prey taxa as in the second 

process outlined above. Under the third process, some colonizers can 

simultaneously assess the presence or relative magnitude of both predation 

risk and competition and maximize their fitness by taking both into account 

simultaneously (Albeny-Simões et al., 2014). Below we discuss the 

relevance of these processes for the main groups found in our study. 

Crayfish including O. limosus prey on snails (Nyström & Perez, 

1998; Vojkovská et al., 2014) and can control their populations (Nyström 

et al., 2001; Dorn & Wojdak, 2004). However, gastropod abundance 

remained comparable across treatments in our experiment. We most likely 

introduced the snails randomly with plankton inoculum (ruling out the 

second and third processes outlined above), and our results imply that the 

direct effect of predation by O. limosus was negligible. This contrasts with 

the reduced gastropod density found in another mesocosm experiment with 

a similar duration (Doherty-Bone et al., 2019) and with an experiment 

using a different crayfish (Pacifastacus leniusculus) and a larger snail 

species (Lymnaea stagnalis, shell size 10–47 mm; Nyström & Pérez, 1998). 

We assume that most of the G. albus used in the experiment (shell size ca. 

0.6–6.2 mm) were too small for O. limosus. Given that the total gastropod 

biomass in both caged and free-ranging predator treatments decreased 

similarly, we conclude that the lower biomass was caused by predator 

avoidance behaviour that led to slower growth (i.e., the first process 

outlined above). Indeed, gastropod activity and growth can decrease 

dramatically in the presence of predator cues (Physa acuta predated by fish; 

Turner & Montgomery (2003)), although a direct evidence for gastropod 

behavioural responses to predation risk by invasive crayfish is lacking.  

Water beetles are known to respond to nonlethal predation risk by 

fish: Resetarits (2001) observed fewer adults and egg cases in the presence 

of fish. Although we found fewer adults, we detected no effect on the larvae 

and cannot infer how predation risk affected oviposition site selection. It is 

possible that adult beetles moved between containers and stayed more often 
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in habitats without predator cues released by both caged and free-ranging 

predator. Total biomass of beetles did not vary with predation risk, possibly 

because larger species were less alarmed by predator cues, which would 

compensate for predator avoidance by smaller beetles. However, our 

sample sizes were too small for a robust analysis of these patterns. 

Our results on chironomid and mayfly larvae broadly agree with 

Usio et al. (2009), who reported no effect of crayfish predation on 

chironomid abundance except for fewer Tanytarsini. On the other hand, 

Creed & Reed (2004) found fewer chironomids, especially large ones, in 

river enclosures with crayfish. The lack of difference in abundance 

combined with the trend towards lower biomass under predation risk in the 

chironomid and mayfly larvae in our experiment could be attributed to the 

first process outlined above, i.e. similar oviposition rates and subsequent 

slower growth under predation risk as in the gastropods.  

The size spectra comparison suggests that at least some chironomids 

preferred the habitat without added artificial plants and without predation 

risk in line with the fourth process suggested above; see the section ‘Effects 

of habitat complexity’ for a detailed explanation. Crayfish in our 

experiment (body length: 34–53 mm) were large enough to prefer the 

largest chironomid larvae (body length > 3.15 mm, which represents the 

75th percentile in our data), since they commonly feed on larger prey (e.g. 

Trichoptera larvae: Usio et al., 2009). Free-ranging crayfish, unlike caged 

ones, could also disturb the sediment and help release nutrients from 

detritus (Creed & Reed, 2004). This could hide the impact of selective 

predation on the slope of the size spectrum by increasing the growth rate of 

surviving individuals, but should also lead to decreased abundance, which 

we did not observe. Finally, a late colonization of containers with free-

ranging O. limosus (the third process listed above) could have also lead to 

lower biomass compared to other treatments. However, this would most 

likely translate into a shift along a common slope in the size spectra 

analysis, which we did not observe. Alternatively, our sample sizes might 

have been insufficient to detect the effects of predation risk on the 



Chapter III 

148 

abundance and biomass in individual containers, which only became 

apparent when we pooled the data in the comparison of the size spectra. 

 

Concluding remarks 

 

Our study demonstrated that habitat complexity can alter early stages of 

community assembly, while the consumptive and non-consumptive effects 

of predation risk by an invasive crayfish species were relatively minor (as 

in, e.g., (Arce et al., 2019)). These effects were not evident in the 

comparison of taxon abundance and only became observable when we 

compared total biomass and size spectra across treatments. This highlights 

the need for future studies to link community assembly to research on size-

structured communities and to identify conditions under which differences 

in size spectra and biomass composition provide reliable signals of the 

effects of invasive species on community assembly and structure. 

Our results corroborate earlier findings that the impacts of invasive 

crayfish on local communities are context-dependent, although we did not 

find strong negative effects reported by the majority of studies 

(Twardochleb et al., 2013) including another mesocosm experiment over a 

comparable time period (Doherty-Bone et al., 2019). Community assembly 

in our study might have been influenced strongly by stochastic processes 

(Chase, 2010). After 8 days of the experiment, temperature dropped 

substantially, and it rained every other day (P. Soukup, personal 

observation). These weather conditions could have decreased colonization 

rates. It is possible that some of the trends identified by the plausible but 

not by the most parsimonious models, e.g., those of habitat complexity, 

would become more apparent if the experiment ran longer or in a warmer 

period. Due to unfavourable weather conditions, crayfish activity might 

also have decreased and hence decreased their predation rates and the 

magnitude of predation risk perceived by the colonizing 

macroinvertebrates. These results indicate that the community-level effects 

of invasive crayfish and top predators in general can vary with seasonality 
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and temporal scales, and future work may thus compare these effects across 

different time points and between seasons (Freeland-Riggert et al., 2016). 

Such studies may also provide much needed guidance on the timing of any 

containment and eradication programmes targeting invasive crayfish 

(Krieg, King & Zenker, 2021). 
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Tables 

Table 1: Abundances, size ranges and length-mass relationships for the taxa observed in the experiment.  

Order/Class 

and stage 
Family Species N 

Body length 
Length-mass 

equation 

range (mm) mean ± SD (mm)  

Coleoptera, 

adults 

Dytiscidae 

Agabus bipustulatus 1 10.5 - (2) 

Rhantus suturalis 3 10.5–11.9 11.41 ± 0.79 (2) 

Hydroglyphus geminus 92 2.1–2.9 2.45 ± 0.14 (2) 

Graptodytes pictus 1 2.7 - (2) 

Hydroporus angustatus 1 3.0 - (2) 

Haliplidae Haliplus sp. 3 2.9–3.3 3.01 ± 0.23 (3) 

Helophoridae Helophorus sp. 21 2.4–3.6 2.86 ± 0.26 (1) 

Hydrophilidae 

Enochrus melanocephalus 1 4.3 - (4) 

Hydrobius fuscipes 5 3.3–8.0 6.63 ± 1.92 (4) 

Helochares obscurus 2 3.2–5.6 4.39 ± 1.73 (4) 

Anacaena lutescens 7 2.1–3.4 2.77 ± 0.42 (4) 

Hydraenidae Limnebius truncatellus 2 2.4–2.8 2.61 ± 0.24 (1) 

Coleoptera, 

larvae 
Dytiscidae Hydroglyphus geminus 1495 0.0028–0.077* 0.04 ± 0.13* - 

Diptera, larvae 
Chironomidae NA 2240 0.6–15.8 2.65 ± 1.67 (6) 

Culicidae Culex pipiens 3509 1.2–8.1 2.92 ± 0.62 (8) 

Ephemeroptera, 

larvae 
Baetidae Cloeon dipterum 222 0.5–3.2 1.41 ± 0.76 

(9) 

Gastropoda Planorbidae Gyraulus albus 313 0.7–6.2 1.61 ± 0.57 (13) 

N = number of individuals. NA = not identified to species level; * = weight data (mg dry weight) instead of lengths, 

based on mean weights for each instar. Equation numbers as in Table S1. 
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Table 2: Summary of the most parsimonious negative binomial GLMs describing the effect of predation risk by 

Orconectes limosus and habitat complexity on the abundance of the main macroinvertebrate taxa. Parameter estimates 

given as mean with 95% confidence intervals on the predictor scale. Intercept = constant term of the nonzero part 

model; ZI = intercept of the zero-inflated model. 

 

Parameter 
Chironomidae 

larvae a 

Culicidae 

larvae b 

Coleoptera 

adults b 

Coleoptera 

larvae c 

Ephemeroptera 

larvae b Gastropoda a 

Intercept 
4.19 

(3.82 – 4.56) 

4.64 

(4.18 – 5.09) 

1.41 

(1.08 – 1.73) 

3.88 

(3.66 – 4.09) 

1.88 

(1.41 – 2.34) 

2.22 

(1.96 – 2.48) 

ZI intercept - - - 
-2.34 

(-3.53 to -1.15) 
- - 

a = model with linear parameterization (see Table S3) 
b = model with quadratic parameterization (see Table S3) 
c = zero-inflated model with linear parameterization (see Table S3) 
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Table 3: Summary of the most parsimonious zero-inflated Gamma GLMs describing the effect of predation risk by 

Orconectes limosus and habitat complexity on the biomass of the main macroinvertebrate taxa. Parameter estimates 

given as mean with 95% confidence intervals on the predictor scale. Intercept = constant term of the nonzero part model 

(or term describing the biomass in the simple habitat without predation risk); HC = effect of habitat complexity; predator 

= effects of predation risk; ZI intercept = intercept of the zero-inflated model. 

 

 Parameter 
Chironomidae 

larvae 

Culicidae 

larvae 

Coleoptera 

adults 

Coleoptera 

larvae 

Ephemeroptera 

larvae 
Gastropoda 

Intercept 
1.16 

(0.68 – 1.64) 

2.28 

(1.72 – 2.84) 

1.88 

(1.44 – 2.32) 

2.96 

(2.75 – 3.16) 

-3.46 

(-4.36 to -2.55) 

1.11 

(0.45 – 1.77) 

HC (complex vs. 

simple habitat) 
- 

-0.92 

(-1.70 to -0.14) 
- - 

2.43 

(1.22 – 3.65) 

-0.62 

(-1.23 – 0.00) 

predator  

(caged vs. none) 
- - - - - 

-1.22 

(-1.97 to -0.47) 

predator  

(free vs. none) 
- - - - - 

-1.14 

(-1.89 to -0.39) 

ZI intercept 
-3.50 

(-5.49 to -1.51) 

-2.34 

(-3.52 to -1.15) 

-2.02 

(-3.06 to -0.97) 

-2.34 

(-3.52 to -1.15) 

-1.35 

(-2.18 to -0.52) 

-3.50 

(-5.49 to -1.51) 
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Table 4: The effect of habitat complexity and predation risk by Orconectes limosus on the size spectra of the most 

abundant macroinvertebrate taxa in the experiment. 

Taxonomic group 
Habitat 

complexity 
Predation risk c1 (95% CI) c2 (95% CI) 

Chironomidae, 

larvae 
no none 0.18 (0.04, 0.33) -0.26 (-0.32, -0.22) a 

no caged -2.31 (-2.71, -1.91) -0.83 (-0.97, -0.71) bc 

no free -1.96 (-2.27, -1.66) -0.73 (-0.84, -0.64) b 

yes none -1.75 (-2.09, -1.40) -1.00 (-1.16, -0.86) c 

yes caged -1.67 (-2.02, -1.33) -0.87 (-0.98, -0.78) bc 

yes free -1.54 (-1.89, -1.20) -0.76 (-0.86, -0.67) bc 

Culicidae, larvae  no none -3.04 (-3.76, -2.32) -1.82 (-2.22, -1.49) n.s. 

no caged -2.14 (-3.26, -1.02) -1.55 (-2.29, -1.05) n.s. 

no free -1.10 (-1.96, -0.25) -1.08 (-1.66, -0.70) n.s. 

yes none -2.79 (-3.27, -2.31) -1.39 (-1.64, -1.17) n.s. 

yes caged -2.74 (-3.34, -2.14) -1.60 (-1.92, -1.34) n.s. 

yes free -2.81 (-3.43, -2.18) -1.60 (-1.98, -1.30) n.s. 

Gastropoda  no none -1.57 (-2.87, -0.28) -1.06 (-1.93, -0.59) n.s. 

no caged -0.86 (-1.52, -0.20) -0.74 (-1.02, -0.54) n.s. 

no free -1.26 (-2.12, -1.19) -0.77 (-1.19, -0.49) n.s. 

yes none -0.79 (-1.58, -0.001) -0.86 (-1.26, -0.58) n.s. 

yes caged -1.61 (-2.26, -0.97) -0.80 (-1.12, -0.57) n.s. 

yes free -1.28 (-1.85, -0.70) -0.80 (-1.05, -0.61) n.s. 

Results based on SMA regression with treatments as one factor. Coefficients: c1 = elevation, c2 = slope; 95% confidence intervals given in 

parentheses. Estimates of c2 with different letters differ significantly (P < 0.05) within each taxon; n.s. = no significant differences.  
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Figures 

 

Figure 1: Description continues the next page. 
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Figure 1: Predictions of the most parsimonious models describing the 

effect of predation risk by Orconectes limosus and habitat complexity on 

the biomass of Culicidae, Ephemeroptera and Gastropoda (see Fig. S2 for 

Chironomidae and Coleoptera adults and larvae). Small symbols = 

individual replicates; large symbols = model fit; error bars = 95% 

confidence intervals. Predation risk: circles = none, triangles = caged 

predator, square = free-ranging predator; habitat complexity: red = without 

artificial plants, green = with artificial vegetation. 
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Figure 2: Effect of experimental treatments on the size spectra of 

Chironomidae, Culicidae and Gastropoda. Filled symbols represent 

individual data and lines the results of the SMA regression. Habitat 

complexity: light to dark green symbols and lines = added artificial plants, 

orange to dark red symbols and lines = no artificial plants. Predation risk: 

dark hue colour and solid lines = no predator, medium hue colour and 

dashed lines = caged predator, light hue colour and dotted lines = free-

ranging predator. Zero abundance values set arbitrarily at 0.01. 
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Appendices 

Table S1: Overview of published length-mass relationship with details. 

Figure S1: Comparison of used length-mass allometries with experimental 

data 

Text S1: Automatic measurement error analysis and correction of the 

individual length data 

Table S2: Comparison of different polynomial models correcting the 

automatic measurement error as a function of length for Chironomidae and 

Culicidae 

Figure S2: Automatic measurement error as a function of length 

Table S2: Water parameters and chemistry. 

Figure S3: RDA diagram of the effect of experimental treatments on 

environmental conditions.  
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Figure S4: RDA diagrams of the effects of experimental treatments on 

macroinvertebrate community composition, functional trait composition, 

and biomass-based community composition. 

Table S3: Model comparison: Effect of habitat complexity and predation 

risk on the abundance of the main macroinvertebrate taxa. 

Table S4: Other plausible models of the effect of predation risk by 

Orconectes limosus and habitat complexity on the total abundance of the 

major macroinvertebrate taxa.  

Table S5: Model comparison: Effect of habitat complexity and predation 

risk on the biomass of the main macroinvertebrate taxa.  

Table S6: Other plausible zero-inflated Gamma GLM models with log-link 

function describing the effect of predation risk by Orconectes limosus and 

habitat complexity on the total biomass of the major macroinvertebrate 

taxa.  

Table S7: Pairwise comparisons of treatment-specific size spectra of 

chironomid larvae, culicid larvae and gastropods based on the SMA 

analysis.  

Figure S5: Abundance of the main invertebrate groups in buckets with no 

predator, a caged predator, and a free predator with or without added habitat 

complexity. 

Figure S6: Dry mass of the main invertebrate groups. 

Figure S7: Treatment-specific size spectra of chironomid larvae. 

Figure S8: Treatment-specific size spectra of culicid larvae. 

Figure S9: Treatment-specific size spectra of gastropods. 
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Table S1: Overview of published length-mass relationship with details. 

Eq Order/Class Family Species Stage N 
Range  

(mm) 
a b R2 Source 

(1) Coleoptera all all Ad - 0.6–17.2* 0.0077 2.910 – Benke et al. 2010 

(2)  Dytiscidae Hydroporus spp. Ad 42 3.1–6.5 0.6180 2.502 0.71 Smock 1980 

(3)  Haliplidae 
Peltodytes 

sexmaculatus 
Ad 17 4.4–6.0 0.0271 2.744 0.76 Smock 1980 

(4)  Hydrophilidae 
Enochrus 

bicolor 
Ad 150 2.8–4.0 0.0150  3.012 0.89 Heydarnejad 2010 

(5) Diptera Chironomidae all L - 2.0–19.0 0.0011 2.730 0.96 
Johnston & 

Cunjak 1999 

(6)   Chironomidae all L - 1.0–13.7* 0.0018 2.617 – Benke et al. 2010 

(7)  Chironomidae NA L 41 2.0–14.0 0.0047 1.820 0.50 
Baumgärtner & 

Rothhaupt 2003 

(8)  Culicidae Culex sp. L 36 1.4–7.1 0.0017 3.168 0.98 Quintana 1995 

(9) Ephemeroptera Baetidae all L - 1.8–8.5* 0.0053 2.875 – Benke et al. 2010 

(10)   Baetidae Cloeon dipterum L 1096 2.0–8.4 0.0010 3.680 0.95 
Johnston & 

Cunjak 1999 

(11) Gastropoda Pleuroceridae 
Elimia 

clavaeformis 
Ad 50 - 0.0123 3.984 0.96 Benke et al. 2010 

(12)  Lymnaeidae 
Radix 

peregra/ovata 
Ad 8 2.0–12.2 0.0265 3.150 0.96 

Baumgärtner & 

Rothhaupt 2003 

(13)  Bithyniidae 
Bithynia 

tentaculata 
Ad 10 1.6–6.6 0.0106 3.660 0.95 

Baumgärtner & 

Rothhaupt 2003 

“all” = result based on multiple equations for multiple taxa at the family or species level, NA = species not determined. 

Coefficients a, b are given for allometric equation M = a·Lb, where M = dry mass and L = body length. Stage: Ad = 

adults, L = larvae. N = sample size, R2 = coefficient of determination. Missing values (‘-‘) could not be acquired from 

source materials. * = values not explicitly given but inferred from the published material. 
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Figure S1: Comparison of length-mass allometries from Table S1 with our data. Each black line corresponds to one 

equation. Dashed lines were not used in our study; thick black lines represent equations used in our study. Red lines 

depict the chosen allometry over the size range observed in our study. No thick black line in a panel = equation for a 

higher taxon was used instead. 
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Text S1: Automatic measurement error analysis and correction of the 

individual length data 

 

Automatic measurement error ranged from -12.3% to +14.7% in the 

Chironomidae and from -12.3% to +15.5% in the Culicidae. The fitted 

polynomial (Table S2) provided a good fit for the data (Figure S2) with no 

obvious biases (diagnostic plots not shown). Equation (1) corresponds to 

the correction for automated length measurement (𝑚), where 𝑙 is the 

manually measured length for the Culicidae and equation (2) to the 

correction for the Chironomidae:  

 

 

(1) 𝑙 =  −3 ∙ 10−13𝑚5 + 6 ∙ 10−10𝑚4 − 4 ∙ 10−7𝑚3 − 1 ∙ 10−4𝑚2 + 221 ∙

10−5𝑚 − 1.258 

(2) 𝑙 =  −3 ∙ 10−12𝑚4 + 6 ∙ 10−9𝑚3 − 5 ∙ 10−6𝑚2 + 15 ∙ 10−4𝑚 − 0.146 
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Table S2: Comparison of different polynomial models correcting the 

automatic measurement error as a function of measured length for the 

Chironomidae and Culicidae. Chosen model for each taxon in bold. A 

simpler model was preferred over the most parsimonious one in the 

Chironomidae to avoid clear overfitting. 

 

 

Taxon Polynomial AIC 

Culicidae ~const -745.51 

 ~a -750.46 

 ~a+a2 -753.24 

 ~a+a2+a3 -754.92 

 ~a+a2+a3+a4 -755.99 

 ~a+a2+a3+a4+a5 -756.39 

 ~a+a2+a3+a4+a5+a6 -755.41 

Chironomidae ~const -669.26 

 ~a -680.46 

 ~a+a2 -685.16 

 ~a+a2+a3 -688.19 

 ~a+a2+a3+a4 -690.44 

 ~a+a2+a3+a4+a5 -701.50 

 ~a+a2+a3+a4+a5+a6 -702.05 
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Figure S2: Automatic measurement error as a function of length (left) for 

the Chironomidae (top) and Culicidae (bottom) and residuals as a function 

of fitted values (right). Black dots = measured individuals, black line = 

model prediction, grey interval = 95% confidence interval. 
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Table S2: Water parameters and chemistry. Temperature was measured at 

the end of the experiment in samples taken for water measurements (1) and 

continuously during the entire experiment (2, 15 HOBO® Pendant® 

Temperature dataloggers), each placed permanently in a randomly selected 

replicate 5 cm above the bottom, with 15-minute measuring intervals, N = 

34320 individual readings). Other parameters were measured on the last 

day of the experiment with YSI 6600V2 multimeter (September 4th, 2014). 

Water samples were collected, frozen and later analyzed in a laboratory to 

determine N-NO3, P-PO4, TN, TP and POC concentrations. 

 

Parameter Range Mean ± SD 

Temperature [°C] 
15.2–15.81 

11.6–28.32 

15.11 ± 0.151 

18.95 ± 2.862 

Conductivity [µS.cm-1] 194–214 197.4 ± 5.3 

pH 8.7–9.9 9.2 ± 0.4 

Turbidity [NTU] 14.5–21.9 17.1 ± 2.2 

Chlorophyll a [mg.L-1] 2.9–78.5 19.6 ± 14.9 

Oxygen [mg.L-1] 9.6–12.3 9.8 ± 0.4 

N-NO3 [mg.L-1] <1.3–687.7 177.64 ± 202.38 

P-PO4 [mg.L-1] 0.11–16.2 1.86 ± 2.77 

Total N [mg.L-1] 217.5–854.7 444.43 ± 201.68 

Total P [mg.L-1] 13.0–67.5 21.54 ± 10.08 

Particulate organic P [mg/L] 3.8–8.9 5.04 ± 1.12 
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Figure S3. RDA diagram of the effect of experimental treatments 

(symbols; see Figure 1 for shapes and colours) on environmental 

conditions.  
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Figure S4. RDA diagrams of the effects of experimental treatments 

(symbols; see Figure 1 for shapes and colours) on macroinvertebrate 

community composition (A), functional trait composition (B), and 

biomass-based community composition (C). Species names (A, C): Agabus 

bipustulatus – AgabBips; Anacaena lutescens – AnacLuts; Chironomidae 

– Chironom; Cloeon dipterum – Cloeon; Culicidae – Culicida; Enochrus 

melanocephalus – EnocMeln; Graptodytes pictus – GrapPict; Gyraulus 

albus – GyraAlbs; Haliplus sp. – Haliplus; Helochares obscurus – 

HelcObsc; Helophorus sp. – Helophor; Hydrobius fuscipes – HydrFusc; 

Hydroporus angustatus – HydrAugs; Limnebius truncatellus – LimnTrun; 

Rhantus suturalis – RhanSutr; Hydroglyphus geminus adults – HydrGemA; 

Hydroglyphus geminus larvae – HydrGemL. Functional traits (B): Feeding 

modes, Feed:gra – grazer/scraper; Feed:min – miner; Feed:shr – shredder; 

Feed:gat – gatherer/collector; Feed:aff – active filter feeder; Feed:pff – 

passive filter feeder; Feed:pre – predator; Feed:par – parasite; Feed:oth – 

other; locomotion types, Loco:sws – swimming/scating; Loco:swd – 

swimming/diving; Loco:bub – burrowing/boring; Loco:spw – 

sprawling/walking; Loco:ses – (semi)sessil; Loco:oth – other. See main text 

for details. 
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(For description see previous page.) 
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Table S3: Model comparison: Effect of habitat complexity (‘HC’) and 

predation risk (‘predator’) on the abundance of the main macroinvertebrate 

taxa. df = degrees of freedom; ln(L) = model log-likelihood; ∆AICc = 

difference in AICc from the most parsimonious model; w = Akaike weight 

based on AICc. Most parsimonious model for each taxon in bold; other 

plausible models with ∆AICc ≤ 2 in italics. Models for each taxon ranked 

by the level of parsimony. Model structure: const = constant model. 

Families: nbinom1 = negative binomial GLM with linear parameterization 

(Hardin & Hilbe 2007); nbinom2 = negative binomial GLM with quadratic 

parameterization (Hardin & Hilbe 2007); zi-nbinom1 = zero-inflated 

negative binomial GLM with linear parameterization (Hardin & Hilbe 

2007) and a constant zero inflation term. 

 

Taxon Family 
Model 

structure 
df Ln(L) ∆AICc w 

Chironomidae, 

larvae 
nbinom1 ~ const 2 -176.3 0 0.622 

  ~ HC 3 -176.0 1.8 0.255 

  ~ predator 4 -175.8 3.9 0.086 

  ~ HC + predator 5 -175.6 6.2 0.028 

  ~ HC × predator 7 -173.7 8.6 0.008 

Culicidae, 

larvae 
nbinom2 ~ const 2 -187.5 0 0.516 

  ~ HC 3 -186.6 0.6 0.389 

  ~ predator 4 -187.3 4.5 0.053 

  ~ HC + predator 5 -186.2 5.1 0.039 

  ~ HC × predator 7 -185.9 10.7 0.002 

Coleoptera, 

adults 
nbinom2 ~ const 2 -85.1 0 0.425 

  ~ HC 3 -84.4 1.0 0.258 

  ~ predator 4 -83.6 1.8 0.170 

  ~ HC + predator 5 -82.5 2.4 0.126 

  ~ HC × predator 7 -81.2 6.0 0.021 
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Coleoptera, 

larvae 
zi-nbinom1 ~ const 3 -155.2 0 0.648 

  ~ HC 4 -155.0 2.1 0.230 

  ~ predator 5 -154.5 3.9 0.092 

  ~ HC + predator 6 -154.2 6.3 0.028 

  ~ HC × predator 8 -153.8 12.1 0.002 

Ephemeroptera, 

larvae 
nbinom2 ~ const 2 -97.9 0 0.583 

  ~ HC 3 -97.3 1.2 0.316 

  ~ predator 4 -97.5 4.2 0.071 

  ~ HC + predator 5 -97.1 6.1 0.027 

  ~ HC × predator 7 -96.1 10.2 0.003 

Gastropoda nbinom1 ~ const 2 -108.7 0 0.642 

  ~ HC 3 -108.5 2.2 0.216 

  ~ predator 4 -108.0 3.6 0.104 

  ~ HC + predator 5 -107.9 6.2 0.029 

  ~ HC × predator 7 -106.0 8.5 0.009 
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Table S4: Other plausible models of the effect of predation risk by Orconectes limosus and habitat complexity on the 

total abundance of the major macroinvertebrate taxa. Parameters given as mean with 95% confidence intervals in 

parentheses. Intercept = parameter estimate for the treatment without predator and without added habitat structure; HC 

= habitat complexity. See main text for details. 

Parameter 
Chironomidae, 

larvae a 

Culicidae, 

larvae b 

Coleoptera, 

adults b 

Coleoptera, 

adults b 

Ephemeroptera, 

larvae b 

(Intercept) 
4.07 

(3.59 – 4.55) 

4.90 

(4.27 – 5.53) 

1.19 

(0.73 – 1.66) 

1.76 

(1.21 – 2.30) 

1.59 

(0.93 – 2.24) 

HC  

(complex vs. 

simple habitat) 

0.23 

(-0.33 – 0.79) 

-0.63 

(-1.52 – 0.26) 

0.39 

(-0.25 – 1.03) 
- 

0.52 

(-0.40 – 1.43) 

predator  

(caged vs. none) 
- - - 

-0.72 

(-1.49 – 0.06) 
- 

predator  

(free vs. none) 
- - - 

-0.39 

(-1.15 – 0.36) 
- 

a = negative binomial GLM model with linear parameterization (see Table S3) 
b = negative binomial GLM model with quadratic parameterization (see Table S3) 
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Table S5: Model comparison: Effect of habitat complexity (‘HC’) and 

predation risk (‘predator’) on the biomass of the main macroinvertebrate 

taxa. Most parsimonious model for each taxon in bold; other plausible 

models with ∆AICc ≤ 2 in italics. All symbols and model ranking criterion 

as in Table S1. All taxa modelled with zero-inflated Gamma GLMs with a 

log-link function and a constant zero inflation term. 

Taxon Model structure df Ln(L) ∆AICc w 

Chironomidae, 

larvae 
~ const 3 -69.1 0 0.533 

~ predator 5 -67.4 1.9 0.211 

~ HC 4 -69.1 2.5 0.150 

~ HC + predator 6 -67.0 4.0 0.072 

~ HC × predator 8 -64.4 5.5 0.034 

Culicidae, larvae ~ HC 4 -96.7 0 0.662 

~ const 3 -99.1 2.3 0.207 

~ HC + predator 6 -95.7 3.7 0.103 

~ predator 5 -98.7 6.7 0.023 

~ HC × predator 8 -95.3 9.5 0.006 

Coleoptera, 

adults 
~ const 3 -96.8 0 0.602 

~ HC 4 -96.5 2.0 0.220 

~ predator 5 -96.0 3.7 0.095 

~ HC + predator 6 -95.2 5.2 0.045 

~ HC × predator 8 -92.1 5.5 0.038 

Coleoptera, 

larvae 
~ const 3 -125.4 0 0.667 

~ HC 4 -125.1 2.1 0.239 

~ predator 5 -125.0 4.5 0.070 

~ HC + predator 6 -124.6 6.8 0.023 

~ HC × predator 8 -124.1 12.3 0.001 

Ephemeroptera, 

larvae 
~ HC 4 24.8 0 0.603 

~ HC + predator 6 26.9 1.7 0.264 

~ HC × predator 8 29.3 3.5 0.107 

~ predator 5 22.4 7.6 0.014 

~ const 3 19.6 7.8 0.012 

Gastropoda ~ HC + predator 6 -35.7 0 0.504 

 ~ predator 5 -37.5 0.7 0.362 

 ~ HC × predator 8 -34.2 3.7 0.079 

 ~ const 3 -42.6 5.5 0.033 

 ~ HC 4 -41.7 6.3 0.022 
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Table S6: Other plausible zero-inflated Gamma GLM models with log-link 

function describing the effect of predation risk by Orconectes limosus and 

habitat complexity on the total biomass of the major macroinvertebrate 

taxa. Parameters given as mean with 95% confidence intervals on the 

predictor scale. Intercept = constant term of the nonzero part model (or term 

describing the biomass in the simple habitat without predation risk); HC = 

habitat complexity; ZI intercept = intercept of the zero-inflated model. See 

main text for details. 

 

Parameter 
Chironomidae,  

larvae 

Ephemeroptera,  

larvae 
Gastropoda 

Intercept 
1.71 

(0.87 – 2.54) 

-2.85 

(-4.40 to -1.30) 

0.79 

(0.22 – 1.35) 

HC  

(complex vs. 

simple habitat) 

- 
2.23 

(0.93 – 3.54) 
- 

predator  

(caged vs. none) 

-0.89 

(-2.03 – 0.24) 

-1.46 

(-2.91 – 0.004) 

-1.06 

(-1.83 to -0.30) 

predator  

(free vs. none) 

-0.97 

(-2.12 – 1.90) 

-0.29 

(-1.97 – 1.39) 

-1.16 

(-1.94 to -0.38) 

ZI intercept 
-3.50 

(-5.49 to -1.51) 

-1.35 

(-2.18 to -0.52) 

-3.50 

(-5.49 to -1.51) 
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Table S7: Pairwise comparisons of treatment-specific size spectra of 

chironomid larvae, culicid larvae and gastropods based on the SMA 

analysis. HC = added habitat complexity; P = predator. Significantly 

different pairs (P < 0.05; values corrected for multiple comparisons with 

Sidak correction) in bold. See main text for details and Table 4 for the slope 

and intercept values. 

 

Taxon Treatment 1 Treatment 2 Χ2 P 

Chironomidae no P, no HC no P, HC 74.7 < 10-3 

 no P, no HC caged P, no HC 60.2 < 10-3 

 no P, no HC caged P, HC 70.8 < 10-3 

 no P, no HC free P, no HC 54.7 < 10-3 

 no P, no HC free P, HC 58.6 < 10-3 

 no P, HC caged P, no HC 2.88 0.76 

 no P, HC caged P, HC 1.90 0.94 

 no P, HC free P, no HC 9.08 0.038 

 no P, HC free P, HC 7.41 0.093 

 caged P, no HC caged P, HC 0.31 1.00 

 caged P, no HC free P, no HC 1.36 0.99 

 caged P, no HC free P, HC 0.72 1.00 

 caged P, HC free P, no HC 3.91 0.52 

 caged P, HC free P, HC 2.58 0.82 

 free P, no HC free P, HC 0.13 1.00 

Culicidae no P, no HC no P, HC 4.33 0.44 

 no P, no HC caged P, no HC 0.55 1.00 

 no P, no HC caged P, HC 0.91 1.00 

 no P, no HC free P, no HC 4.78 0.36 

 no P, no HC free P, HC 0.81 1.00 

 no P, HC caged P, no HC 0.29 1.00 

 no P, HC caged P, HC 1.42 0.98 

 no P, HC free P, no HC 1.18 0.99 
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 no P, HC free P, HC 1.22 0.99 

 caged P, no HC caged P, HC 0.02 1.00 

 caged P, no HC free P, no HC 1.61 0.97 

 caged P, no HC free P, HC 0.02 1.00 

 caged P, HC free P, no HC 2.91 0.75 

 caged P, HC free P, HC 0.00 1.00 

 free P, no HC free P, HC 2.84 0.76 

Gastropoda no P, no HC no P, HC 0.48 1.00 

 no P, no HC caged P, no HC 1.40 0.98 

 no P, no HC caged P, HC 0.85 1.00 

 no P, no HC free P, no HC 0.99 1.00 

 no P, no HC free P, HC 0.99 1.00 

 no P, HC caged P, no HC 0.44 1.00 

 no P, HC caged P, HC 0.09 1.00 

 no P, HC free P, no HC 0.20 1.00 

 no P, HC free P, HC 0.14 1.00 

 caged P, no HC caged P, HC 0.15 1.00 

 caged P, no HC free P, no HC 0.02 1.00 

 caged P, no HC free P, HC 0.14 1.00 

 caged P, HC free P, no HC 0.04 1.00 

 caged P, HC free P, HC 0.00 1.00 

 free P, no HC free P, HC 0.03 1.00 
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Figure S2: Abundance of the main invertebrate groups in buckets with no 

predator (circles), a caged predator (triangles), and a free predator (squares) 

with added habitat structure (green tones, shifted right) or without (orange 

tones, shifted left). N = 5 for treatments with no predator; N = 6 other 

treatments. Model prediction (thick line) and confidence intervals (in 

between dashed lines) for the best model (abundance ~ const). 
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Figure S3: Dry mass of the main invertebrate groups. Symbols as in 

Figure S1. 
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Figure S4: Treatment-specific size spectra of chironomid larvae. Each size 

spectrum is pooled across all replicates of the given treatment. See main 

text for details. 
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Figure S5: Treatment-specific size spectra of culicid larvae. Each size 

spectrum is pooled across all replicates of the given treatment. See main 

text for details.  
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Figure S6: Treatment-specific size spectra of gastropods. Each size 

spectrum is pooled across all replicates of the given treatment. See main 

text for details. 
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Summary 
 

Habitat complexity and predation risk are important factors for the structure 

and assembly of aquatic communities. 

Chapter I of my thesis reviewed how habitat complexity affects the 

structure and assembly of aquatic communities. Habitat complexity 

interacts with all levels of organization, as it effects individuals, their 

interactions, and entire communities. This review has demonstrated that 

current knowledge of these interactions is uneven, although no complete 

gaps exist. Ecological feedbacks resulting in secondary changes to 

individuals and their interactions in habitat complexity altered 

communities, or to habitat complexity itself are among the least understood 

mechanisms underpinning the role of habitat complexity in aquatic 

ecosystems. Interestingly, most researchers are studying habitat complexity 

effects on a binary scale, which is detrimental to discovering potential 

nonlinear effects. Working with a gradient of complexities could help 

uncover and quantify saturating, unimodal or stepwise relationships, which 

are common in nature. 

Chapter II dealt with this knowledge gap and estimated functional 

responses of Aeshna cyanea preying on Chaoborus obscuripes larvae using 

the traditional population level approach and compared the results with 

direct behavioural observations and measurement of functional response 

parameters. Despite some evidence to the contrary, habitat complexity did 

not influence functional response shape in this experiment. Differences in 

handling time are sometimes reported when fitting a functional response on 

population level data. Behavioural observations on the other hand yield no 

such increase. This fundamental discrepancy can be attributed to predator 

behaviours that are not directly linked to the consumption and digestion of 

prey. Additional review of existing data showed that the dependence of 

handling time and attack rate, two key parameters of the functional 

response, on habitat complexity varies widely across studies; the 



Summary 

194 

differences can be attributed to weakening and strengthening predator-prey 

interactions with habitat complexity in 2D and 3D habitats.  

Chapter III examined the effects of habitat complexity and 

predation risk by an invasive omnivorous crayfish Orconectes limosus in a 

controlled outdoor mesocosm experiment. It showed that both factors can 

measurably impact freshwater macroinvertebrate communities over 

relatively short timescales during the early phases of community assembly. 

The observed effects of the crayfish on the community were commensurate 

with published data on its diet, and could be attributed mainly to indirect, 

non-consumptive effects on the prey. The effects of habitat complexity 

were taxon specific and in line with previous studies, and overall, more 

important than the effects of predation risk. Finally, the experimental data 

illustrated the importance of size-based approaches in community-level 

studies as the effects of habitat complexity and predation risk were more 

apparent when using prey biomass and size spectra rather than abundance. 

Taken together, this thesis provides novel insights into the role of 

habitat complexity and predation risk on community structure in small 

standing waters. It shows that habitat complexity may (or may not) modify 

trophic interactions in complex and sometimes non-intuitive ways. I was 

able to demonstrate the effects of habitat complexity on the Aeshna – 

Chaoborus predator-prey system in multiple levels of focus: on the 

population level, examining functional responses in habitats of various 

habitat complexity and on an individual level by analysing video-

recordings of predators’ behaviour and hunting success. Using the same 

model of habitat complexity (submerged plant mimic from identical 

materials), I also examined the effects of Orconectes limosus on 

community assembly in structurally simple and complex habitats, showing 

that both predation risk and habitat complexity are relevant in a more 

natural, community-level perspective. These results agree with current 

consensus outlined in the review article: different scales of interactions 

provide valuable insights and can be used to make more realistic 

predictions about the way habitat complexity alters predator-prey 

interactions. 
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Take-home messages and future directions 

Going forward, several points should be noted. Studies included in this 

thesis reiterate the common observation that simple experiments may not 

always provide reliable or complete results. Gradients of habitat complexity 

should be used wherever possible to paint a more holistic image of its effect 

on the structuring of aquatic communities. Moreover, various ecological 

feedbacks can mediate or amplify short-term effects. Further inquiry into 

such feedbacks could help reconcile predictions based on short-term 

experiments under controlled conditions with long-term field observations. 

Concerning the community level consequences of predation and 

habitat complexity, the role of omnivorous predators requires further study. 

Using living macrophytes in place of plastic models and extending the 

experiment by several months could reveal more distinct effects. Such 

experiments could also shed more light on the differences between the 

community-level effects of ‘true’ top predators such as the dragonfly larvae 

used in Chapter II and top-level omnivores such the invasive crayfish used 

in Chapter III. 
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