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Abstract
Aquatic plants are important prey refugia for aquatic organisms, and their species richness is positively
related with aquatic invertebrate species richness. Yet, little is known about how the quantity of refugia,
i.e. aquatic vegetation cover, affect aquatic invertebrate assemblages and their habitat use in different
levels of predation risks. Here, we investigated how provision of refugia affects diving beetle (Dytiscidae)
species richness and abundance in the presence and absence of �sh predators. We found that plant
cover affected dytiscid populations differently: (1) At the pond level, dytiscid presence was positively
correlated with increasing plant cover, both with and without �sh, indicating the importance of emergent
plants for aquatic biodiversity. (2) At the microhabitat level, dytiscid species richness and abundance
responded positively to increasing plant cover in ponds with �sh, but there was no such relationship in
�shless ponds, emphasizing that the level of predation risks can alter prey species’ use of prey refugia.
Our �ndings provide evidence that the availability of both vegetated and non-vegetated microhabitats can
bene�t a diversity of aquatic invertebrates. We suggest maintaining variation in provision of emergent
plant cover to retain high habitat heterogeneity in urban ponds to enhance freshwater biodiversity.

Introduction
Spatial prey refuges refer to places that can reduce predation risks of prey organisms [1]. The use of
spatial refuges can effectively help prey avoid encountering predators, promote their survival, and
enhance the coexistence of predator and prey organisms [2][3][4]. When the predators are generalists,
prey organisms also bene�t from the presence of alternative prey facilitated by prey refuges [4][5]. As
spatial prey refuges can facilitate species coexistence and stabilise populations of predators and prey [6]
[7], they can be used as a tool to enhance biodiversity.

Aquatic plants are important spatial refuges in aquatic ecosystems for many organisms, such as aquatic
invertebrates [8]. Emergent plants are one type of aquatic plants categorized on the basis of their growth
form. In the urban context, emergent plants have important values from both ecological and social
perspectives, providing ecosystem services and nature-based solutions [9][10]. Emergent vegetation is
often planted in urban wetlands primarily for runoff management purposes [11][12][13][14][15]. Yet, its
presence also brings non-value ecosystem services, such as supporting wetland biodiversity by
enhancing food resources for phytophagous species [16][17], and providing valuable habitat for
sanctuary and breeding [18][19][20][21][22].

As spatial refuges, emergent plants increase habitat complexity and provide refuge for aquatic
invertebrates [18][23]. In aquatic ecosystems, �sh are one of the most common predators of aquatic
invertebrates. In urban blue infrastructure, �sh are sometimes used for recreational and management
purposes [24] and can lead to a decrease in aquatic invertebrate diversity through excessive predation of
vulnerable species [24][25] and decreasing habitat quality by destructing aquatic vegetation [26].
According to predatory-prey dynamics, the lack of refuges can lead to the extirpation of prey species,
while the overabundance of prey refuges may result in the extirpation of predatory species [4]. Thus, it is
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important to consider the role of refuges in predator-prey dynamics, in order to promote the functionality
of urban wetlands.

Water depth is a determinant of emergent plant species richness [27]. Water depth, as well as water
turbidity, restricts the penetration of emergent plants due to light limitation in water, which determines the
vegetation structure [28]. The seedlings of emergent plants normally only establish in shallow water,
though they can colonize deeper water through rhizomal expansion [27]. In order to generate appropriate
recommendations for the management of emergent aquatic vegetation, it is necessary to consider the
biology of emergent plants in urban wetlands.

Aquatic invertebrate species richness have been found generally to be correlated with aquatic plant
species richness [8][29]. Yet, it is unclear how aquatic plant cover, i.e. the quantity of spatial prey refuges,
affects aquatic invertebrate diversity and their habitat use. If emergent plants are utilised as refuges to
support biodiversity in urban wetlands, it is important to investigate how vegetation-preferring
invertebrate taxa respond to plant cover. In this study, we focus on diving beetles (Dytiscidae), a family of
aquatic insects with most species favouring and using aquatic vegetation for various purposes, including
escaping from predators and ovipositing [30].

In our study, we address the following questions: (1) How does water depth limit the quantity of emergent
plants? (2) How does the quantity of refuges, i.e. emergent plant cover, affect diving beetle species
richness and abundance in predator-prey dynamics? (3) Are the effects of refuge quantity on dytiscids
different in ponds with and without predatory �sh?

Results

Emergent plant occurrence and cover decreased with
increasing water depth
We found 1.20 ± 1.21 emergent plant species per plot, and 4.92 ± 3.48 emergent species per pond. The
emergent plants we recorded were Alisma plantago-aquatica, Calla palustris, Carex spp., Comarum
palustre, Eleocharis palustris, Equisetum �uviatile, Iris pseudacorus, Juncus spp., Phragmites spp.,
Sagittaria sagittifolia, Scirpus sylvaticus, Sparganium erectum, Schoenoplectus lacustris, Trichophorum
cespitosum, Typha angustifolia, and Typha latifolia.

The occurrence part of our optimal zero-altered model showed that the probability of emergent plant
occurrence decreased with increasing water depth (p-value < 0.001, Fig. 1a & Appendix 1). The emergent
plant cover also decreased with increasing water depth (p-value < 0.001, Fig. 1b). Emergent plant species
richness, however, was not associated with depth.

Emergent plant cover had a positive effect on dytiscid presence



Page 4/15

We recorded 400 dytiscid specimens of 43 species in the 26 ponds: 252 specimens of 34 species in May
and 148 specimens of 32 species in July. The recorded species are listed in Appendix 4. At the pond level,
the emergent plant cover had a signi�cantly positive effect on the presence of dytiscids (p-value = 0.023,
Appendix 3). When pond margins were occupied by over 25% emergent plants, the probability of dytiscid
presence was 75% in ponds with �sh and 100% in ponds without �sh (Fig. 2). At the microhabitat level
(between traps), our optimal GLMM models showed that vegetation cover had highly signi�cant positive
effects on both species richness and abundance of dytiscids in ponds with �sh (Fig. 3a & c, Appendix 3).
Vegetation cover, however, had no effect on either species richness or abundance of dytiscids in �shless
ponds at the trap level (Fig. 3b &d, Appendix 3).

Discussion
We investigated how water depth affects emergent plant cover, and how the plant cover affects dytiscid
diversity in ponds, both with �sh and without. We found that emergent plant cover decreases with
increasing water depth. The effects of plant cover on dytiscids are different at the pond level than the
microhabitat level. At the pond level, increasing emergent plant cover has signi�cantly positive effects on
the presence of dytiscids in ponds both with and without �sh. At the microhabitat level, the effects of
plant cover on dytiscid diversity has noticeable differences between ponds with and without �sh. In
ponds with �sh, both dytiscid species richness and abundance are positively correlated with increasing
plant cover (Fig 3 a & c). In ponds without �sh, plant cover has no effect on dytiscid species richness and
abundance at the microhabitat level (Fig 3 b & d).

Emergent plant cover decreases with water depth
Our results indicate that when the water is deeper than 50 cm, there is a low probability of �nding
emergent plants. Yet, we found no association between plant species richness and water depth, which is
contradictory with the �ndings of 55 urban wetlands in Japan that emergent plant species richness is
negatively associated with increasing water depth [28]. Emergent plants are only capable of establishing
in shallow but not deep waters, although they can expand into deeper water via rhizomal growth [27]. In
urban ponds, water turbidity can be high, due to the effects of intensive land use [28], and the action of
benthic �sh [41], which limits light penetration [42] and consequently restricts emergent plant growth [27].

Emergent plants as prey refuges to promote species
coexistence
The importance of emergent plant cover to dytiscids can be different at the pond level from the
microhabitat level (trap level). At the pond level, the presence or absence of emergent plant cover
determines the occurrence probability of dytiscids, because most dytiscid species prefer water with
vegetation [30]. Larger areas of emergent plants at the pond margins are more important in ponds with
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�sh than in ponds without �sh, due to the heavy predation pressure from �sh. This re�ects the
importance of emergent plants as prey refuges for dytiscids, in order for them to establish a stable
population. Aquatic plant species richness has a positive correlation with aquatic invertebrate species
richness [8] [29]. Our result of the positive effects of plant cover on dytiscids (in the presence of
predators) emphasizes the importance of prey refuge quantity as a conservation tool to support aquatic
biodiversity. 

Dytiscid population dynamics at the microhabitat level is different in ponds with �sh than in �shless
ponds. These differences indicate that predation pressure is different in the two types of ponds. Fish are
known to have strong negative effects on dytiscid species richness and abundance [24]. In �shless
aquatic habitats, however, dytiscids are top predators in the food chain, although not completely free
from other predators [43]. Emergent plants can serve as dytiscid refuges, providing sanctuary from
predators [44] and reducing attacking rate and success [4][45].

Prey refuges can also facilitate utilization of alternative prey in both quality and quantity for generalist
predators. Emergent plants are often associated with other aquatic invertebrates, such as Hemiptera [37]
and Diptera [46]. These invertebrates are alternative prey for generalist predators, such as Crussian carps,
which are found in some of our ponds [24], and which can reduce predation pressure on dytiscids. When
generalist predators switch their diets, the switching behaviour can reduce the risk of local extinctions of
scarce prey species as a result of competition with dominant prey species [5]. Prey refuges, thus, can
stabilise the predator-prey dynamics of an ecosystem and promote the coexistence of prey and predator
species, as well as the coexistence of different prey species.

Predation pressure and dytiscids’ use of prey refuges
In �shless ponds, dytiscids are not free from predators. Intraspeci�c and interspeci�c predation is
common among dytiscids, especially among their larvae [43]. Other potential predators of dytiscids
include aquatic insects [47], amphibians [48], waterbirds [49], and mammals [50], summaried in Table 1.
However, these predators exert a lower level of predation pressure on dytiscids compared with predatory
�sh, because predatory insects have a lower gut capacity, and dytiscids comprise only a small proportion
of the diet of the other predators mentioned.

The presence of refuges can increase habitat complexity and lead to shifts of hunting modes in predatory
insects, including dytiscids and Odonata larvae. Some predatory insects shift from an active hunting
mode in habitats with a simple structure to an ambush strategy in vegetated habitats [51][52]. With an
ambush strategy, Dytiscus decreases its predation on Graphoderus spp. [45][52]. The presence of refuges
can balance encounter rates between prey and predators and capture rates of predators [53].

The presence of emergent plants can also in�uence the foraging preferences of non-�sh vertebrate
predators (Table1). Many non-�sh predators of dytiscids prefer to forage in vegetated microhabitats [54]
[55][56]. This foraging preference of predators indicates that, in �shless ponds, the predation pressure on
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dytiscids in vegetated microhabitats is not necessarily lower than in non-vegetated microhabitats
Dytiscids need instantaneous responses and escape to non-vegetated microhabitats to avoid predation
when these non-�sh predators feed in vegetated microhabitats. In this case, non-vegetated microhabitats
serve as refugia for dytiscids. Habitats with structural heterogeneity, thus, can facilitate co-existence of
predator and prey species.

As non-�sh predators exert low predation pressure on dytiscids, in �shless ponds, dytiscids can spend
more time foraging in open water, which is favoured by other invertebrates, such as Trichoptera [37][58].
Refuges help prey species to avoid predators, but safe habitats do not necessarily provide them with
good foraging [3]. Emergent plants also provide dytiscids’ prey with refugia as dytiscids’ attacking rate
and success is often higher in habitats without vegetation than in vegetated habitats [45]. Dytiscids have
more opportunities to forage in non-vegetated microhabitats in �shless ponds than in ponds with �sh. We
assume that predation pressure and predators’ foraging behaviours may have contributed to dytiscids’
lack of preference for vegetated or non-vegetated microhabitats in �shless ponds.

Implications for wetland management
On the basis of this study, we recommend managing ponds for habitat heterogeneity, with different levels
of structural complexity. Although vegetation can increase habitat complexity, both vegetated and non-
vegetated microhabitats are bene�cial to support aquatic biodiversity. For instance, emergent plants
provide valuable habitats and act as refugia in predator-prey dynamics for many dytiscid species and
other aquatic invertebrates that often occur in vegetated habitats. However, not all aquatic invertebrates
are associated with vegetation. For instance, other important taxa such as waterboatmen (Corixidae) and
caddis�y (Trichoptera) larvae seem to prefer open water [37][58]. Therefore, variation in provision of plant
cover and open water can bene�t different taxa and support higher levels of biodiversity.

We recommend maintaining a diversity of microhabitats, characterized by different water depths. As
mentioned above, the provision of both heterogeneous aquatic vegetation and open water can bene�t
different taxa. Also from a human perspective, diversity of aquatic vegetation and open water are two key
factors determining aesthetic appreciation regarding blue infrastructure [60]. Dense emergent vegetation
promotes a sense of naturalness, but urban residents seem tolerant of only a certain level of naturalness
in urban wetlands [61]. Management of vegetation is only necessary when vegetation cover is excessive,
particularly in shallow ponds where there would be potential for homogenizing vegetation spread.

Materials & Methods

Study Site and Data Collecting
We conducted our �eldwork in 26 ponds divided between 11 sites in the Helsinki Metropolitan Area
(60.1699° N, 24.9384° E), Finland [31]. Eleven ponds were with predatory �sh, while 15 ponds were free
from �sh. The sizes of the ponds varied from 0.013 hectare to 1.18 hectare (mean = 0.27 ± 0.31 hectare)
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with shoreline length in spring (May) from 59 m to 559m (mean = 210 ± 132 m). The pond surroundings
were covered by 15.95–56.41% impermeable surfaces (mean = 29.31% ± 9.98%) within a distance of 500
m.

We sampled dytiscids by operating 1-L activity traps without bait horizontally in water for 48 hours [32]
leaving air bubbles in traps. More details regarding the trapping method are described in Liao et al. [24].
We sampled dytiscids with activity traps instead of handnet sweeping in many water beetle studies [8] to
eliminate bias in dytiscid sampling caused by temporary human disturbance, although activity traps may
underestimate some small-sized species [33]. We preserved the specimens in 70% ethanol until
identi�cation using a microscope in the laboratory. We identi�ed dytiscid species according to Nilsson
and Holmen [30], and followed Nilsson and Hajek [34] for the nomenclature.

Emergent plants were the main components of the aquatic vegetation growing in our study pond
margins. Little submerged and �oating plants were found in the pond margins. We surveyed emergent
plant cover and identi�ed the plants to species or genus level. We estimated emergent plant cover at the
microhabitat level and at the pond level. At the microhabitat level, we surveyed the vegetation in 1×1m
plots with the activity traps at the plot centre; we also measured the water depth at each activity trap. At
the pond level, we walked around each pond and estimated the percentage of the pond margins that were
vegetated with emergent plants. The vegetation included both newly emerged plants and the previous
year’s plant residuals, because the aquatic vegetation in our wetlands was not managed annually. We
collected data of dytiscid assemblages and environmental variables at the microhabitat level in May
2019, and data of dytiscid presence/absence and the percentage of plant cover at the pond level in May
and July 2018–2019.

Statistical Analysis
To investigate the effects of water depth on emergent plant species richness and emergent vegetation
cover, we applied generalised linear mixed models (GLMM) with Poisson distribution and beta
distribution, respectively. We included sites and ponds as potential random effects in our initial models,
because the observations of aquatic vegetation might have been two-way nested: our traps were nested
within ponds, and ponds were nested within sites. The GLMM models, however, failed to produce similar
percentages of zeros to our observed data. Therefore, we applied zero-altered models to analyse 1) how
water depth affected the occurrence of emergent vegetation at the microhabitat level, and 2) how water
depth affected the species richness and the cover of emergent plants when emergent plants were present.
In order to �t a model with beta distribution, we made a minor transformation to the vegetation cover data
[35]. The full models are described in Appendix 1.

We applied GLMM with binomial distribution to investigate how the presence or absence of dytiscids was
affected by emergent plant cover, sampling month, and the presence or absence of �sh at the pond level.
We could not analyse how dytiscid species richness and abundance were affected by vegetation cover at
the pond level due to the zero in�ation in our dataset. At the microhabitat level, we applied GLMM with
Poisson distribution to investigate the effects of emergent plants on dytiscid species richness and
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abundance in ponds with and without �sh. Due to the collinearity between emergent plant species
richness and cover, we only included the emergent plant cover in our models for two reasons: 1. Previous
studies [8][36][37] have already explored the correlation between plant and aquatic invertebrate species
richness; 2. the main target in this study is to investigate how the quantity of prey refuges affects
vegetation-preferring aquatic invertebrate diversity. We also included the interactions between �sh and
emergent vegetation cover as one of the covariates, and ponds and sites as random effects in our initial
models of both the pond level and the microhabitat level. The full models are described in Appendix 2
and Appendix 3.

We conducted a backward selection manually and chose the optimal models based on the lowest Akaike
Information Criterion (AIC) values. To validate our models, we simulated 10,000 datasets to ensure our
optimal GLMM models were able to produce similar percentage of zeros to our observed data [38]. We
applied GLMM and zero-altered models with R package “glmmTMB”[39] in R software, version 3.6.1 [40].
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Table 1 Predators of dytiscids in �shless ponds and their foraging behaviours.
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Predators Example Foraging behaviours

Aquatic
insects

Odonata larvae 1.      ambush with high prey density, active hunting with low
prey density [47]

2.      shifting hunting modes with the presence of aquatic plants
[59]

Amphibians Smooth newts

(Lissotriton
vulgaris)

1.      most active in vegetated microhabitats [48]

Waterbirds Mallards

(Anas
platyrhynchos)

1.      limited moving in good habitats [57]

2.      prefer habitats with emergent vegetation [49][56][57]

Mammals Eurasian water
shrews

(Neomys fodiens)

1.      forage both in and out of water [50]

2.      prefer shallow water with vegetation [55]

 

Figures

Figure 1

(a) The probability of plant occurrence decreased with increasing water depth; (b) the coverage of
emergent vegetation decreased increasing water depth. The black dots are our �eld observations.
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Figure 2

The estimated probability of dytiscid presence in a pond increases with the vegetation coverage of pond
margins. The black triangles are observations in ponds with �sh, and black dots are observations in
ponds without �sh.
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Figure 3

At the microhabitat level, dytiscid species richness (a) and abundance (c) are positively correlated with
emergent plant cover in ponds with �sh, while they are not correlated with emergent plant cover in ponds
without �sh (b & d). The black dots are individual trap observations, plotted with slight arti�cial jittering.
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