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Abstract

Blue infrastructure is an important component of urban green infrastructure, due to its
capacity for water cycle regulation and soil formation, as well as supporting unique bio-
diversity. Urban ponds, as part of urban blue, can harbour a diverse assemblage of aquatic
macroinvertebrates. As yet, it is not clear how urbanisation affects macroinvertebrate
diversity. In this study, we focus on diving beetles (Dytiscidae) in the Helsinki
Metropolitan Area, Finland, to investigate how urbanisation affects their diversity, as well
as the effects of margin steepness and the presence or absence of fish on urban dytiscids.
We sampled dytiscids using 1-L activity traps in 14 fishless ponds and 11 ponds with fish,
at ten sites. We applied generalised linear mixed models (GLMM) and non-metric mul-
tidimensional scaling (NMDS) to analyse the effects on dytiscid assemblages. We found
that urbanisation had a negative effect on species richness but not on abundance. Steepness
of pond margins and the presence or absence of predatory fish, affected both species
richness and abundance: dytiscids prefer ponds with gently sloping margins; they have
80% higher species richness and are 79% more abundant in fishless ponds, and medium to
large-sized dytiscid species are more capable of coexisting with fish. Urban wetlands can
support a diversity of dytiscids at the regional level, and the presence of ponds without
predatory fish is beneficial for maintaining dytiscid diversity. We recommend maintaining
a diverse range of ponds and wetland habitats for the maintenance of aquatic biodiversity
in urban regions.
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Introduction

Interest in green infrastructure—networks of vegetated land surfaces—has increased with
growing awareness of the broad range of benefits they provide for residents of urban
regions, as perceived through the concepts of Ecosystem Services (Nesshover et al. 2017)
and Nature-Based Solutions (Eggermont et al. 2015; Tzoulas et al. 2007). Many of the
benefits provided by green infrastructure are associated with hydrology, such as the stor-
age, purification and controlled release of water (Eggermont et al. 2015), as a consequence
of which blue infrastructure elements, such as water bodies, channels and wetland habitats,
are important components of urban green infrastructure (Vierikko and Niemeld 2016).
Although the “blue” component of green infrastructure is also essential to the ecology of
cities (Maksimovié et al. 2015; Hill et al. 2017; Holtmann et al. 2018) and for the well-
being of urban residents (Sun et al. 2012; Volker et al. 2013; Volker and Kistemann 2015),
its importance from both ecological and social aspects is often neglected (Hill and Wood
2014; Carter 2015).

Urban wetlands, as a type of urban blue, support a diverse variety of aquatic organisms
(e.g. Hamer and Parris 2011; Murray et al. 2013; Wahlroos et al. 2015; Hill et al. 2017).
Such habitats, however, are prone to the consequences of urbanisation, such as increasing
extent of impermeable surfaces, loss of connectivity and the loss and fragmentation of
habitats (Concepcion et al. 2015). Extrinsic environmental factors can affect the perme-
ability of the habitat matrix for aquatic organisms with a limited dispersal range, such as
invertebrates. On the other hand, intrinsic environmental factors of urban wetland habitats
can also reduce the diversity of their communities of aquatic organisms. Steepness of the
pond margin, for instance, can affect macroinvertebrates, such as Dytiscidae, because their
larvae prefer shallow water prior to pupation and most species pupate out of the water, in
adjacent terrestrial habitats (Dolmen and Solem 2002; Kehl 2014). Furthermore, pond
margins with steep slopes can be a challenge for mature larvae trying to access suit-
able habitats for pupation.

Most research on aquatic biodiversity in urban areas has focused on aquatic macroin-
vertebrates in general, while only a few studies have focussed on specific taxa, such as
Odonata (e.g. Lubertazzi and Ginsberg 2010; Goertzen and Suhling 2013). Aerial dispersal
is a vital strategy of aquatic macroinvertebrates to colonize new sites (Verberk et al. 2008).
In the case of a region with small isolated ponds and harsh winters, as is the case in
Helsinki, dispersal capacity can be critically important. Macroinvertebrates can be clas-
sified into active dispersers and passive dispersers. Active dispersers have wings and are
capable of flight. They include, for instance, diving beetles (Dytiscidae), although some
species also utilise anemochory, i.e. passive dispersal by wind for long-distance movement
(Verberk et al. 2008). Passive dispersers may use anemochory or phoresy, i.e. using other
animals as vectors, as their dispersal strategies. Dispersal mode and habitat connectivity
are the main factors determining the assemblage structure of aquatic invertebrates (Meutter
et al. 2007). Urban landscapes are affected by fragmentation, movement barriers and high
contrast between adjacent habitat types. Increasing urbanization can create filters for
macroinvertebrates with different dispersal capacities colonizing new sites (Concepcién
et al. 2015).

In this study, we focus on diving beetles (Dytiscidae), a family of aquatic insects that
occur in urban wetlands (e.g. Lundkvist et al. 2002; Della Bella and Mancini 2009; Hill
and Wood 2014). Our objective is to investigate how urbanization (extent of impermeable
area around the wetlands) and factors of the aquatic environment (steepness of the pond
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margin and the presence or absence of fish), affect dytiscid diversity in urban wetlands.
Our research questions are: (1) How does dytiscid diversity vary along an urban gradient?
(2) Does steepness of the pond margin affect dytiscid assemblage composition? and (3)
How does the presence or absence of fish affect dytiscid diversity?

Materials and methods
Dytiscid ecology and study sites

Dytiscids are predaceous in at least part of their life cycle. They feed on invertebrates and
even some vertebrates, such as tadpoles and young fish, while they in turn are the prey of
animals at higher trophic levels, such as fish, amphibians, birds, and mammals (Culler et al.
2014). Although dytiscids are generally capable of flight, flight capacity varies consider-
ably between species (Bilton 2014). Lundkvist et al. (2002) have shown that dytiscids can
fly a long distance to reach waterbodies in an urban landscape in Sweden and that some
species, such as Agabus uliginosus, are relatively tolerant of urban landscapes. There are
142 dytiscid species in Finland, and 96 species in the Uusimaa Region (Rassi et al. 2015),
where our study was performed.

In this study, we surveyed 25 urban ponds located at ten sites in the Helsinki
Metropolitan Area (60.1699° N, 24.9384° E; Fig. 1), Uusimaa, Finland. Five ponds were
isolated (I1-I5) by at least 1 km from other ponds, while the remaining 20 ponds were in
groups (G1-GS5). Out of the 25 ponds, 14 ponds were fishless and 11 ponds had fish.
Seventeen ponds were permanent, while eight ponds were seasonal. The maximum water
depth of the ponds varied from approximately 0.5 m to 4 m deep. The size of the ponds

Fig. 1 A map of the study ponds in Helsinki, Uusimaa Region, Finland. The isolated ponds are labled with
“I” (I1-15), and sites with more than one pond in a cluster are labled with “G” (G1-GS5). Ponds indicated
with circles are fishless ponds, and ponds indicated with triangles are ponds with fish. The light grey areas
are terrestrial, the dark grey areas are water, and the white lines are main roads
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varied from 0.013 hectare to 1.18 hectare (mean = 0.25 % 0.31 hectare). The length of the
shoreline varied from 59 to 559 m (mean = 206 £ 136 m). The proportion of imperme-
able surface in a 500 m buffer zone varied from 15.95% to 56.41% (mean = 28.80% +

10.19%). These ponds have values of supporting biodiversity and providing recreational
opportunities, such as bird watching and fishing. They had received little or no manage-
ment during the study period.

Sampling methods

To explore how urbanisation, steepness of pond margins, and the presence of fish affect
dytiscid diversity, we sampled diving beetles during May 2018 using 1-L activity traps
without bait. The activity traps comprised a 1-L glass jar and a funnel of 10 cm diameter at
the large end and 2.3 cm at the narrow end. We set the traps horizontally and operated
them for 48 h. The depth where the traps were operated was 34.17 4= 21.58 cm beneath
the water surface. The number of traps in each pond varied between 5 and 15, depending
on the size of the pond (shoreline perimeter in May, Appendix 1). We also sampled during
July, to investigate how the three environmental factors affected dytiscid assemblage
compositions. We set fewer traps in July due to the reductions in pond size (withdrawing
shoreline and decreasing perimeter). The dytiscid specimens caught in the traps were
preserved in 70% ethanol and identified to species according to Nilsson and Holmen (1995)
using a microscope. The nomenclature of dytiscid species follows Nilsson and Hajek
(2018).

We recorded the extent of impermeable surface in a 500 m buffer and a 1000 m buffer
as indicators of urbanisation (HSY 2016), though we only used the value from the 500 m
buffer, due to the strong collinearity between these two values. To explore how steepness
of pond margins affects dytiscid assemblages, we measured the water depths at distances of
0.5 m, 1.0 m, 1.5 m, and 2.0 m from the margin in early May 2018. We estimated margin
steepness using these values (Appendix 2). Due to the strong collinearity between the four
sets of data, we only used margin steepness at 1.0 m from the shore in data analysis,
because that was approximately where we set the activity traps. We set a fish trap for 24 h
in all permanent ponds to determine the presence or absence of fish.

Statistical analysis

In total, we obtained 201 records from the activity traps in May, of which 107 traps (53%)
were empty. We used the R software (R Core Team 2018) for all the statistical analyses. In
the data exploration, we excluded three records in one fishless pond as outliers, because the
margin steepness was approximately 58°, which was more than 10° steeper than the rest of
the ponds. We used the “glmmTMB” package (Brooks et al. 2017) to model how
urbanisation, margin steepness, and the presence or absence of fish affected dytiscid
species richness and abundance. Considering dytiscids are more vulnerable in ponds with
than without fish, we included the interaction between the presence or absence of fish and
water depth as a covariate. Our data are two-way nested: traps are nested within pond, and
ponds are nested within site; therefore, we included site and pond as random effects. The
equations of the full models are described in Appendix 3. During the model selection stage,
we did a backward selection manually and chose the optimal model based on the lowest
Akaike information criterion (AIC) values (Appendix 3). We simulated 10,000 datasets
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with the optimal models for model validation to ensure that there was no need to run zero-
inflated models (Zuur and Ieno 2016).

We pooled the monthly observations of each pond. In total, we obtained 20 dytiscid
assemblage samples in May and 14 samples in July. We used the “vegan” package to
apply a non-metric multidimensional scaling (NMDS) analysis with Bray—Curtis dissim-
ilarities (Oksanen et al. 2018). We fitted the environmental factors to the NMDS analysis,
to investigate how they affected dytiscid assemblage composition. These environmental
factors included urbanisation, average steepness of the pond margin, presence and absence
of fish, and month of sampling.

Results

In our study wetlands, we recorded 39 out of 96 dytiscid species (40.63%) that are known
from the Uusimaa Region. In total, we obtained 525 dytiscid individuals of 39 species (402
individuals of 37 species in May and 123 individuals of 24 species in July). Agabus affinis,
A. congener, Cybister lateralimarginalis, Graptodytes granularis, Hydroporus angustatus,
H. discretus, H. memnonius, H. notatus, H. pubescens, Hygrotus impressopunctatus, Ily-
bius angustior, 1. guttiger, 1. subtilis, I. wasastjernai, and Suphrodytes dorsalis, were only
recorded in May. llybius fuliginosus (n = 1) and Rhantus suturellus (n = 1), were only
recorded in July. In May, there were 0.92 + 2.49 individuals per trap and 0.51 £ 1.20
species per trap in ponds with fish, and 3.43 £ 4.22 individuals per trap and 1.92 £ 1.85
species per trap in fishless ponds. The fish species in our ponds were all predatory fish:
Crucian carp (Carassius carassius), Prussian carp (C. gibelio), tench (Tinca tinca),
European perch (Perca fluciatilis), and northern pike (Esox lucius).

Dytiscid species richness

The optimal GLMM Poisson model result (Table 1) shows that urbanisation (extent of
impermeable area around the ponds) had a significantly negative effect on diving beetle
species richness (p = 0.041, Fig. 2a, b). The presence of fish had a highly significant and
negative effect on species richness compared with the absence of fish (p = 0.001); the
presence of fish had a stronger effect on dytiscid species richness than urbanisation and

Table 1 The result of the optimal Poisson GLMM model for dytiscid species richness

Fixed part Random part

Estimate SE Z-value P-value Random Effects Variance
Intercept 0.27 0.32 0.85 0.396 Pond 0.74*
URS500 — 041 0.20 —2.04 0.041 Site 0.307
Steepness — 0.09 0.17 —0.52 0.602
Fish — 148 0.46 —3.24 0.001
Steepness:Fish — 0.96 0.27 — 351 < 0.001

SE means standard error. “UR500” indicates the urbanisation within the 500 m buffer zone. “Steepness”
means steepness of the pond margin. “Fish” means the presence of fish, and “Fishless” is the intercept, as a
reference level. “Steepness:Fish” indicates the interaction between margin steepness and presence of fish.
The bold p-values indicate statistical significance. The same in Table 2
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Fig. 2 The optimal Poisson GLMMs of dytiscid species richness (a—d) and abundance (e, f). With
increasing urbanisation, dytiscid species richness decreased in ponds with (a) and without fish (b). With
increasing steepness of the pond margin, species richness and abundance decreased in ponds with (¢, e) and
without fish (d, f). The grey bands represent the 95% confidence interval. The black dots represent observed
data. The predictions of margin steepness over 35° in fishless ponds and of urbanisation levels higher than

42% in ponds with fish may not be reliable, due to the

scarcity of observations

steepness of the pond margin. Steepness of the pond margin did not have a statistically
significant effect on dytiscid species richness in fishless ponds (p = 0.602, Fig. 2c, d)
whereas the interaction between margin steepness and the presence of fish had a highly
significant and negative effect on dytiscid species richness (p < 0.001).
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Table 2 The result of the optimal Poisson GLMM model for dytiscid abundance

Fixed part Random part

Estimate SE Z-value P-value Random effects Variance
Intercept 0.35 0.53 0.67 0.673 Pond 1217
Steepness — 0.25 0.14 — 1.80 0.071 Site 0.78*
Fish — 1.58 0.70 — 225 0.024
Steepness:Fish — 0.90 0.23 — 3.96 < 0.001

Dytiscid abundance

Urbanisation had little influence on dytiscid abundance and was not included in the optimal
model (Appendix 3). The optimal model (Table 2) showed that steepness of the pond
margin did not have a statistically significant effect on dytiscid abundance (p = 0.071;
Fig. 2e, f). Dytiscid abundance was significantly higher in ponds without than with fish
(p = 0.024). The interaction between margin steepness and the presence of fish had a
highly significant and negative effect on abundance (p < 0.001).

Dytiscid assemblage composition

There was little change in dytiscid assemblage composition between May and July
(r* = 0.04, p = 0.283), and the steepness of the pond margin had little effect on dytiscid
assemblages (r* = 0.04, p = 0.533). The dytiscid assemblages showed a significant
response to urbanization within the 500 m buffer zone (r2 = 0.32, p = 0.003; Fig. 3a), and
the presence or absence of fish % = 0.10, p = 0.033; Fig. 3b). There was a threshold level
of urbanization of approximately 36%, above which most dytiscid species were absent,
with the exception of Acilius canaliculatus and Agabus sturmii, which were more tolerant
of urbanization than other species (Fig. 3a). Medium to large-sized species, such as Ilybius
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spp. and Dytiscus spp., were more capable of persisting in ponds with fish than small-sized
species, such as Hydroporus spp. and Hyphydrus ovatus (Fig. 3b).

Discussion

In this study, we investigated the diving beetle assemblages of ponds in an urban region
and examined the factors that affect their diversity. We found that both urbanisation and
pond characteristics had an effect on dytiscid species richness, while abundance was only
affected by the pond characteristics. There were notable differences between the responses
of species richness and abundance to urbanisation, with urbanisation having an effect on
assemblage structure. Steepness of the pond margin had stronger effects on dytiscid
diversity in ponds with, than those without fish. The presence or absence of fish has an
effect on both diversity and assemblage structure.

Urbanisation effects

Urbanisation negatively affected dytiscid species richness but had no significant effect on
abundance. This suggests that urbanisation does not reduce the capacity of ponds to
support dytiscids, as the number of individuals was unchanged but that some species
respond negatively to urbanisation. Our results are inconsistent with a number of previous
studies that report no significant relationship between urbanisation and aquatic macroin-
vertebrate diversity (e.g. Lubertazzi and Ginsberg 2010; Hill and Wood 2014). However,
the methods employed for estimating urbanisation in those studies may have affected the
results. Lubertazzi and Ginsberg (2010) used chloride concentration as their measurement
of urbanisation. Some studies (e.g. Hill and Wood 2014; Lundkvist et al. 2002) used
subjective land-use categories, such as urban, suburban, agricultural, and conservation
areas, and reported negative effects of urbanisation on aquatic macroinvertebrates on a
larger scale. In this study, we used the amount of hard surface within a 500 m buffer zone
to investigate the effect of urbanisation on dytiscids in an urban landscape on a finer scale.
We analysed species richness and abundance separately, instead of using diversity indices,
as applied in the studies of Lubertazzi and Ginsberg (2010) and Hill and Wood (2014). We
suggest that comparisons of diversity indices for the purpose of comparing assemblages is
inadequate, as if there are similar changes in both abundance and species richness then
these changes will not be detected by using diversity indices. We therefore recommend
using a more sensitive approach, such as the mixed modelling method applied here to
analyse species richness and abundance respectively.

Changes in dytiscid diversity in response to urbanization could be due to differences
between the ponds or differences in the environment around the ponds. Our finding that
abundance was not affected suggests that the ponds’ capacity to support dytiscids was
unaffected, regardless of the extent of urbanization. The smaller number of species
recorded in more urban ponds, however, indicates that some species are intolerant of
urbanisation. The reasons for the difference in species richness probably lie in both the
internal and the external environment. Urbanization may affect dytiscid assemblages
through water quality, as a consequence of stormwater run-off from adjacent impermeable
surfaces, or through the channelization and modification of small water bodies (Zalewski
and Wagner 2008; Hassall and Anderson 2015). Urban wetlands generally suffer from
varying levels of water pollution, depending on such factors as land-use and the age of the
wetlands (Sharley et al. 2017). Furthermore, wetland modification, such as the removal of
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vegetation and hardening of pond edges, can remove habitat features that are important for
aquatic macroinvertebrates (Hassall 2014; Noble and Hassall 2015). In a future study, we
plan to investigate the environmental factors affecting urban ponds and their effects on
dytiscid assemblages.

In this study, we used the proportion of impermeable surface within a 500 m buffer
zone as our indicator of the external environment of the ponds, which also indicates the
permeability of the matrix to dispersal. We assume that ponds with highly urbanized buffer
zones are difficult to colonise. Dytiscids are known to mostly fly at relatively low heights
(Wahlberg and Solbreck 2013; Stork et al. 2016) and they disperse more frequently in open
landscapes than in forested landscapes (Nilsson and Svensson 1995; Lundkvist et al. 2002;
Schifer et al. 2006). Schéfer et al. (2006) propose that the preference of dytiscids for open
landscapes is due to better visibility of wetlands in open surroundings than in shaded
surroundings. This suggests that also urban infrastructure can be a major obstacle to the
dispersal of many dytiscid species. Another disruptive factor can be the influence of other
artificial surfaces. For instance, Nilsson (1997) reported that car roofs attract large numbers
of dispersing dytiscids, especially Hydroporus incognitus, and it has also been suggested
that roads can be an ecological trap for dytiscids (Mufioz et al. 2015). In urban areas, there
is a greater risk of dispersing dytiscids being deceived by such pseudohabitats.

Different dytiscid species have different threshold levels of urbanisation (Fig. 3a;
Appendix 3). Most species, including Ilybius spp. and Hydroporus spp., only become
established in ponds with a level of urbanisation of less than 36%; Acilius canaliculatus
and Agabus sturmii, however, were more tolerant and had a threshold in excess of 38%. As
species with limited flight capacity are present in the regional pool of species, the most
likely reason for their absence from ponds with a higher level of urbanisation is due to poor
dispersal capacity and more hostile habitat around the ponds. For species with strong flight
capacity, such as A. canaliculatus (Nilsson and Holmen 1995), the permeability of the
habitat matrix may be less important than it is for species with limited flight capacity, such
as Graphoderus zonatus (Eriksson 1972). For these species, there is a small probability of
successful dispersal in a habitat matrix with poor permeability. Habitat permeability of the
matrix and the distance between suitable habitats are likely to be critical factors for species
with poor dispersal capacity (Iversen et al. 2013). Maintaining connectivity between ponds,
however, is highly challenging in a fragmented urban landscape in which many aquatic
habitats are highly modified. The matrix habitat quality is therefore critical for the per-
sistence and breeding success of such species in urban wetlands.

Another factor that affects the dispersal potential of dytiscid species is accessibility
from a suitable source population. Some species that are known to be good fliers and which
occurred in up to half of the study sites (Appendix 3), seemed only able to utilize ponds
with an impermeable surface of less than 30% in the buffer zone. These species include the
two Dytiscus spp., Ilybius ater, and Cybister lateralimarginalis (Fig. 3a). Their absence
from ponds in highly urbanised areas may be due to both poor capacity to disperse through
the urban matrix and the long distance between source populations and our study ponds.
This will be studied further in future research.

The responses of dytiscids to pond characteristics
We tested the effects of steepness of the pond margin and presence of fish. Steepness of the

margin negatively affected both species richness and abundance, in accordance with the
results of Nilsson et al. (1994), who found that dytiscid assemblages were richer and more
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abundant in shallow than in steep margins of their study lakes. Juliano (1991) suggested
that shallow margins provide refuge from large predatory invertebrates, such as dragonfly
larvae. Our study suggests that dytiscids seek shelter in shallower margins to avoid fish,
because the effect of margin steepness on dytiscid species richness is stronger in ponds
with fish (Fig. 2¢) than ponds without fish (Fig. 2d). In the modelling of dytiscid diversity
in fishless ponds with a margin steeper than 35°, the predictions of this study may be
unreliable due to the scarcity of observations from ponds with steep margins. Only one
fishless pond had a steep margin (approximately 58°) around one third of its perimeter. We
excluded the three trap results from that pond from the analysis because they were outliers.
Our results suggest that the dytiscid species recorded in our study ponds prefer gently
sloping margins, even in ponds without fish.

Margin steepness is associated with many abiotic and biotic characteristics of a pond,
including water depth and the occurrence of aquatic vegetation. Most of the dytiscid
species recorded in this study prefer shallower habitats with dense vegetation (Nilsson and
Holmen 1995; Nilsson and Soderberg 1996). Vegetation provides them with cover from
predators, sites for oviposition, and food sources for some species (Yee 2010; Gioria et al.
2010; Frelik 2014a). The occurrence of vegetation, however, is minimal in deep water
compared to shallow areas of a water body, due to poor light penetration (Weisner 1991).
Because steepness of the margin, pond depth and density of vegetation are generally
correlated, it is difficult to distinguish between their effects on macroinvertebrates (Gioria
2014). Whilst steepness of the pond margin could not be dropped from our optimal models,
the negative effects of margin steepness had no statistical significance on dytiscid species
richness nor abundance. We suggest that these negative effects are indirect and that
steepness of the pond margin affects dytiscids indirectly through its correlation with the
depth of water and the occurrence of aquatic vegetation, which we will test in future
studies.

The fish species in our ponds were all predatory fish that feed on invertebrates, and we
found that their presence negatively affects dytiscid diversity. Medium to large-sized
dytiscid species, such as Ilybius spp. and Dytiscus spp., seemed more capable of coexisting
with fish than small-sized species, such as Hydroporus spp. and Hyphydrus ovatus
(Fig. 3b), possibly because of their different ecological roles in freshwater ecosystems.
Small-sized dytiscids feed on detritus and invertebrates and are the prey of fish, and these
species seem to prefer sites that are free of predatory fish (Brodin et al. 2006). Medium and
large-sized dytiscids, such as Agabus spp. and Dytiscus spp., have a better tolerance to
predatory fish than small-sized dytiscids, because they are predators of both invertebrates
and vertebrates, including young fish (Liao’s personal observation; Frelik 2014b). It is also
likely that the predatory behaviour of the fish will change throughout the season, as the fish
grow in size, enabling them to prey on larger dytiscids. The presence of fish seems to alter
the community composition of dytiscids, as well as that of other macroinvertebrates, such
as dragonflies (Johansson and Brodin 2003). Although the presence of fish resulted in
lower dytiscid diversity in our study, some Odonata species, such as Erythromma najas,
have higher abundance in waters with, than without fish (Johansson and Brodin 2003). The
presence of aquatic habitats both with and without fish can enhance biodiversity at the
landscape level and benefit a variety of taxa. An urban landscape with heterogeneous
habitats can thus support a higher aquatic biodiversity than a landscape with homogeneous
wetland habitats.

In one of our study ponds, the Prussian carp (Carassius gibelio), an invasive alien
species in Finland, was introduced for management purposes; the garden managers con-
sidered that the fish would keep the pond water clear (private communication, Leni
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Hyttinen). In our study, we used the presence or absence of fish as a binary factor in the
model and all ponds with fish under the category “fish”, irrespective of the fish species and
we did not analyse the effects of different fish species and their abundance on dytiscids,
due to insufficient data. In future studies, we plan to investigate these effects on urban
dytiscids and other aquatic macroinvertebrates, for the purpose of developing management
recommendations.

Conclusion

Our study suggests that urbanization has a negative effect on dytiscid species richness,
probably due to reduced matrix permeability for dispersal, the loss of natural features of
ponds, such as soft edges and the balanced relationship between predators and prey. Loss
and degradation of other wetlands are also likely to affect the dytiscid fauna of urban
regions. Still, urban wetlands can support diverse dytiscid assemblages.

Our recommendations for supporting dytiscid diversity in urban regions are:

1. maintain favourable pond characteristics, such as gentle margin slopes and vegetated
and soft, rather than hard margins;

2. maintain areas of open and permeable habitat adjacent to ponds, to facilitate dispersal

between ponds, and supplementary wet habitats to support communities of aquatic

invertebrates;

exclude fish from some ponds;

4. in ponds that do contain populations of predatory fish, ensure that there are shallow
margins and vegetation as protective cover for dytiscids and other macroinvertebrates.

et

Our findings suggest that attention to small-scale elements of naturalness, such as
vegetated, soft and gently sloping pond margins in this case, can contribute significantly to
the conservation of biodiversity. In future studies, we plan to investigate how dytiscid
diversity is affected by other spatial and environmental factors, such as distance between
populations, road effects, water depth, and aquatic vegetation cover. We also plan to study
the effects of fish species and abundance on dytiscids and other macroinvertebrates to
provide further practical management recommendations.
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Appendix 1

The calculation of the numbers of traps set in each study pond.

The shoreline length of our studied ponds varies from 59 to 559 m. We set 5 traps in the
pond with the shortest shoreline, and 15 traps in the pond with the longest. The number of
traps set in other ponds is calculated below:

Number of Traps = 0.02 x Shoreline Length + 3.82

The number of traps is rounded as an integer.

Appendix 2

The calculation of pond margin steepness.
We estimated pond margin steepness, i.e. the angles (0;), at distance 0.5 m, 1.0 m,
1.5 m, and 2.0 m from the shore.

0y = arctan(Depth; /k)

where 0, is the angle between water surface and the pond bottom point k at site i and pond
j>» k=50 cm, 100 cm, 150 cm, 200 cm.

-

Water Depth(cm)

Appendix 3

Full models and model selection of the GLMMs.
The full GLMM Poisson model for the dytiscid species richness data is described
below:

Yk ~ Poisson (1)
E(Yjj) ~ Hijk

log (,uijk) = o+ By x UR500; + B, x Steepnessy, + B3 X Fish_situation + B4
X Steepness . X Fish_situationg, + & + t;;

where the kth species richness observation in pond j at site i, Y, is Poisson distributed
with mean p;;. The covariates are the standardised the proportion of impermeable surface
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within the 500 m buffer zone (UR500;;), the standardized margin steepness at 1.0 m from
the shore (Steepness;;), the presence or absence of fish (Fish_situation;), and the inter-
actions between Steepness;;. and Fish_situation;;,. The term o is the intercept and the terms
Bi, B2, B3 and B, are the parameters of the covariates. The random effects are two-way
nested. The term ¢; is site as a random effect and the term 7;; is pond as a random effect. We
assume both random effects are normally distributed with mean O and variance o, and o,
respectively.
The full Poisson GLMM for the dytiscid abundance data is as follows:

Yy ~ Poisson(y,,,)
E( Ylm'l) ~ Hipn

10g(Uymn) = © + 71 X URS500p,, + v, X Steepness,,,, + Y3 ¥ Fish_situation, + V4
x Steepness,,,, X Fish_situation;,, + a; + by,

where the n'" dytiscid abundance observation in the pond m at site [, Y},,,,, follows a Poisson
distribution. The term o is the intercept and the terms 7;, 7,, 73 and y, are the parameters of
the covariates. The random effects, site (a;) and the ponds (b,,), are two-way nested and
assumed to be normally distributed with mean O and variance o, and g, respectively.

The “drop1” command in R suggested not dropping any covariates in the full model of
dytiscid species richness. In the model of dytiscid abundance, the covariate of urbanisation
rate was suggested to be dropped out from the full model. We ran the models and applied
an ANOVA to test the differences between the two models with the lowest AICs.

Model 2:

10g(yn) = © + 7o X Steepness,,,, + V3 x Fish_situationy,, + v, X Steepnessy,,,
x Fish_situationy,, + a; + by,

The ANOVA test of the two models:

Models Degrees of freedom AIC p-value
Model 2 6 721.76
Full model 7 721.86 0.167

Model 2 has slightly smaller AIC values, but there is no significant difference between
the two models. The effect of urbanisation in Model 1 is insignificant (p = 0.153) and can
only generate 49% zeros. Model 2 has a smaller AIC and can generate similar amounts of
zeros (51%) to the observed data; thus we chose the simpler model as our optimal model.

Appendix 4

Explanation of abbreviated species names in Fig. 3, the number of the sites (out of the 10
study sites), and minimum and maximum proportion of impermeable surfaces of the ponds
in which each species appeared. The symbol “4” indicates species that were not plotted
on the NMDS figures; the three species have the same position in the NMDS figures, which
is near the position of Clemnius decoratus.
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Abbreviation ~ Species name Numbers of sites  Proportion of impermeable surface
Min (%) Max (%)
Acca Acilius canaliculatus 5 20.46 43.00
Acsul A. sulcatus 4 18.64 43.00
Agaff Agabus affinis 1 15.95 22.13
Agcon Ag. congener 2 15.95 22.60
Agstu Ag. sturmii 5 18.16 56.41
Colypay Colymbetes paykulli 1 18.64 22.13
Cybister ¢ Cybister lateralimarginalis 1 22.13 22.13
Dycircum Dytiscus circumcinctus 4 18.64 37.42
Dymarg D. marginalis 5 22.60 37.42
Grapaus Graphoderus austriacus 1 22.13 23.32
Grapcin G. cinereus 1 37.42 37.42
Grapzon G. zonatus 1 20.46 22.60
Grapgra Graptodytes granularis 1 22.60 22.60
Hydasemi Hydaticus seminiger 4 15.95 43.00
Hydroan Hydroporus angustatus 1 15.95 41.18
Hydrodi ¢ H. discretus 1 22.13 22.13
Hydroinc H. incognitus 3 18.64 43.00

Explanation of abbreviated species names in Fig. 3, the number of the site, and mini-
mum and maximum proportion of impermeable surface of the pond that each species
occurred in.

Abbreviation  Species name Numbers of site  Proportion of Impermeable Surface
Min (%) Max (%)
Hydrome H. memnonius 1 20.46 20.46
Hydron H. notatus 2 15.95 20.46
Hydropalu H. palustris 3 15.95 41.18
Hydropube H. pubescens 2 22.60 31.31
Hydrostr H. striola 2 15.9 41.18
Clede Clemnius decoratus 3 15.95 43.00
Hygrimpres Hygrotus impressopunctatus 1 18.64 28.04
Hygrinae Hyg. inaequalis 4 15.95 43.00
Hyphyova Hyphydrus ovatus 2 20.46 27.07
Ilyangu Ilybius angustior 1 28.04 28.04
Ilyater L. ater 4 18.64 43.00
Tlycr L crassus 2 15.95 43.00
Tlyfuligi L fuliginosus 1 37.42 37.42
Ilyg L. guttiger 1 15.95 18.64
Ilyquadri L. quadriguttatus 3 20.46 43.00
Ilysubae L. subaeneus 2 28.04 37.81
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Abbreviation ~ Species name Numbers of site  Proportion of Impermeable Surface
Min (%) Max (%)

Ilysubtilis 1. subtilis 1 27.07 27.07

llywe I. wasastjernae 1 22.13 22.13

Rhex Rhantus exsoletus 5 20.46 37.81

Rhf R. frontalis 3 18.16 31.31

Rhsu R. suturellus 1 20.4 20.46

Suphdor Suphrodytes dorsalis 2 22.60 27.65
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