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Urbanization leads to drastic modifications of the terrestrial and aquatic 
environment. However, urban ponds may provide valuable habitats for different 
taxa, including aquatic insects and amphibians. We aim to understand how a set 
of biotic and abiotic factors influence aquatic insect diversity in 18 urban ponds in 
the German metropolis Berlin, one of the greenest whilst most densely populated 
European cities. Greenspace is important for the terrestrial stages of some 
aquatic insects and amphibians, providing crucial resources. Thus, greenspace 
was assumed to have positive effects on aquatic insect diversity, whereas built-up 
area was assumed to affect diversity negatively. Because some aquatic insects 
prey on tadpoles, their abundance and diversity were assumed to depend on 
tadpole abundance, which in turn, depends on other food (i.e., phytoplankton) 
availability in ponds. We visited the ponds twice a year, in spring and summer, and 
collected data on aquatic insects that are known to prey on tadpoles, tadpole 
abundance, phytoplankton biomass, the presence or absence of large insect 
predators, as well as physical–chemical parameters. We  assumed higher total 
aquatic insect abundance, genera richness, alpha-diversity, and evenness, as well 
as abundance and genera richness of different aquatic insect taxonomic groups 
to be  associated with high tadpole abundance in ponds surrounded by high 
amount of greenspace and low levels of built-up area. Accordingly, we expected 
aquatic insects to be modulated by phytoplankton biomass, the presence of newts 
and fish, and to be  affected by ponds’ abiotic conditions. Our results showed 
that biological interactions and abiotic water conditions override urban effects 
in ponds’ terrestrial surroundings on aquatic insect diversity levels, whereas 
aquatic insects’ taxonomic groups responded differently on different land-use 
types around ponds. We explain our findings due to different dependences and 
demands towards terrestrial and/or aquatic habitats by different taxonomic 
groups of aquatic insects, and differences in their colonization behavior.
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1. Introduction

Urban areas are defined as cultural landscapes where humans live at high densities, using 
constructed areas for housing, work and movement (Pickett et al., 2011; Wu, 2014). The process 
of urbanization drastically impacts the environment (Antrop, 2000; McIntyre, 2000). However, 
while former habitats within cities disappear, novel urban ecosystems are emerging (McIntyre, 
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2000; Hobbs et  al., 2013), which have multifaceted negative and 
positive effects on therein living species (McKinney, 2008). On the one 
hand, urbanization is known to reduce species richness (McKinney, 
2002, 2008) and biodiversity (Shochat et al., 2010), which is mainly 
caused by habitat loss and fragmentation (Goddard et al., 2010; Liu 
et al., 2016). On the other hand, urban ecosystems often offer higher 
habitat heterogeneity on small spatial scales compared to rural areas 
(Kühn et al., 2004). For instance, man-made urban greenspaces, such 
as parks, cemeteries, private and residential gardens provide valuable 
habitats for many species (Haaland and van den Bosch, 2015; 
Niemeier et al., 2020).

So far, most studies addressing biodiversity in urban 
ecosystems, focused on terrestrial and lotic habitats (Blair and 
Launer, 1997; Paul and Mayer, 2001; Blakely et al., 2006; Fontana 
et al., 2011). In particular, ponds, which are known to host high 
aquatic faunal and floral diversity, remained understudied (Biggs 
et al., 2005; Dudgeon et al., 2006; Goertzen and Suhling, 2013; 
Hassall, 2014). Ponds are defined as small, lentic, often temporary 
water bodies, usually with an area below two hectares (Biggs et al., 
2005; De Meester et al., 2005). Urban ponds are known to provide 
valuable habitats for a number of rare and endangered species 
(Williams et  al., 2003; Biggs et  al., 2005; Colding et  al., 2009; 
Goertzen and Suhling, 2013), such as amphibians (Brand and 
Snodgrass, 2009) and various aquatic insects (Goertzen and 
Suhling, 2013; Hill et al., 2015; Deacon et al., 2019). Especially 
aquatic insects have so far been mostly neglected in urban studies 
(but see Gledhill et al., 2008; Goertzen and Suhling, 2013; Briers, 
2014; Noble and Hassall, 2014; Hassall and Anderson, 2015; Hill 
et al., 2015).

Aquatic insects however, have important ecological roles within 
the food-web of pond ecosystems, such as serving as prey for newts 
(Joly and Giacoma, 1992), and fish (Peckarsky, 1982; Vidotto-Magnoni 
and Carvalho, 2009; Glenn and Cormier, 2014), as well as being 
predators, e.g., on tadpoles (Cummins, 1973; Henrikson, 1990; see 
Wells, 2007 for review; Hanlon and Relyea, 2013; Müller and Brucker, 
2015), but exhibit a wide food range by feeding additionally on 
phytoplankton, zooplankton, detritus, insect larvae, as well as eggs 
from newts and fish (Miaud, 1993; Yee, 2010; Culler et  al., 2014; 
Hädicke et al., 2017).

Many aquatic insects can serve as reliable biological indicators for 
environmental change, like water pollution (Zapparoli, 1997; Muzón 
et al., 2019), and are known to be sensitive to ponds’ abiotic conditions, 
such as oxygen saturation, pH or water temperature (Winter et al., 
2002; Simaika and Samways, 2011; Pallarés et al., 2017; Briggs et al., 
2019; Jooste et  al., 2020). As most aquatic insects have complex 
amphibiotic life cycles, with aquatic, semiaquatic, and terrestrial/aerial 
developmental stages, they are sensitive to environmental changes in 
the aquatic and the terrestrial habitat (Huryn et al., 2008; Smith and 
Lamp, 2008; Smith et al., 2009). In general, urban ponds are influenced 
by the effects of many human activities (Urban et al., 2006), such as 
habitat fragmentation (Johnson et  al., 2013), modification and/or 
habitat loss (Gopal, 2013), or the establishment of invasive species. For 
instance, a study by Buria et al. (2007) showed that fish deliberately 
introduced in urban ponds have a direct negative impact on aquatic 
insect diversity and abundance.

Amphibians likewise have complex life cycles and are sensitive to 
environmental change (Catenazzi, 2015). Anuran larvae are 
predominantly feeding on periphyton and planktonic organisms, 

whereas newts and their larvae are carnivorous (Harrison, 1987; 
Griffiths, 1996). Holtmann et al. (2017) show that amphibians respond 
negatively to built-up areas in the vicinity of their breeding habitats. 
In particular, species richness decreased due to a loss in habitat 
connectivity. In contrast, a study of Niemeier et al. (2020) showed how 
cities might positively affect animals. These authors found that the 
European Common Frog (Rana temporaria) actually performed better 
in urban greenspaces with ponds compared to frogs in rural, 
agricultural areas.

In our study, we aimed to understand how urbanization affects 
aquatic insects on the levels of diversity and taxonomic groups. To 
assess the effects of biotic and abiotic urban pond conditions on aquatic 
insects, we examined 18 ponds, surrounded by different amounts of 
built-up area and greenspace, in the city of Berlin, Germany. 
We predicted aquatic insect abundance, richness, alpha-diversity, and 
evenness to be affected by ponds’ terrestrial surroundings.

Based on studies by Buchwald (1992), Gledhill et al. (2008), 
Briers (2014), and Hill et  al. (2015), revealing higher 
macroinvertebrate diversity in park ponds than in other urban 
ponds, we assumed (i) aquatic insect abundance and diversity to 
increase with increasing amount of greenspace, and on the other 
hand, we predicted lower aquatic insect abundance and diversity 
in ponds surrounded by high percentage of built-up area (Heino 
et al., 2017).

We predicted (ii) the presence and abundance of amphibian 
larvae to have a positive relation with predatory aquatic insect 
abundance and diversity measures (Cummins, 1973; Henrikson, 
1990; Wells, 2007; Hanlon and Relyea, 2013; Müller and Brucker, 
2015). Because periphyton and planktonic organisms are food 
sources for tadpoles (Harrison, 1987; Griffiths, 1996), we assumed 
(iii) high chlorophyll-a concentration (indicating phytoplankton 
biomass), to influence aquatic insects positively due to high 
habitat quality for tadpoles as aquatic insect prey. In contrast, 
we  anticipated (iv) large predators to have negative effects on 
aquatic insect abundance and diversity measures, because aquatic 
insects serve as prey for newts (Joly and Giacoma, 1992), and fish 
(Peckarsky, 1982; Vidotto-Magnoni and Carvalho, 2009; Glenn 
and Cormier, 2014).

Beside land-use effects and biotic interactions, we predicted (v) 
abiotic water conditions, such as oxygen saturation, pH, and water 
temperature to impact aquatic insect abundance and diversity 
measures (Fox and Taylor, 1955; Picot et al., 1993; Verberk and Bilton, 
2013; Figure 1). For instance, high pH leads to toxic water conditions 
(Picot et al., 1993; Tadesse et al., 2004; Tucker and D’Abramo, 2008), 
and low oxygen saturation might result in aquatic insect mortality 
(Fox and Taylor, 1955).

Because aquatic insects are no functionally homogenous group, 
we assumed different taxonomic groups of aquatic insects, such as 
dragonfly larvae (Odonata), adults of aquatic beetles (Coleoptera), and 
bugs (Heteroptera) to react differently on ponds’ biotic and abiotic 
conditions, depending on their dominant life cycle in water or 
terrestrial habitats. Namely, we expected (vi) larvae to be more affected 
by water conditions because of their exclusively aquatic stages (Corbet, 
1999), and (vii) volant adult stages to be more influenced by land-use 
around ponds, because most aquatic beetles and heteropterans exhibit 
high flight and dispersal abilities to colonize new habitats as 
uncolonized ponds (Bilton, 1994; Bilton et  al., 2001; Bloechi 
et al., 2010).
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2. Materials and methods

2.1. Study area

The German city of Berlin (52°31′N, 13°24′E) is covering an area 
of 891 km2 and supports nearly 3.7 million human inhabitants (Amt 
für Statistik Berlin-Brandenburg, 2020). Although Berlin is one of the 
most densely populated cities in Europe, it is simultaneously one of 
the greenest (Schewenius et al., 2014).

2.2. Study pond selection and urbanization 
measures

In late March/early April in 2019 and 2021, we selected ponds in 
which at least one of three anuran species, the European Common 
Frog Rana temporaria, the Moor Frog Rana arvalis, and/or the 
European Common Toad Bufo bufo were present. All three species are 
known to occur in Berlin (data received from the Stiftung Naturschutz, 
Berlin), and reproduce in March to April (Kühnel et al., 2017). Their 
tadpoles feed on periphyton and planktonic organisms (Harrison, 
1987). The estimation of chlorophyll-a concentration (reflecting 
phytoplankton biomass) may thus be used as a proxy for tadpoles’ 
food availability (Minshall, 1978; Wood and Richardson, 2009).

We chose ponds surrounded by different amounts of built-up area 
and greenspace to assess land-use effects. All our ponds were at least 
partly covered by riparian vegetation like reed, hard stem bulrush, and 
sedge, and present a comparable hydroperiod, drying up only every 
few years after sustained precipitation deficit. Twelve of our 18 study 
ponds are natural, and six are artificial, created between the years 1900 
and 1980 (see Table 1).

We investigated nine ponds in 2019 and 13 ponds in 2021, five 
ponds were investigated in both years (Figure 2; Table 1). Pond size 
was determined with QGIS (Version: 3.28; QGIS Development 
Team, 2021), using habitat type maps (Senatsverwaltung für 
Stadtentwicklung und Umwelt: Berlin, Germany, 2005). 
We  calculated the percentage of built-up area and greenspace 
surrounding ponds in a radius of 1 km, by using digital habitat maps 

available from the city of Berlin (Senatsverwaltung für 
Stadtentwicklung und Umwelt: Berlin, Germany, 2005) with QGIS 
(Version: 3.28; QGIS Development Team, 2021). The 1 km buffer 
zone around ponds was chosen based on studies by Johnson et al. 
(2013), Dolný et al. (2014), and Niemeier et al. (2020), showing that 
the 1 km buffer was the most relevant zone for the studied organisms 
because it covers the approximate distribution of volant aquatic 
insects and amphibians in urban landscapes. Greenspace was 
defined as human modified areas, dominated by vegetation 
(non-sealed surfaces), like private and residential gardens, parks, 
cemeteries, etc. (Haaland and van den Bosch, 2015; Niemeier et al., 
2020). Build-up areas comprised residual or industrial areas, as well 
as other infrastructure (streets, railways). The percentage of 
greenspace around ponds ranged from 0 to 35.03%. The percentage 
of built-up area in the 1 km circle around ponds ranged from 0.05 to 
81.07% (Table 1).

2.3. Abiotic data assessment

Abiotic parameters included oxygen saturation (%), pH, and 
water temperature (°C). These physical–chemical parameters were 
measured in situ in all sampling campaigns at a similar time of the day 
using portable electronic meters (Xylem Analytics Germany Sales 
GmbH, WTW, Weilheim, Germany; see Table  2 and 
Supplementary Table B for all measured biotic and abiotic parameters). 
We additionally assessed electric conductivity simultaneously to water 
abiotic parameters and found that all studied ponds fall within the 
freshwater range (Mean: 581.82 ± SD: 477.96 μs/cm).

2.4. Biotic data assessment

Biotic parameters included tadpole abundance, the presence or 
absence of fish and newts, and chlorophyll-a concentration. 
We recorded the presence of the anuran species Rana temporaria, 
Rana arvalis, and Bufo bufo by the presence of mating adults and/
or spawn. In both years, we started a first sampling campaign in 

FIGURE 1

Predictions of biotic and abiotic factors, affecting aquatic insect abundance, genera richness, alpha-diversity, and evenness (A) positively: high amount 
of greenspace in ponds’ terrestrial surroundings, neutral pH, high oxygen saturation (O2), high tadpole abundance (as prey), high chlorophyll-a 
concentration (Chl-a, as tadpole food source), and moderate water temperatures (T, thermometer); (B) negatively: high amount of build-up area in 
ponds’ terrestrial surroundings, acidic or alkali pH, low oxygen saturation (O2), low tadpole abundance (as prey), low chlorophyll-a concentrations 
(Chl-a, as tadpole food source), high water temperatures (T, thermometer), and the presence of large predators on aquatic insects (newts and fish) 
(positive and negative feedbacks of biotic and abiotic factors are not considered).
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May, when all tadpoles reached a developmental stage in which they 
freely move and feed in the water. The second sampling campaign 
was conducted 3 weeks later, in June, prior to tadpoles’ 
metamorphosis.

In order to assess the presence, as well as the abundance of 
tadpoles, fish, newts and aquatic insects, we used commercial fish 
funnel traps (28 × 28 × 75 cm; Paladin, Angelplatz.de). We modified 
the funnel traps by narrowing the entrances with cut-off heads of PET 
bottle-necks. This makes it more difficult for animals, which entered 
the trap, to leave again. A former study has shown that modified traps 
are much more efficient in catching newts (Rödel et al., 2014). The 
number of funnel traps per pond was adjusted to pond size and pond 
heterogeneity (presence of different microhabitats; i.e. branches, 
stones, reeds, and other floating vegetation such as water lilies). In 
ponds ranging from 127 to 445 m2 surface area (N = 4) we installed 
two to four funnel traps; in ponds with 718–1,247  m2 (fewer 
microhabitats; N = 4) three to four funnel traps were used; ponds 
comprising 1,487–2,651 m2 (N = 3) were equipped with five to six 
traps; and the largest ponds (3,299–7,667 m2; N = 7) comprised seven 
to ten funnel traps (Table 1).

Funnel trapping extended 12 h, from early evening to the next 
morning. We  equipped all traps with pieces of polystyrene, to 
ensure that one corner of the trap provided access to atmospheric 

oxygen. All captured animals were identified [amphibians (larvae 
and adults): species level; insects (larvae and adults): genus level], 
counted and released. We collected data of all aquatic insects that 
potentially feed on amphibian larvae [Coleoptera (larvae and 
adults): Dytiscidae, Hydrophilidae; Hemiptera (adults): 
Notonectidae, Corixidae, Naucoridae, Nepidae; Odonata (larvae): 
Aeshnidae, Corduliidae, Aeshnidae, and Gomphidae]. In addition 
to the funnel trap records we verified the presence or absence of 
fish and newts in the ponds by observations of surfacing 
individuals, and dip netting. For further analyses, we used tadpole 
abundance, calculated as the pooled number of tadpoles from all 
present anuran species (insect food availability), captured in all 
funnel traps per pond during a particular sampling campaign 
(May, June) and year (2019, 2021).

We determined the chlorophyll-a concentration per pond and 
sampling campaign as proxy for tadpole food availability 
(phytoplankton biomass). Water samples were prefiltered through a 
100 μm mesh to remove detritus and organisms. These water samples 
were further filtered onto glassfiber filters (GF/F, Cytiva Europe 
GmbH, Freiburg, Germany), and then immediately placed inside a 
glass vessel and stored at −80°C in the dark until further processing. 
Chlorophyll-a was extracted with 96% ethanol and measured 
spectrophotometrically (DIN 38 412–16, 1985).

TABLE 1 List of study ponds (compare Figure 2), given are pond IDs, names, origin with approximate year of creation, pond size, the numbers of funnel 
traps per sampling campaign, numbers of sampling campaigns per year, and the calculated percentage of greenspace and built-up area in a 1 km buffer 
zone around the respective pond.

Pond ID Pond Name Origin and 
year of 
creation

Size [m2] Numbers of 
funnel traps

Numbers sampling 
campaigns per 

year

Greenspace 
area in 1 km 

buffer [%]

Built-up 
area in  
1 km 

buffer [%]
2019 2021

1 Bumpfuhl Natural 2651.33 6 2 2 14.94 44.69

2 Fasanenpfuhl Artificial (1980) 1247.90 3 2 2 11.15 50.92

3 Großer Röthepfuhl Natural 2591.84 6 2 0 13.32 61.74

4 Krummer Pfuhl Natural 3299.91 7 2 2 19.27 66.99

5 Murellenteich Natural 7667.79 8 2 2 29.49 46.48

6 Schleipfuhl Natural 7098.91 8 2 0 5.73 83.86

7 Sperlingsee Natural 3389.42 7 2 0 28.05 57.16

8 Stadtbruchteich Natural 1487.73 5 2 0 0 0.05

9 Waldpfuhl Natural 718.02 3 2 2 3.48 38.08

10 Botanischer Garten 

Chinateich

Artificial (1899) 306.01 4 0 2 10.34 81.97

11 Botanischer Garten 

Teich 1

Artificial (1899) 127.08 3 0 2 10.57 81.59

12 Folienteich Artificial (1980) 276.00 2 0 2 9.8 43.69

13 Krugpfuhl Natural 788.34 4 0 2 24.78 44.75

14 Mittelfeldteich Natural 4257.46 10 0 2 6.62 76.72

15 Pücklerteich Artificial (1900) 3389.86 7 0 2 2.14 43.13

16 Schwarzer 

Grundteich

Artificial (1915) 445.09 3 0 2 6.36 88.71

17 Tropfsteinteich Natural 1083.84 4 0 2 35.03 61.78

18 Vierling Natural 4257.46 7 0 2 5.21 61.27
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2.5. Aquatic insect abundance, diversity, 
and taxonomic groups

To assess aquatic insect abundance, we summed up numbers of 
all insect specimens, captured in all funnel traps per pond during each 
sampling campaign per year (N = 1,071). We calculated three measures 
of biodiversity: genera richness, alpha-diversity, and evenness. For the 
calculation of insect genera richness, we summed up all captured 
genera in all funnel traps per pond including both sampling campaign 
per year (N = 22). We applied Shannon-Wiener-Index (H' ) Shannon 
and Weaver, 1949; Spellerberg and Fedor, 2003) for aquatic insect 
alpha-diversity calculations per pond including both sampling 
campaigns per year, using the formula:

 
′ = 






∑H ni

N
x ni

N
ln

Where ni is the number of individuals of each genus i, and N  is 
the total number of genera for each pond.

For aquatic insect genera evenness analyses, we used the Pielou 
Evenness-Index (E' ) Pielou, 1969; Hill, 1973) for each sampling 
campaign per year and pond, by using the formula:

 
′ =

′

( )
E H

sln

Where H'  is the Shannon-Wiener-Index, and s is the total 
numbers of genera.

To assess dragonfly larvae abundance, we summed up numbers 
of all dragonfly larvae, captured in all funnel traps per pond during 
each sampling campaign per year (N = 10). We calculated aquatic 
beetles’ abundance by summarize numbers of all water-and diving 
beetles captured in all funnel traps per pond during each sampling 
campaign per year (N = 652). To assess aquatic heteropteran 
abundance, we  summed up numbers of all water heteropterans, 
captured in all funnel traps per pond during both sampling 
campaigns and years (N = 409). For aquatic beetle genera richness, 
and aquatic heteropteran genera richness calculations, we summed 
up numbers of all water-and diving beetle genera (N = 12), and the 
genera of aquatic heteropterans (N = 6), captured in all funnel traps 
during each sampling campaign per year, respectively. We did not 
calculate dragonfly larvae genera richness due to very low numbers 
of captured dragonfly larvae.

2.6. Statistical analyses

We used the R-project, version 4.1.3 (R Core Team, 2022) for all 
analyses, and ggplot2 (R package ‘ggplot2’; Wickham, 2016) for the 
visualization of model outputs. For testing normal distribution of our 
dependent variables (aquatic insect abundance, genera richness, 
alpha-diversity and evenness, dragonfly larvae abundance, aquatic 
beetle abundance, aquatic beetle genera richness, aquatic heteropteran 
abundance, aquatic heteropteran genera richness), we applied Shapiro 
Wilk tests and histograms. We further tested our response variables 
for equality of variance, by using the Levene-test. For our models 
we  considered the percentage of built-up area, the percentage of 
greenspace, tadpole abundance, chlorophyll-a concentration, oxygen 
saturation, pH, and temperature as independent variables.

FIGURE 2

Locations of study ponds in Berlin, sampled in 2019 (yellow dots; n = 4), in 2021 (blue dots; 9), and in both years (orange dots; n = 5). North is indicated 
by a compass.
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In a next step, we explored our data by testing our dependent 
(aquatic insect abundance and diversity measures) and independent 
(biotic and abiotic parameters) variables on outliers, non-linearity, 
and collinearity/multicollinearity. We  found one true outlier in 
different ponds in the following variables: tadpole abundance, 
chlorophyll-a concentration, oxygen saturation, pH, and temperature. 
We chose to keep these outliers in our dataset as they represent natural 
variation. We thoroughly revised our data prior to statistically analyses 
and discarded measurement, counting or logging errors. We found no 
evidence on non-linearity between our dependent and independent 
variables when applying Ramsey’s RESET test (R package: lmtest; 
Ramsey, 1969; Krämer and Sonnberger, 1986). Further, we found no 
collinearity/multicollinearity between our independent variables 
when applying a correlation matrix.

The distribution of our dependent variables, representing count 
data (aquatic insect abundance and genera richness) was explored and 
tested on overdispersion for a Poisson distribution (Zuur et al., 2009). 
Because overdispersion was given for aquatic insect abundance, 
we  applied generalized linear mixed-effects models (GLMMs; R 
package ‘lme4’; Bates et al., 2015) for negative binomial family (R 
package ‘MASS’; Venables and Ripley, 2002) to analyze biotic and/or 
abiotic effects on ponds’ aquatic insect abundance.

Therefore, we used ‘abundance’ as dependent variable and ran two 
models with ‘built-up area’ or ‘greenspace’ as fixed effects to avoid 
model overfitting, respectively. In addition, we included chlorophyll-a 
concentrations ‘chl-a’, ‘tadpole abundance’, the presence or absence of 
‘fish’ and ‘newts’, oxygen saturation ‘O2’, ‘pH’, and ‘temperature’ as 
further fixed effects in both GLMMs. We included ‘sampling year’, 
‘sampling campaign’, and ‘pond ID’ as random effects.

Because overdispersion for a Poisson distribution was not given 
for aquatic insect genera richness, we applied GLMMs for Poisson 
family (link function: sqrt) with ‘richness’ as dependent variable and 
again ‘built-up area’ or ‘greenspace’ as fixed effects for two separate 
models for analyzing biotic and/or abiotic effects on ponds’ aquatic 
insect genera richness. Again, we included ‘chl-a’, ‘tadpole abundance’, 
‘fish’, ‘newts’, ‘O2’, pH’, and ‘temperature’ as fixed effects and ‘sampling 
year’, ‘sampling campaign’, and ‘pond ID’ as random effects in both 
models, respectively.

To analyze biotic and/or abiotic effects on ponds’ insect genera 
alpha-diversity and evenness, we ran GLMMs for Gaussian family 
(link function: identity). Dependent variables were ‘diversity’ and 
‘evenness’. In each of the two models we  used ‘built-up area’ or 
‘greenspace’ as fixed effects, respectively. We included again ‘chl-a’, 
‘tadpole abundance’, ‘fish’, ‘newts’, ‘O2’, ‘pH’, and ‘temperature’ as fixed 
effects and ‘sampling year’, ‘sampling campaign’, and ‘pond ID’ as 
random effects.

The distribution of dependent variables, representing count data 
for taxonomic groups (aquatic beetle and heteropteran abundance and 
genera richness) was explored and tested on overdispersion for a 
Poisson distribution (Zuur et al., 2009). Because overdispersion was 
given for aquatic beetle and heteropteran abundance, we  applied 
generalized linear mixed-effects models (GLMMs; R package ‘lme4’; 
Bates et al., 2015) for negative binomial family (R package ‘MASS’; 
Venables and Ripley, 2002) to analyze biotic and/or abiotic effects on 
ponds’ aquatic insect abundance.

Therefore, we  used ‘aquatic beetle abundance’ and ‘aquatic 
heteropteran abundance’ as dependent variables for the analyses of 
biotic and/or abiotic effects, respectively. For each dependent variable, 
we ran two models with ‘built-up area’ or ‘greenspace’ as fixed effects. 
Further we included again, ‘chl-a’, ‘tadpole abundance’, ‘fish’, ‘newts’, 
‘O2’, pH’, and ‘temperature’ as fixed effects. ‘Sampling year’, ‘sampling 
campaign’, and ‘pond ID’ were included as random effects in both 
models, respectively.

Because overdispersion for a Poisson distribution was not given 
for aquatic beetle and heteropteran genera richness, we  applied 
GLMMs for Poisson family (link function: sqrt) with ‘aquatic beetle 
genera richness’, and ‘aquatic heteropteran genera richness’ as response 
variables for the analyses of biotic and/or abiotic effects, respectively. 
For each dependent variable, we ran two models with ‘built-up area’ 
or ‘greenspace’ as fixed effects. Further we included ‘chl-a’, ‘tadpole 
abundance’, ‘fish’, ‘newts’, ‘O2’, pH’, and ‘temperature’ as fixed effects, 
and included ‘sampling year’, ‘sampling campaign’, and ‘pond ID’ as 
random effects in both models.

3. Results

We captured a total of 20 and 16 genera of predatory aquatic 
insects in 2019 and 2021, respectively. The genera belonged to the 
orders Coleoptera (Dytiscidae, Hydrophilidae); Hemiptera 

TABLE 2 Mean and standard deviation of abiotic and biotic parameters 
along with aquatic insect abundance and biodiversity measures (genera 
richness, alpha-diversity, evenness) and abundance and genera richness 
of aquatic insect taxonomic groups (aquatic beetles and heteropterans) 
in the studied ponds in 2019 (n = 9) and 2021 (n = 13).

Parameters 2019 
Mean ± SD

2021 
Mean ± SD

Abiotic Oxygen 

Saturation [%]

75.93 ± 20.52 85.18 ± 54.12

pH 7.32 ± 0.41 7.24 ± 0.67

Water 

temperature [°C]

12.97 ± 3.66 19.30 ± 4.93

Biotic Tadpole 

abundance [ind./

pond]

6.59 ± 10.69 31.29 ± 100.67

Chlorophyll-a 

concentration 

[μg/L]

23.36 ± 27.85 26.07 ± 58.23

Aquatic insect 

abundance and 

diversity 

measures

Abundance 40.94 ± 37.94 14.11 ± 16.55

Richness 5.39 ± 2.48 3.18 ± 1.79

Alpha-diversity 1.15 ± 0.54 0.80 ± 0.51

Evenness 0.67 ± 0.28 0.61 ± 0.35

Aquatic insect 

taxonomic 

groups

Aquatic beetles’ 

abundance

26.17 ± 35.68 6.43 ± 8.27

Aquatic beetles’ 

genera richness

3.33 ± 1.89 1.50 ± 1.32

Aquatic 

heteropterans 

abundance

15.56 ± 16.92 4.61 ± 4.28

Aquatic 

heteropterans 

genera richness

1.83 ± 1.21 1.46 ± 1.12
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(Notonectidae, Corixidae, Naucoridae, Nepidae); and Odonata 
(Aeshnidae, Corduliidae, Aeshnidae, Gomphidae). Numbers of 
captured insects per pond and sampling campaign are provided in 
Supplementary Table B.

Abiotic and biotic parameters varied substantially across ponds 
and sampling years. Water temperature varied three to nearly fivefold, 
oxygen saturation up to fiftyfold, whereas pH showed small variations. 
The numbers of tadpoles, however, varied ten to hundredfold, and the 
concentration of chlorophyll-a varied up to nearly sixtyfold. Aquatic 
insect abundance and diversity measures, such as genera richness, 
alpha-diversity, and evenness, as well as abundance and genera 
richness of the taxonomic groups’ aquatic beetles and heteropterans 
showed huge variation in ponds, such as abundance of aquatic insects 
varied over thirtyfold (see Table 2).

When considering the random effects ‘sampling year’ (2019, 
2021), ‘sampling campaign’ (May, June), and ‘pond ID’, the percentage 
of ‘built-up area’ surrounding ponds did not have significant 
associations with alpha-diversity and evenness of aquatic insect genera 
(Supplementary Tables A3, A4). In contrast, we revealed a trend to a 
negative effect on aquatic insect abundance and genera richness when 
‘built-up area’ increased (Figure 3A; Supplementary Tables A1, A2). 
The amount of ‘greenspace’ had no significant relation with either 
aquatic insect genera richness, alpha-diversity or evenness. However, 
we found a trend to a positive association between increasing amount 
of ‘greenspace’ and increasing aquatic insect abundance 
(Figure 3B; Supplementary Tables A1–A4).

We found trends to positive effects of high ‘tadpole abundance’ on 
aquatic insect genera richness and alpha-diversity. This positive trend 
was visible in both GLMMs, run for ‘built-up area’ and ‘greenspace’, 
respectively (Supplementary Tables A2, A3). We  did not find 
associations between ‘tadpole abundance’ and aquatic insect abundance 
and evenness in either model (Supplementary Tables A1, A4).

The concentration of ‘chl-a’ correlated negatively with aquatic 
insect abundance in the model run for ‘greenspace’, and a negative 
trend was visible in the model run for ‘built-up area’ (Figure  3C; 
Table 3; Supplementary Table A1). ‘Chl-a’ did not have effects on 
aquatic insect genera richness, alpha-diversity and evenness 
(Supplementary Tables A2–A4).

We also found presence of ‘fish’ having negative effects on aquatic 
insect abundance in both GLMMs, run for ‘built-up area’ and 
‘greenspace’, respectively (Figure 3D; Table 3; Supplementary Table A1). 
Aquatic insect genera richness was negatively affected by the presence 
of ‘fish’ in GLMM for ponds surrounded by ‘greenspace’, but only a 
trend to a negative association was visible when running the model 
with amount of ‘built-up area’ (Figure  4A; Table  3; 
Supplementary Table A2). ‘Fish’ did not correlate with aquatic insect 
alpha-diversity and evenness (Supplementary Tables A3, A4), neither 
did ‘newts’ affect aquatic insect abundance or any of our diversity 
measures (genera richness, alpha-diversity, and evenness; 
Supplementary Tables A1–A4).

Oxygen saturation showed negative effects on aquatic insect 
abundance (Figure  3E), genera richness (Figure  4B), and alpha-
diversity (Figure  5A) in both models, with ‘built-up area’ and 
‘greenspace’ (Table  3; Supplementary Tables A1–A3). We  further 
revealed a significant negative correlation between high ‘O2’ 
saturations and insect genera evenness in GLMM run for ‘greenspace’, 
and a trend towards a negative correlation in the model run for 
‘built-up area’ (Figure 5C; Table 3; Supplementary Table A4).

High ‘pH’ values correlated negatively with aquatic insect 
abundance in both models (‘built-up area’ and ‘greenspace’; Figure 3F; 
Table 3; Supplementary Table A1). In contrast, insect genera richness, 
alpha-diversity, and evenness increased with increasing ‘pH’ values, 
independent of ‘built-up area’ and ‘greenspace’ (Figures 4C, 5B,D; 
Table  3; Supplementary Tables A2–A4). Our results revealed no 
significant effects of ‘temperature’ on aquatic insect abundance or any 
of the diversity measures in both models (Supplementary Tables 
A1–A4).

Contrary to our expectations, ponds’ terrestrial surroundings did 
only affect aquatic beetles’ abundance but not our diversity measures. 
However, diversity measures were affected by ponds biotic and 
abiotic conditions.

Because aquatic insects exhibit different life cycles, dominant in 
water or terrestrial habitats, in a second step, we examined aquatic 
insects regarding their taxonomic groups to understand their 
sensitivity to land-use and/or to biotic and abiotic water conditions. 
We examined aquatic beetles (Coleoptera) and bugs (Heteropteran), 
applying their abundance and genera richness. Due to the very low 
sample size of dragonfly larvae (Odonata; N = 10), captured in ponds 
during both sampling years, we excluded the analyses of dragonfly 
larvae abundance and genera richness.

When considering the random effects ‘sampling year’ (2019, 
2021), ‘sampling campaign’ (May, June), and ‘pond ID’, we observed 
increasing aquatic beetle abundance (Figure  6B; Table  4; 
Supplementary Table A5) and genera richness (Figure 6D; Table 4; 
Supplementary Table A6) in ponds with increasing percentage of 
surrounded ‘greenspace’. We detected a trend towards a negative effect 
of increasing ‘built-up area’ on aquatic beetles’ abundance (Figure 6A; 
Supplementary Table A5), and a negative association with aquatic 
beetles’ genera richness (Figure 6C; Table 4; Supplementary Table A6). 
Aquatic heteropteran abundance and genera richness was neither 
affected by ‘greenspace’, nor ‘built-up area’ around ponds 
(Supplementary Tables A7, A8).

‘Tadpole abundance’ had neither significant associations 
with  aquatic beetle abundance and genera richness 
(Supplementary Tables A5, A6), nor with aquatic heteropteran 
abundance and genera richness (Supplementary Tables A7, A8). The 
lack of effects was visible in both GLMMs, run for ‘built-up area’ and 
‘greenspace’, respectively.

In both models, with ‘built-up area’ and ‘greenspace’, we found 
decreasing beetles’ abundance with increasing concentration of 
‘chl-a’ (Table 4; Supplementary Table A5), whereas we found no 
significant relation to aquatic beetles genera richness 
(Supplementary Table A6). ‘Chl-a’ concentrations had no 
significant effects on aquatic heteropteran abundance and genera 
richness, independent of ponds’ terrestrial surroundings 
(Supplementary Tables A7, A8).

In both models, with ‘built-up area’ and ‘greenspace’, the presence 
of ‘fish’ affected aquatic beetle abundance and genera richness 
negatively (Table 4; Supplementary Tables A5, A6), whereas we found 
no significant associations with aquatic heteropteran abundance and 
genera richness (Supplementary Tables A7, A8). The presence of 
‘newts’ had neither effect on aquatic beetles’ abundance and genera 
richness (Supplementary Tables A5, A6), nor on heteropteran 
abundance and genera richness (Supplementary Tables A7, A8). The 
lack of effects was visible in both GLMMs, run for ‘built-up area’ and 
‘greenspace’, respectively.
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In both models, with ‘built-up area’ and ‘greenspace’, we found 
decreasing beetles’ abundance with increasing oxygen saturation ‘O2’ 
(Table 4; Supplementary Table A5), and trends to negative correlations 

on aquatic beetle genera richness (Supplementary Table A6). Oxygen 
saturation ‘O2’ was not significantly associated with aquatic 
heteropteran abundance, independent of ponds’ terrestrial 

FIGURE 3

Aquatic insect abundance in individuals per pond influenced by (A) built-up area, (B) greenspace (C) chlorophyll-a concentration, (D) presence or 
absence of fish, (E) oxygen saturation, and (F) pH in ponds. Dot plots for count data are shown for the sampling years 2019 (dots; n = 9) and 2021 
(triangles; n = 13), and sampling campaigns May (red color) and June (gray color). Boxplots show insect abundance in ponds without (gray) and with the 
presence of fish (purple). Numbers below boxplots show sample sizes. p-values are given for generalized linear mixed effect model results for built-up 
area and greenspace (Icons) with sampling year (2019, 2021), sampling campaign (May, June), and pond ID as random effects. Icons in brackets 
describe examined trends.
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surroundings (Supplementary Table A7). However, we  revealed a 
negative correlation between increasing oxygen saturation ‘O2’ and 
heteropterans genera richness in ponds surrounded by ‘greenspace’ 
(Table 4; Supplementary Table A8), and a trend towards a negative 
correlation in ponds surrounded by ‘built-up area’ 
(Supplementary Table A8).

We found positive associations between increasing ‘pH’ and 
increasing aquatic beetles’ abundance and genera richness, 
independent on ponds terrestrial surroundings (Table  4; 
Supplementary Tables A5, A6). In contrast, ‘pH’ had no significant 
relation to aquatic heteropteran abundance in both models 
(Supplementary Table A7). However, we found a positive effect on 
heteropterans genera richness in ponds surrounded by ‘greenspace’ 
(Table 4; Supplementary Table A8), as well as a trend for a positive 
effect of increasing ‘pH’ on heteropteran genera richness in ponds 
surrounded by ‘built-up area’ (Supplementary Table A8).

We found no significant relation between water ‘temperature’ and 
aquatic beetle abundance in ponds surrounded by ‘built-up area’ and 
‘greenspace’ (Supplementary Table A5). However, we found a negative 
effect of increasing ‘temperature’ on aquatic beetle genera richness in 
ponds surrounded by ‘greenspace’, but no significant association with 
ponds surrounded by ‘built-up area’ (Table 4; Supplementary Table A6). 
Ponds’ water ‘temperature’ had no significant effects on aquatic 
heteropteran abundance and genera richness, independent of ponds’ 
terrestrial surroundings (Supplementary Tables A7, A8). As expected, 
our results showed different aquatic insect taxonomic groups to 
be affected differently by ponds surrounded land-use, as well as biotic 
and abiotic conditions within ponds.

4. Discussion

Urbanization leads to modifications of the environment in order 
to serve humans as living space (Antrop, 2000; McIntyre, 2000). These 
drastic environmental changes also influence urban ponds (Urban 
et al., 2006; Gopal, 2013; Johnson et al., 2013). Due to their complex 
amphibiotic life cycle, aquatic insects are sensitive to aquatic and 
terrestrial environmental changes (Huryn et  al., 2008; Smith and 
Lamp, 2008; Smith et al., 2009), and play important roles in pond 
food-webs (Cummins, 1973; Peckarsky, 1982; Joly and Giacoma, 1992; 
Vidotto-Magnoni and Carvalho, 2009; Glenn and Cormier, 2014). In 
our study, we aimed to know which biotic and abiotic conditions affect 
aquatic insect abundance and diversity measures, such as genera 
richness, alpha-diversity, and evenness in urban ponds surrounded by 
different amounts of greenspace and built-up area. Further, we aimed 
to understand if abundance and genera richness of different aquatic 
taxonomic groups (aquatic beetles, aquatic heteropterans, and 
dragonfly larvae) were affected differently by biotic and 
abiotic conditions.

We predicted high amount of built-up area around ponds to 
negatively affect different insect groups and their diversity, mainly due 
to unsuitability of the terrestrial habitats (Heino et  al., 2017). In 
contrast, we assumed high amount of greenspace to have positive 
effects on aquatic insects, due to higher habitat quality for the 
terrestrial live stages (Buchwald, 1992; Gledhill et al., 2008; Briers, 
2014; Hill et  al., 2015). However, our results revealed that ponds’ 
terrestrial surroundings did not significantly influence aquatic insect 
diversity measures in our urban ponds. We found trends to negative 

TABLE 3 Summary statistics of significant generalized linear mixed effects models testing the effect of fixed effects on aquatic insect abundance, 
genera richness, alpha-diversity and evenness (see non-significant model results in Supplementary Tables A1–A8 in Supplementary material).

Dependent variable Model Independent variable SE z-value p-value

Aquatic insect abundance Built-up area Built-up area 0.008 −1.993 0.046

Fish 0.405 −4.687 < 0.001

O2 0.003 −2.192 0.028

pH 0.256 2.225 0.026

Greenspace Chl-a 0.003 2.173 0.030

Fish 0.443 −4.942 < 0.001

O2 0.003 −2.243 0.025

pH 0.258 2.231 0.026

Aquatic insect genera richness Built-up area O2 0.002 −2.382 0.017

pH 0.183 2.629 0.009

Greenspace Fish 0.243 −2.361 0.018

O2 0.003 −2.279 0.023

pH 0.176 2.435 0.015

Aquatic insect alpha-diversity Built-up area O2 0.003 −2.345 0.019

pH 0.169 3.670 <0.001

Greenspace O2 0.003 −2.449 0.014

pH 0.170 3.582 <0.001

Aquatic insect evenness Built-up area pH 0.109 3.026 0.002

Greenspace O2 0.002 −2.011 0.044

pH 0.105 3.134 0.002
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effects of higher amount of built-up area around ponds on aquatic 
insect abundance and genera richness, as well as a trend to a positive 
effect on aquatic insect abundance in ponds surrounded by higher 
amounts of greenspace. This might hint on habitat loss and 
fragmentation, connected with a high percentage of built-up area, 
negatively impacting some aquatic insects in colonizing urban ponds 
(Smith et al., 2009), and/or that altered terrestrial urban habitats are 
less hospitable than unaltered ones for aquatic insects with terrestrial 
development stages. Terrestrial habitat alteration was shown to 
directly affect adult development, survival and mating success in 
aquatic insects (Smith et al., 2009), a finding that is further confirmed 
by studies of Gledhill et al. (2008), Briers (2014), and Hill et al. (2015). 
The latter studies showing lower macroinvertebrate diversity in ponds 
located in highly urbanized areas, compared to park ponds.

However, aquatic insects are not a functionally homogenous 
group. This particularly concerns the duration and the use of aquatic 
versus terrestrial environments throughout their life cycle. In a second 
step, we thus examined aquatic beetles, aquatic heteropterans, and 
dragonfly larvae separately. Unfortunately, the numbers of dragonfly 
larvae were too low to allow for in-depth analyses (but see below). 
Concerning the two other taxonomic groups, we found that land-use 

affected aquatic beetles and heteropterans differently. Our results 
showed that high amounts of built-up area around ponds tended to 
decrease aquatic beetles’ abundance (trend) and genera richness 
(significant), whereas more greenspace around ponds was positively 
associated with beetle abundance and genera richness. By contrast, 
aquatic heteropterans abundance and genera richness was affected 
neither by built-up area, nor by greenspace around ponds.

Our finding is an indication that aquatic beetles and heteropterans 
differ in their (terrestrial) habitat demands and/or flight and dispersal 
abilities. Most species in both taxonomic groups are known to have 
high flight and dispersal abilities as adults, an important trait to find 
and colonize new ponds (Bilton, 1994; Bilton et al., 2001; Bloechi et al., 
2010). Biswas et al. (1995) and Bloechi et al. (2010) showed, that many 
aquatic beetles prefer small waterbodies with high amount of aquatic 
vegetation for egg laying and hiding, and that a (narrow) belt of 
vegetation around ponds was sufficient (Bloechi et al., 2010). Ponds in 
greenspaces have higher amounts of vegetation in their surroundings 
than ponds in areas with a high percentage of built-up area, and thus 
might provide more suitable habitats for aquatic beetles. Moreover, 
most aquatic beetles are known to prefer colonizing older over more 
recent ponds (Bloechi et al., 2010), further indicating the importance 

FIGURE 4

Aquatic insect genera richness in genera per pond influenced by (A) presence or absence of fish, (B) oxygen saturation (O2), and (C) pH in ponds. 
Boxplots show insect genera richness in ponds without (gray) and with the presence of fish (purple). Numbers below boxplots show sample sizes. Dot 
plots for count data are shown for the sampling years 2019 (dots; n = 9) and 2021 (triangles; n = 13), and sampling campaigns May (red color) and June 
(gray color). p-values are given for generalized linear mixed effect model results for built-up area and greenspace (Icons) with sampling year (2019, 
2021), sampling campaign (May, June), and pond ID as random effects. Icons in brackets describe examined trends.
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of aquatic and riparian vegetation. By contrast, many aquatic 
heteropterans are described to be ubiquitous (Hebauer, 1988; Bloechi 
et al., 2010), as pioneer species (Nilsson and Danell, 1981), preferring 
waterbodies with a high percentage of open water (Bloechi et  al., 
2010), a characteristic mainly shown by newly established ponds. 
Therefore, we  assume that the colonizing process of ponds by 
heteropterans is less dependent on ponds’ terrestrial surroundings.

In contrast to the previous two insect groups, the abundance of 
dragonfly larvae in ponds is influenced by land-use of ponds 
surroundings (Goertzen and Suhling, 2013). This is not surprising as 
adult dragonflies, in contrast to aquatic beetles and heteropterans, 
spend more time in the terrestrial environment for, e.g., maturation of 
gonads, feeding and mating (Córdoba-Aguilar, 2008). However, based 
on the extremely low number of dragonfly larvae detected in our 
study, we found no effects of built-up area and greenspace around 
ponds. This low number per se however, is a clear indication that 
urban ponds are low quality habitats for dragonflies, as described in a 
study by Goertzen and Suhling (2013). We exclude the possibility that 
our trapping method was responsible for the low captures, as in the 
study by Hampton and Duggan (2003), funnel traps were successfully 
applied for capturing dragonfly larvae, and in other own studies 
(outside towns), we could catch huge numbers of dragonfly larvae in 
particular from species of the families Aeshnidae and Libellulidae 
(M.-O.-Rödel, unpubl. data).

In our study, we focused on macroinvertebrates that are known to 
predate on amphibian larvae (Henrikson, 1990; Wells, 2007; Hanlon 
and Relyea, 2013; Müller and Brucker, 2015), including on the toxic 
tadpoles of the common toad (Henrikson, 1990). We predicted a high 

availability on aquatic insect prey, such as high tadpole abundance, to 
have a positive effect on aquatic insect diversity measures and in all 
predatory taxa. We  found that high tadpole abundance was not 
associated with high aquatic insect abundance, independent of ponds’ 
respective terrestrial surrounding. However, our results revealed 
trends towards positive effects of tadpole abundance on aquatic insect 
genera richness and alpha-diversity, in ponds surrounded by ‘built-up 
area’ and ‘greenspace’. Thus, there might be a relationship between 
high tadpole abundance and the numbers of predatory aquatic insect 
genera and their diversity. This relationship might be an indication 
that high tadpole abundance apparently contributes to a good/
advantageous habitat for some predatory aquatic insects (Hanlon and 
Relyea, 2013; Müller and Brucker, 2015). By contrast, we found that 
aquatic beetles and heteropterans abundance and genera richness 
were not affected by high tadpole abundance in ponds, in neither 
land-use type, showing that our positive trends found in total aquatic 
genera richness and alpha-diversity were not reflected in our 
taxonomic groups. These might hint on, that tadpoles are not the 
predominant prey for many aquatic beetles and heteropterans and/or 
their different life stages. Although aquatic beetles and heteropterans 
are known to prey on tadpoles (Henrikson, 1990; Klecka and Boukal, 
2012; Hanlon and Relyea, 2013; Müller and Brucker, 2015), the study 
by Klecka and Boukal (2012) described aquatic beetles to prefer 
cladocerans and dipteran larvae. Aquatic heteropterans, with sucking 
mouthparts and often using toxins, are known to additionally prey on 
other adult insects, insect larvae, amphibian and fish eggs, and some 
are also known to be omnivorous to feeding additionally on algae and 
detritus (Miaud, 1993; Yee, 2010; Culler et al., 2014; Hädicke et al., 

FIGURE 5

Aquatic insect genera alpha-diversity (A,B), and evenness (C,D) influenced by oxygen saturation (O2) (A,C), and pH (B,D). Smoothed regression lines are 
shown for the sampling years 2019 (n = 9) and 2021 (n = 13). Points show different sampling campaigns (blue triangles: May; black dots: June). p-values 
are given for generalized linear mixed effect model results for built-up area and greenspace (Icons) with sampling year (2019, 2021), sampling 
campaign (May, June), and pond ID as random effects. Icons in brackets describe examined trends.
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2017). A further factor reducing predation rates of aquatic insects on 
tadpoles is aquatic vegetation (Klopp et al., 2006). Our study ponds 
were, at least partly, covered by riparian vegetation such as reed, hard 
stem bulrush, and sedge as well as emergent plants that might serve as 
refuges for tadpoles and prevent predation.

We predicted that the presence of large (vertebrate) predators, 
such as newts and fish, to negatively influence aquatic insect 
abundance, genera richness, alpha-diversity, and evenness, because 
species of both groups prey on aquatic insects (Peckarsky, 1982; Joly 
and Giacoma, 1992; Vidotto-Magnoni and Carvalho, 2009; Glenn 
and Cormier, 2014). Whereas newts are natural predators in ponds 
(Griffiths, 1996), most fish usually do not occur in stagnant and often 
temporary waters. They are however, deliberately released by 
humans, and negatively affect aquatic insect abundance and diversity 
(Buria et al., 2007). Our results confirmed this general knowledge. 
We verified the presence of fish in six of our 18 ponds (although all 
ponds were believed to be  fish-free; data from the Stiftung 
Naturschutz, Berlin). A negative effect of the presence of fish on 
aquatic insect abundance was observed in ponds surrounded by 

built-up area and greenspace. Aquatic insect genera richness was 
negatively affected by fish in ponds surrounded by greenspace, and a 
similar trend was observed in ponds surrounded by built-up area. 
Thus, the presence of fish reduced the abundance and genera richness 
of aquatic insects in ponds, but did not have an influence on aquatic 
insect alpha-diversity and evenness. The reason why the presence of 
fish only impacted aquatic insect abundance and genera richness 
negatively, might be due to selective predation of fish on aquatic 
insects. Aquatic beetles (adults and larvae) and dragonfly larvae have 
strong mandibles (Peckarsky, 1982). Many heteropterans are able to 
sting with their proboscis (Peckarsky, 1982). This might lead fish to 
prey selectively on aquatic insects that are less well fortified. This 
assumption was supported by our findings when comparing the 
impact on beetles and heteropterans, respectively: fish negatively 
affected aquatic beetle abundance and genera richness, in both 
land-use types, but not aquatic heteropterans. Thus, fish indeed seem 
to prefer aquatic beetles over aquatic heteropterans (Peckarsky, 
1982). The lack of effects of newts on aquatic insect abundance, 
diversity measures and on both taxonomic groups might as well 

FIGURE 6

Aquatic beetles’ abundance in individuals per pond, influenced by the percentage of (A) built-up area and (B) greenspace around ponds, and aquatic 
beetles genera richness in genera per pond, influenced by (C) built-up area and (D) greenspace, 1  km around ponds, respectively. Dot plots for count 
data are shown for the sampling years 2019 (dots; n = 9) and 2021 (triangles; n = 13), and sampling campaigns May (red color) and June (gray color). 
p-values are given for generalized linear mixed effect model results for built-up area and greenspace (Icons) with sampling year (2019, 2021), sampling 
campaign (May, June), and pond ID as random effects. Icons in brackets describe examined trends.

https://doi.org/10.3389/fevo.2023.1121400
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org


Keinath et al. 10.3389/fevo.2023.1121400

Frontiers in Ecology and Evolution 13 frontiersin.org

be explained by defensive capabilities of our studied insect groups, 
but probably even more by a simple size relationship of predators to 
prey. Gape limitations would allow newts (mostly Smooth Newts, 
Lissotriton vulgaris) to only devour comparatively small insects.

The main food resource of tadpoles is periphyton and planktonic 
organisms (Harrison, 1987). Hence, we  used in our study the 
concentration of chlorophyll-a as a proxy for phytoplankton biomass 
to make assertions on tadpoles’ food availability and habitat suitability 
in ponds (Minshall, 1978; Wood and Richardson, 2009). Therefore, 
we  assumed higher tadpole abundance in ponds with higher 
chlorophyll-a concentrations. Because our study aquatic insects feed 
on tadpoles, we assumed higher tadpole abundance, in turn, to have 
positive effects on aquatic insects. However, we  found high 
chlorophyll-a concentration to affect aquatic insect abundance, and 
aquatic beetles’ abundance negatively. Thus, abiotic parameters 
connected to algal growth, might override the potentially positive 
effects of high amounts of plankton on aquatic insects.

More algae increase photosynthetic activity in ponds (Picot et al., 
1993; Ouarghi et al., 2000; Arbib et al., 2017). Our results showed that 
increasing oxygen saturation leads to decreasing aquatic insect 
abundance, richness, alpha-diversity, and evenness in both land-use 
types. This was also true if aquatic beetles (abundance) and 
heteropterans (genera richness) were examined separately. Eight of 
our 18 ponds showed, at least in one sampling campaign, oxygen 
saturation exceeding 100%, one pond even exceeded 200%. Such 
oversaturation can be explained by the very fast generation of oxygen 
through algae (Picot et al., 1993; Ouarghi et al., 2000; Arbib et al., 
2017). Oxygen oversaturation however, leads to unbalanced pond 

conditions, which might result in oxygen toxicity for some aquatic 
insects (Fox and Taylor, 1955).

We also tested the impact of pH. Our results showed that increasingly 
basic water affected aquatic insect abundance negatively, whereas genera 
richness, alpha-diversity, and evenness were affected positively, 
independent on ponds terrestrial surroundings. Concerning beetles and 
heteropterans, increasing pH affected aquatic beetle abundance, genera 
richness and aquatic heteropterans genera richness positively, while 
heteropteran abundance was not affected. Ponds pH usually range from 
6 to 8.5 pH, and if not influenced by high levels of biological activity, 
seldom reach pH exceeding 8.5 (Tucker and D’Abramo, 2008). In ponds 
with high levels of biological activity, such as high biomass of algae and/
or fish, pH can exceed 8.5, resulting in chemical imbalance, what may 
create toxic conditions (Picot et al., 1993; Tadesse et al., 2004; Tucker and 
D’Abramo, 2008). In our ponds, pH ranged from 6.38 to 9.12, thus one 
pond exceeds a pH of 9. Our results might indicate that predatory aquatic 
insects in Berlin ponds might be dominated by species that are tolerant 
to slightly increased ponds’ pH.

As ectotherms, aquatic insects might benefit from warmer water 
that influence, e.g., metabolism and growth positively (Verberk and 
Bilton, 2013). However, water temperature did not have any effects on 
overall aquatic insect abundance and diversity measures, and likewise 
did not influence heteropterans. However, we  found increasing 
temperature to negatively affect aquatic beetles’ genera richness in 
ponds surrounded by high amounts of greenspace. Our findings 
indicate that most aquatic insects might be tolerant to increasing water 
temperatures, independent on ponds’ surrounded areas, at least within 
the temperature ranges observed herein. However, some beetle genera 

TABLE 4 Summary statistics of significant generalized linear mixed effects models testing the effect of fixed effects on aquatic beetle abundance and 
genera richness, and aquatic heteropterans abundance and genera richness (see non-significant model results in Supplementary Tables A1–A8 in 
Supplementary material).

Dependent variable Model Independent variable SE z-value p-value

Aquatic beetle abundance Built-up area Chl-a 0.004 2.230 0.023

Fish 0.663 −4.459 < 0.001

O2 0.004 −2.463 0.014

pH 0.328 3.248 0.001

Greenspace Greenspace < 0.001 2.842 0.005

Chl-a < 0.001 2.882 0.004

Fish < 0.001 −5.492 < 0.001

O2 < 0.001 −2.665 0.008

pH < 0.001 3.218 0.002

Aquatic beetle genera richness Built-up area Built-up area 0.004 −2.493 0.013

Fish 0.216 −3.597 < 0.001

pH 0.169 2.638 0.008

Greenspace Greenspace 0.009 2.350 0.019

Fish 0.230 −4.536 < 0.001

pH 0.170 2.268 0.023

Temperature 0.015 −2.295 0.022

Newts 0.587 2011 0.044

Aquatic heteropteran genera 

richness

Greenspace O2 0.003 −2.016 0.044

pH 0.194 2.061 0.039
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showed low tolerances to increasing temperatures (Verberk and 
Bilton, 2013). The temperatures in our ponds across both sampling 
years ranged from 8.20 to 27.60°C.

In conclusion, our results showed that biological interactions and 
abiotic water conditions override urban effects of ponds’ terrestrial 
surroundings on aquatic insect diversity measures. However, when 
considering aquatic insects at the (functional) level of taxonomic groups, 
they respond differently to different land-use types around ponds, 
depending on their degree of ecological specialization and preferences.
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