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Abstract: Stormwater ponds are a common way to handle stormwater and are used to retain
pollutants through sedimentation. The ponds resemble small natural lakes and will be colonized by
flora and fauna. How design with respect to age, ratio between wet volume and reduced catchment
area and land use influences the retention and how biodiversity is affected was examined. Age
and ratio were determined in 135 and 59 ponds, respectively, and 12 of these ponds were selected
for studies of dry weight (DW), organic matter (OM), total phosphorus (TP) and aluminum (Al),
zinc (Zn), copper (Cu), chromium (Cr), cadmium (Cd) and lead (Pb) in the sediment. Invertebrate
biodiversity was determined by Shannon–Wiener index (H’) and Pielou Evenness (J). DW, OM, TP
and metals in the sediment close to the outlet of the ponds were influenced by pond age and the
volume/area ratio whereas the sediment in the inlet area was more affected by the catchment type.
Biodiversity increased with increasing ratio, while age had no effect on the sediment biodiversity
but some effect on the water phase biodiversity. Biodiversity decreased with higher OM and TP and
tend to decrease with increasing metal content. Higher volume/area ratio results in less sediment
accumulation which improves the biodiversity. More pollutants are accumulating with age, which
negatively affects the biodiversity. In conclusion, pond ratio, catchment type and, to some extent,
age effect the load of contaminants in the sediment and the pond biodiversity. Proper design and
management are recommended as a mitigating measure.

Keywords: age; ratio; catchment type; invertebrates; biodiversity indexes; metals; phosphorus;
organic matter

1. Introduction

Natural habitats have become more fragmented due to the intensification of agricul-
tural practices and urbanization [1]. The urbanization has also led to a need for increased
local handling of stormwater because of an increased proportion of impermeable areas. To
solve the issue of local stormwater handling, wet stormwater ponds, that resemble small
natural lakes, is one of the most utilized practices and is in Denmark considered to be the
best available technology (BAT) [2–5]. Generally, there are two types of stormwater ponds:
dry and wet. The dry ponds are normally used only for storage during rain events [3,6].
The primary purpose of the ponds, both wet and dry, was originally to store stormwater,
limit hydraulic load and, thus, prevent erosion in streams [3]. A more recent purpose of the
wet stormwater ponds is retention by adsorption, absorption and sedimentation to limit
the discharge of nutrients, metals and other xenobiotics to the natural recipients [7]. The
most important process improving the water quality in wet stormwater ponds is sedimen-
tation because most incoming nutrients, metals and xenobiotics are bound to organic and
inorganic particles [8]. The incoming particles will often be in the size interval of 1100 µm
and exhibit very different settling times, with the smallest particles (<63 µm) taking the
longest time to settle [8]. For both particulate phosphorus (PP) and metals bound to par-
ticles, the smaller particles (<63 µm) often contain disproportionally high concentrations
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of bioavailable P and metals, due to the relatively higher surface area [9–12]. Egemose
et al. [11] conducted a study on outlets to Lake Nordborg and showed that 47–73% of PP
settled slower than 1 m/hour and 28% of the particles and PP settled slower that 1 cm/hour.
Thus, a pond with a depth of 1.5 requires a residence time of 8 h for 29.4–68.3% of PP to
settle. Wet ponds are rarely designed with a depth exceeding 1–1.5 m, but with a storage
volume allowing the wet volume to increase until 2–2.5 m during rain events. A depth
larger than 1.5 m is not recommended due to increased risk of anaerobic conditions at the
sediment surface which will limit P binding by iron compounds [13–17]. Because of the
shallow depth, it is important that the ponds are appropriately designed to accommodate
the required settling velocities necessary for effective sedimentation.

Sønderup et al. [18] performed an extensive study including 39 ponds in Aabenraa
and demonstrated that factors such as distance between inlet and outlet, ratio between wet
volume and reduced catchment area (m3 red·ha−1) and age are very important factors for
an effective retention.

Sønderup et al. [18] showed a strong positive tendency towards the fact that increasing
distance between inlet and outlet improved the retention (%) in the ponds. With a distance
>80 m, a retention of 30–50% for suspended solids (SS), organic matter (OM), nitrate (NO3

−),
PP and total dissolved phosphorus (TDP) was documented. A significantly higher retention
of metals with greater distance between inlet and outlet has not been documented [19],
though a tendency towards higher retention with greater distance was observed.

A similar positive correlation between retention and increased ratio was also docu-
mented. Sønderup et al. [18] concluded the optimal ratio to be 250 m3 red·ha−1 or higher.
This is cooperated by previous studies that determined satisfactory removal efficiencies
with a pond ratio of 200–300 m3 red·ha−1 [3,16,20]. Egemose et al. [19] found a similar
positive relation between increasing ratio and the retention of lead (Pb), nickel (Ni) and
zinc (Zn), whereas for copper (Cu), chromium (Cr) and cadmium (Cd), there was a negative
retention < 800 m3 red·ha−1.

The retention is usually decreasing with higher age of the ponds. Sønderup et al. [18]
showed a 30–60% retention for SS, OM, NO3

−, PP and TDP within the first 5 years since
construction, where after the retention dropped to a maximum of 10% and could lead
to a release of up to 30% [18]. Though many of the ponds in the study were also small
with ratios between 150–250 m3 red·ha−1. The metal retention varied depending on the
specific metal. Cu, Cr, Cd were only retained the first 1–2 years after which there was a net
release which increased with higher age. Lead, Ni and Zn had a positive retention even in
ponds 31–40 years old, but the retention did decrease with higher age. The concentration
of nutrients, organic materials, suspended solids and metals differ with both size and the
land use of the catchment area [3,16,18,21]. Sønderup et al. [18] found that that the median
concentrations of SS (mg L−1), total phosphorous (TP) and total nitrogen (TN) (µg L−1),
decreased in the order of nutrient-enriched areas>> mixed and industrial > rural and urban>
developing-areas in the city of Aabenraa in Southern Jutland, Denmark. Sønderup et al. [18]
and Göbel et al. [21] concluded that the areas most affected by human activities, such as
industry, traffic and agricultural areas also discharge the highest concentrations of nutrients,
SS and metals, respectively.

Stormwater ponds are technical facilities intended to retain stormwater, nutrients and
metals, but it is a reasonable assumption that the ecosystem in the pond might be negatively
affected in terms of toxic effects and hydrological stress. Studies have shown that metals
accumulate to higher concentrations in both vertebrates [22] and invertebrates [23] in
stormwater ponds compared to natural lakes. Though several studies have concluded
that there is no significant difference between the biodiversity found in stormwater ponds
and natural lakes [7,23–26]. It has been hypothesized that stormwater ponds may support
and increase the biodiversity in urban areas, where natural ecosystems have been strongly
affected by human activities [7,24,25].

Streams receiving discharge from stormwater ponds are often immensely affected
by human activities due to load from both point sources (e.g., treated wastewater, sewer
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outlets, overflows) and diffuse runoff (e.g., drainage water and surface runoff) often leading
to lower biodiversity and higher pollution levels [14,27–29]. Knowledge is still lacking
concerning the effect of stormwater pond discharge on streams as limited research has been
dedicated to this specific subject. Some research has been done by, e.g., Koziel et al. [30]
who concluded that the invertebrate biodiversity decreased significantly downstream the
stormwater outlets compared to upstream. The lower biodiversity on downstream stations
compared to upstream was supported by Sibanda et al. [27] and Narangarvuu et al. [31]
who found similar relations.

Analysis of the invertebrate community in lakes and other freshwater and marine
environments, is a commonly practiced method to determine the ecological condition in
Denmark [32,33]. Depending on the species composition assumptions about the ecological
condition can be made. Some larvae of the Diptera families, especially the Chironomidae,
and the worms in the family tubificidae are particularly pollution tolerant because their
blood contains hemoglobin which bind oxygen effectively enabling these animals to live
in environments with low oxygen content [33,34]. Some families of Caddisfly larvae
(Trichoptera), mayflies (ephemeroptera) and all families of stoneflies (Plecoptera) are
particularly sensitive to pollution, because they have skin respiration which requires clean
and oxygen rich water to accommodate [33]. Therefore, invertebrates as an indicator
of the ecological quality both in streams and ponds. The biodiversity of other fauna
groups and the microbial community can also provide data on for example effects of
oxygen depletion, decomposition and pollution with feces, but this paper focuses on the
macroinvertebrate community.

The aim of this study is to demonstrate the impact of age, size and catchment area on
the pond’s ecosystem.

• The most common type of ponds in the study area is expected to be wet ponds with
high age and a low ratio between wet volume and reduced catchment area as ponds
have been used as a BAT method in Denmark for decades. In addition, the most
prevalent catchment areas are expected to be urban and urban mixed with industrial
areas because the examined ponds are placed in Odense Municipality, Denmark.

• Increased ratio between the wet volume and reduced catchment area is expected to be
linked to lower nutrient and metal contents due to lower area specific loading. This
is also expected to have a positive effect on the biodiversity and animal composition
due to more niches being available and lower hydrological stress.

• It is expected that retention decreases with age due to accumulation in the pond and,
thus, higher nutrient and metal contents. Thus, the biodiversity is not expected to
increase with pond age.

• It is expected that the catchment types most affected by human activities will cause
the highest load of metals and nutrients, resulting in comparable low biodiversity.

• The content of contaminants and biodiversity in the inlet and outlet areas of the
ponds are expected to be different from one another. Possibly these differences will be
correlated to variations in age, land use and ratio.

2. Materials and Methods

This study consists of two parts: the first is an analysis using Geographical Infor-
mation Systems (GIS) to evaluate all public stormwater ponds in Odense Municipality,
Denmark, where pond type, age, ratio, catchment type and area (total and reduced) were
determined and analyzed. This analysis was performed to gain an overview of the physical
characteristics and variation of ponds in a municipality with ca. 200,000 citizens [35]. The
second part consists of further analysis of nutrient and metal content, as well as biodiversity
in 12 selected ponds. These 12 ponds function as representatives of the total amount of
ponds in Odense Municipality.
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2.1. Study Area

Odense Municipality in Denmark has 193 stormwater ponds in total. Of these 58 are
private ponds and 135 are public and owned by the local utility company VCS Denmark
(Figure 1). From the 135 public ponds 12 were further examined in this study (Figure 1).
Figure 1 contains data (ortofoto, 2019) from the Danish Agency for Data Supply and
Efficiency [36]. Parts of Odense municipality have a separate sewer system with a division
of stormwater and wastewater in separate pipes (40%). Other parts have a combined sewer
system in which stormwater and wastewater are handled in the same pipes (44%). Finally,
some parts only handle wastewater (16%) [37].

Figure 1. Ponds owned by VCS Denmark (grey), private ponds (black) and the 12 experimental ponds (white subpool of the
grey ponds) in Odense municipality. Contains data from the Danish Agency for Data Supply and Efficiency and VCS. Denmark.

2.2. GIS Analysis

The stormwater ponds were analyzed using the Geographical information systems
program MapInfo Professionals version 12.5. MapInfo was used to estimate the surface
area (water surface for wet ponds and bottom area for dry ponds), pond type (permanently
wet and dry ponds, storage ponds that are only used during heavy rain events (both wet
and dry) and ponds that receive wastewater), storage volume and wet volume (in the wet
ponds), distance between inlet and outlet, the catchment type and catchment size (total
and reduced (the paved fraction). MapInfo layers containing basis information about pond
position, type codes, pipe connections and partial catchment areas over individual neigh-
borhoods were kindly supplied by VCS Denmark. These layers were used to determine
pond types, ages and catchment distributions and further calculations of ratio between
pond volume and the paved catchment area.
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2.3. Sampling Water and Sediment

The 12 ponds for detailed examinations were selected based on age and size to gain a
diverse collection. From the 12 ponds (10 wet and 2 dry) samples of water, sediment and
biodiversity where gathered. Sediment samples were collected using kayak tubes (8 cm
diameter). The sediment was sliced in 1 cm intervals and analyzed for dry weight (DW)
and OM with double determination. DW was determined by drying the samples at 105 ◦C
for 24 h and OM was determined by loss on ignition (LOI) with a sample of dried sediment
being incinerated for 5 h at 520 ◦C and cooled until constant temperature. TP was measured
by transferring 0.1 g combusted sediment, adding 8 mL. 1 M HCl and boiled at 120 ◦C
for 60 min. Absorbance was thereafter measured spectrophotometrically at 880 nm [38].
The detection limit was 15 µg/L. In addition, the metal content in the sediment in the
upper 1 cm was measured (Al, Cr, Cd, Pb, Zn, Cu) by transferring 0.2 g dry sediment to
test tubes adding 6 mL 65% HNO3, after which the samples were microwaved at 1600 W
for 15 min. and lastly measured on ICP-OES (inductively couples’ plasma with optical
emission spectroscopy; Optima 2100, Perkin Elmer). Detection limits was 1.0 µgAl/L,
0.1 µgCd/L, 0.2 µgCr/L, 0.4 µgCu/L, 1.0 µgPb/L and 0.2 µgZn/L. TP, DW, OM and metal
content was calculated as mg/g DW. In addition, water concentrations of dissolved and
particulate substances were measured but is not included in this paper as the sediment
contents was chosen as the focus due to the very short retention time in the water phase.

2.4. Biodiversity

All the samples were collected from February to mid-April 2017. In each wet pond
two kick samples were collected from both the inlet and outlet area in the ponds. Along
the entire pond shoreline nets were used to sample for invertebrates and three samples
were collected from the bottom in the middle of the ponds. For the execution of the kick
sample the method described in Danish Environmental Agency [39] was utilized. Three
sediment cores from the center of each wet pond were collected with kayak tubes (8 cm
diameter). The first 5 cm of the cores were sliced in 1 cm intervals and the number of
species and animals were determined. The shoreline was screened using a revised version
of the pick-samples used for streams and described in [39]. The screening was performed
using fishing nets and animals was picked from the stones and plants using tweezers for
one turn around the pond without time limit.

The insects in the dry ponds were collected by the use of 7 “drop-traps” in each
pond [40], in which a soap mix had been added [41]. The traps were left for 24 h and
animals were preserved using 70% ethanol. The pond GA1 has a large dry area (here called
GA1-DA) and it was decided to examine this area with regards to biodiversity too.

2.5. Diversity Indexes and Animal Designation

Shannon–wiener index (H’) and Pielou Evenness (J) were calculated based on the
number of species (S) and abundance of animals (N). H’ was calculated as [42]:

H′ = −
S

∑
i=1

pi ∗ ln(pi) (1)

where Pi is the relative abundance of each species. H’ results in a value between 1.5–3.5.
The higher the value, the higher biodiversity is indicated.

J measures the uniformity of a population with a value between 0–1, in which 0 indi-
cates few dominant species and 1 indicates an even number of animals between species.
Smith et al. [43] and Pielou [44] methods was followed to calculate J. In this paper, animals’
species will mostly be designated by their order. This is except for the group designated
“others”, which comprises of animals found in less than 1% abundance.
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2.6. Statistics

To analyze significant differences between the catchment areas a one-way ANOVA
was utilized. To analyze and show the impact of ratio and age, different methods was
applied. To gain an overview of the 12 experimental ponds in relation to ratio and age
a column diagram was chosen. The column diagrams show the ponds arranged from
smallest/youngest to largest/oldest pond. The ponds are further subdivided in the ratio
categories <250 m3 red·ha−1 and >250 m3 red·ha−1 and age categories 0–5 years, 6–11 years
and >11 years. Linear and logarithmic correlations of DW, OM, TP, metals, S, N, H’ and J as
functions of ratios and ages were determined for the 12 experimental ponds and tested with
a Shapiro–Wilk normality test, but not shown graphically. In order to compare contents
in the pond’s inlet and outlet areas a Student’s t-test was utilized to determine possible
differences. For the dry ponds the biodiversity and animal distribution were only shown
for the catchment types and not included in further statistical analysis or regressions.
Statistical analysis was performed in Sigmaplot 13.0 and for all tests a significance level of
α = 0.05 was chosen.

3. Results
3.1. A summary of Pond Characteristics

The stormwater ponds were examined with respect to pond types (divided into
dry/wet receiving separate stormwater and ponds receiving wastewater), age distribution
(age from construction or modification), catchment types and the ratio between pond
volume and reduced catchment area (Figure 2). It should be noted that the charts showing
catchment types (79 ponds) and ratio (59 ponds) both have fewer ponds compared to pond
types and age distribution (135 ponds). Ponds in series connection were excluded from
analysis of catchment type and ratio. Regarding ratio, there are even fewer ponds listed as
the dry ponds are not included.

Figure 2. Stormwater ponds in Odense Municipality sorted into pond types: wet ponds, dry ponds, dry and wet ponds that
are used for storage during large rain events (all receive separate stormwater) and ponds that receive wastewater (A). Age
distribution: The age of the ponds is distributed in the intervals 0–5 years, 5–10 years, 10–15 years, >16 years (B). Catchment
types: The catchment types of the ponds are distributed by the types urban, industry, mixed and green areas (C). Ratio is
distributed between the intervals <150 m3 red·ha−1, 150–250 m3 red·ha−1 and >250 m3 red·ha−1 (D).
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Most of the ponds, 86 of 135 ponds, are wet ponds followed by dry ponds (18 ponds),
dry storage ponds (13 ponds), ponds receiving wastewater (11 ponds) and the least common
pond type is wet storage ponds (7 ponds). When examining the age distribution, it
becomes apparent that most of the ponds are quite old with 91 of the 135 ponds being
above 16 years old. There are 13 ponds in the interval 11–15 years, after which there are
20 ponds in the age interval 6–10 years and only 11 ponds are between 0–5 years old. The
catchment type distribution shows that most of the ponds (44) receive water from an urban
catchment area. After the urban catchment the most common catchment type is the mixed
catchments (22 ponds). The industrial and green area catchments have only 10 and 3 ponds,
respectively. Regarding the pond ratio (volume to impervious catchment area) a majority
of the ponds are quite small compared to their catchment; thus, 35 ponds have a ratio
< 150 m3 red·ha−1. There are only 4 ponds in the interval 150–250 m3 red·ha−1 and the
remaining 20 ponds have a ratio >250 m3 red·ha−1. To determine whether the ponds in the
different catchment types differ significantly from one another, a range of parameters was
determined for each pond (Table 1).

Table 1. Characteristics of all ponds: The four catchment types with corresponding average age (years), average surface or
bottom area (m2), average ratio and average distance from inlet to outlet (m). All parameters are shown with ranges (incl.
min-max) and standard deviation (SD). Ponds in series connections is excluded. Selected experimental ponds: The four
catchment types with average and ranges (incl. min-max) of age (years), pond surface- or bottom area (m2), volume (m3),
ratio and distance from inlet to outlet (m).

Summary of Characteristics for All Ponds

Catchment
Type No. Age

(Years) Water Surface/Bottom Area (m2)
Ratio

(m3 red·ha−1) *

Distance from
Inlet to Outlet

(m)

Urban 44
avg ±SD 31 ± 15 1159 ± 2357 361 ± 969 49 ± 68

Range 2–58 10–1156 4–5015 10–379

Industry 10
avg ±SD 27 ± 19 1974 ± 1840 290 ± 421 45 ± 22

Range 5–57 131–5709 18–1286 23–81

Green area 3
avg ±SD 17 ± 23 16,712 ± 25,948 2234 ± 1729 157 ± 107

Range 2–44 49–46,609 1012–3457 81–233

Mixed 22
avg ±SD 23 ± 15 1618 ± 3693 361 ± 738 37 ± 27

Range 5–54 16–17,701 30–3062 1–85

Selected 12 Experimental Ponds

Catchment
Type No. Age (Years)

Water
Surface/Bottom

Area (m2)

Volume
(m3)

Ratio
(m3 red·ha−1) *

Distance from
Inlet to Outlet

(m)

Urban (Ur) 4
Average 18 3729 1418 671 119
Range 2–34 107–12,181 16–5116 6–2522 10–379

Industry (In) 2
Average 6 3462 2089 169 53
Range 5–7 1215–5709 753–3425 29–309 29–77

Green Area
(GA) 2

Average 18 24,035 23,756 1756 131
Range 2–34 1689–46,380 1132–46,380 72–3440 28–233

Mixed/Dry
(Mi/Dp) * 4

Average 18 3770 2311 3005 84
Range 6–50 470–11,240 1249–3372 18–5992 26–171

* only wet ponds.

Ponds in the industrial and mixed areas had similar age ranges with, respectively,
27 years (ranging from 5–57 years) and 23 years in average (ranging from 5–54 years). The
urban ponds were on average older than the mixed and industrial ponds with an average
age of 31 years, but a comparable range of 2–58 years. The ponds in the green areas were
the youngest with an average age of 17 and a smaller range of 2–44 years. Concerning
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the surface/bottom area of the ponds the green ponds are the largest with an average of
16,712 m2, ranging from 49–46,609 m2. The green ponds are followed by the mixed and
industrial ponds with similar average sizes of 1618 m2 and 1974 m2, respectively. The
mixed and industrial ponds have very different ranges though, with the industrial ponds
having the lowest range of 131–5709 m2 and mixed with the largest range of 16–17,701 m2.
The urban ponds are the smallest with an average of 1159 m2, but with a rather large
range of 10–11,558 m2. For ratio and distance between inlet and outlet the green ponds
are the largest with an average ratio of 2234 m3 red·ha−1 and a distance of 157 m. Urban
and mixed ponds have a similar ratio of 361 m3 red·ha−1 on average and the industrial
ponds are the smallest with a ratio of 290 m3 red·ha−1. The urban and industrial ponds
have similar lengths from inlet to outlet-49 and 45 m, respectively, while the mixed ponds
have the shortest distance of 37 m. There were found to be no significant differences
between pond age in the different catchment types, but significant differences were found
between the ponds in the green areas and the other catchment types with respect to water
surface/bottom area, ratio and distance between inlet to outlet (Table 2).

Table 2. Oneway-ANOVA test of differences between the catchments area industry, urban, mixed and green areas for the
parameters Bottom/surface area (m2), ratio (m3 red·ha−1) and distance from inlet to outlet (m). Diff of means and p-value incl.

Bottom/Surface Area (m2) m3 red·ha−1 **
Distance from
Inlet to Outlet

Comparison Diff of Means p Diff of Means p Diff of Means p

Industry vs. Urban 814.81 0.955 78.26 0.994 3.67 0.869

Industry vs. Green Area 14,738.16 <0.001 * 1952.35 0.027 * 111.97 0.054 *

Industry vs. Mixed 355.39 0.854 71.60 0.978 8.12 0.93

Mixed vs. Urban 459.42 0.926 6.66 0.98 11.79 0.864

Mixed vs. Green Area 15,093.55 <0.001 * 1880.75 0.03 * 120.09 0.033 *

Urban vs. Green Area 15,552.97 <0.001 * 1874.09 0.029 * 108.30 0.05 *

* Significantly different; ** only wet ponds.

3.2. The 12 Experimental Ponds

The 12 selected ponds vary in age and size (Table 1). The ponds in urban, mixed and
green areas are on average 18 years and range from 2–34 years). Though the range is a bit
larger for the ponds in the mixed areas (6–50 years). The industrial ponds are younger with
an average age of 6 years and a range of 5–7 years. The ponds in the green areas are the
largest both regarding surface/bottom area and volume with an average of 24,035 m2 and
23,756 m3, respectively. The urban, industry and mixed ponds have similar surface areas
of 3462 to 3770 m2 on average. The ratio is highest for the mixed areas with an average
ratio of 3005 m3 red·ha−1, followed by the ponds in the green areas with an average of
1756 m3 red·ha−1. The urban and industrial ponds are the smallest with averages of 657 m3

red·ha−1 and 169 m3 red·ha−1, respectively.
Regarding the distance from the inlet to outlet the ponds in green areas have the

largest distance with an average of 130 m, followed by the urban ponds, the mixed and
industrial with an average length of 118, 83 and 53 m, respectively.

The 12 selected ponds are generally larger compared to the average of the municipal
ponds, especially the mixed and urban ponds have a larger ratio (46–88% larger) and
greater distance, 56–59%, from the inlet to outlet. Age fits somewhat with the municipal
averages, except for the industrial ponds which are newer. In almost all cases (except for
ratio and distance from inlet to outlet for the mixed ponds), all values fall withing the
SD value. It is therefore concluded that these ponds are decent representatives for the
conditions in the different catchments for Odense municipality.
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3.2.1. DW, OM and TP
Catchment Classification

When displaying DW (%), OM (mg OM/g DW) and TP (mg TP/g DW) and classifying
the ponds after catchment types, differences between the ponds were observed. These
differences are shown in Table 3, but only for the inlet areas as the outlets did not yield
any significant differences. The DW in the inlet areas tend to be higher in the urban and
green ponds compared to the industrial and mixed ponds. For 3 of the 4 urban ponds
(Ur2, Ur3 and Ur4) the average DW was 76.2% (69.8% if Ur1 is included) compared to
an average DW in the industrial and mixed ponds of 41.8% and 50%, respectively. The
green ponds were close to the values of the urban ponds with an average of 73.3%. These
differences in inlet area DW, however, were not significant (Table 3). DW in the outlet
areas were generally lower than in the inlet areas. The DW was on average 38% in the
outlet areas of the urban ponds, while the corresponding DW was 43–48% in the remaining
ponds. These differences between the inlet and outlet area were significant (p = 0.019)
(Figure 3A, Table 4). For OM, there was a tendency for industrial and mixed ponds to
have a higher OM content in the inlet area compared to the content in the inlet areas of
urban and green ponds. The average OM content in the inlet area for industrial and mixed
ponds were 117 mg OM/g DW, while in the urban and green ponds it was 37 mg/g DW
and 29 mg/g DW, respectively. OM in the outlet area was generally higher compared to
the content in the inlet areas with the urban and green ponds having the highest average
content of 135 mg OM/g DW and 122 mg OM/g DW, respectively. In the industrial and
mixed ponds, the average outlet area content was 107 mg OM/g DW and 94 mg OM/g DW.
There was a significant difference between the OM content in the inlet- and outlet areas
for the urban ponds (p = 0.022) (Figure 3A, Table 4). TP tend to be higher in the industrial
and mixed ponds compared to the urban and green ponds. The average TP content in
industrial and mixed ponds were 1.2 and 1.0 mg TP/g DW, respectively, while the urban
and green ponds had, on average, lower contents of 0.4 and 0.6 mg TP/g DW, respectively.
This difference in TP contents in the inlet area was significant, with higher TP in industrial
ponds compared to urban (p = 0.009) and green ponds (p = 0.041). The mixed ponds had a
significantly higher TP content in the inlet area compared to the urban ponds (p = 0.009)
and showed the same tendency compared to the green area ponds (p = 0.064) (Table 3).
Concerning the outlet area, the TP content was similar for all catchment types with values
between 0.9–1.3 mg TP/g DW with the mixed ponds having the highest content (Table 4).
A significant difference between the TP content in inlet and outlet areas in the urban ponds
(p = 0.029) was found (Figure 3A, Table 4).

Table 3. One-way ANOVA test of differences in DW and metal content (Zn, Cu, Cr and Pb) in inlet
areas versus catchment types industry, urban, mixed and green areas.

DW TP Zn Cu

Comparison p-value

Industry vs. Urban 0.066 0.009 * 0.026 * 0.011 *

Industry vs. Green Area 0.062 0.041 * 0.029 * 0.013 *

Industry vs. Mixed 0.600 0.575 0.208 0.059

Mixed vs. Urban 0.085 0.009 * 0.170 0.272

Mixed vs. Green Area 0.076 0.064 0.166 0.206

Urban vs. Green Area 0.693 0.382 0.552 0.480
* significantly different.
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Figure 3. DW (top), OM (middle) and TP (bottom) in the sediment (mg/g DW) in the ponds inlet and outlet areas classified by
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Table 4. Results of a Student’s t-test between the DW [%], OM, TP [mg/g DW], Al, Zn, Cu, Cr, Cd and Pb [mg/g DW]
content in the inlet and outlet compared.

DW OM TP Al Zn Cu Cr Cd Pb

p-value

All catchments 0.019 * 0.071 0.078 0.185 0.383 0.295 0.323 0.138 0.069

Urban 0.019 * 0.022 * 0.029 * 0.074 0.289 0.142 0.0799 0.0594 0.089

Industry 0.467 0.427 0.360 0.488 0.460 0.415 0.461 0.478 0.913

Green area 0.242 0.233 0.316 0.311 0.250 0.247 0.267 0.211 0.230

Mixed 0.363 0.285 0.239 0.306 0.343 0.453 0.373 0.359 0.270

* significantly different.

Effect of Pond Volume Versus Impermeable Catchment Area

DW, OM and TP content in the sediment are partly affected by the ratio of volume
versus catchment area. The DW in the inlet and outlet areas showed different tendencies.
The inlet area DW does not seem to change with increasing ratio (on average 62% DW for
ponds <250 m3 red·ha−1 and 60% for ponds >250 m3 red·ha−1). DW in the outlet area tend
to increase with higher ratio, with on average 30% DW for ponds <250 m3 red·ha−1 and
DW and 60% for ponds >250 m3 red·ha−1. This notion of higher DW with higher ratio in
the outlet area was close to being significant (p = 0.052).
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OM in the inlet areas did not change with increasing ratio. However, a strong tendency
for lower OM in the outlet areas with higher ratio was observed. OM in the outlet area was
lower for the ponds <250 m3 red·ha−1 (average 163 mg OM/g DW) compared to the ponds
with ratio >250 m3 red·ha−1 (average 52 mg OM/g DW). This was a significant logarithmic
correlation (p = 0.033).

In the outlet areas TP showed a tendency to be negatively correlated to higher ratio.
The average TP in the outlet area decreased from 1.3 mg TP/g DW for <250 m3 red·ha−1

to 0.6 mg TP/g DW for >250 m3 red·ha−1. This showed to be a significant logarithmic
correlation (p = 0.037). No such tendency was observed for the inlet area which had similar
averages for <250 m3 red·ha−1 and >250 m3 red·ha−1 of 0.7–0.8 mg TP/g DW (Figure 3B).

Impact of Pond Age

The DW, OM and TP sediment content was increasing with age. For 3 of the 4 oldest
ponds a large difference in DW between the inlet and outlet areas were observed in the
ponds. DW for the inlet area averaged 70% and the outlet area averaged 28%. For the ponds
in age interval 0–5 years the DW in the inlet area was on average higher compared to the
outlet, with an average DW of 60% in the inlet areas and average DW of 53% for the pond’s
outlet area. For the ponds in the 6–10 years interval, it was roughly the same average DW
for both the inlet and outlet areas (47–49%). This tendency towards lower DW content in
the outlet areas with higher age was a significant logarithmic correlation (p = 0.024). OM
did not show such tendency in the inlet area, but a similar tendency towards higher OM
with higher age in the outlet areas. Average OM for the ponds <10 years was 85 mg/g DW
which increased to 173 mg/g DW for the ponds >11 years. This tendency towards higher
OM in the outlet area with higher age was a significant logarithmic correlation (p = 0.014).
A similar tendency for TP in the pond’s outlet areas was found. TP in the outlet areas
increased from 0.7 mg TP/g DW (0–5 years) to 1.0 mg TP/g DW (6–10 years) and 1.5 mg
TP/g DW for ponds >11 years (Figure 3C). This tendency towards higher TP in the outlet
areas with higher age was a significant logarithmic correlation (p = 0.026).

3.2.2. Metals
Effect on Metal Content by Catchment Type

Tendencies of different metal content in the ponds with different catchment areas was
shown when classifying the ponds after catchment types (Figure 4A). In the urban ponds,
there was a higher Al content in the outlet area compared to the inlet area for three of
the ponds. The outlet area of these ponds had an average Al content of 16 mg Al/g DW
compared to 9 mg Al/g DW in the inlet area. In addition, the mixed ponds had an inlet area
average Al content 9 mg Al/g DW, compared to the industrial and green area ponds with
8 and 2 mg Al/g DW, respectively. Concerning the outlet area, the industrial and mixed
ponds had an Al content of 7 mg Al/g DW and 8 mg Al/g DW, respectively, whereas
the ponds in green areas only had on average 3 mg Al/g DW. Though not statistically
significant (p = 0.074), a strong tendency was observed towards higher Al contents in the
outlet area of urban ponds compared to the inlet area (Table 4).

In addition, significant differences in Zn content between ponds with different catch-
ment areas were found. There was a tendency of the Zn content being higher in the
industrial ponds compared to the urban-, green area- and mixed ponds. The industrial
ponds had an average Zn content of 1.06 mg Zn/g DW in inlet area and 0.97 mg Zn/g
DW in the outlet area. Following the mixed ponds had an inlet area content of 0.57 mg
Zn/g DW and an outlet area content of 0.49 mg Zn/g DW. In the urban ponds the average
inlet area Zn content was 0.23 mg Zn/g DW and a bit higher in the outlet area (0.32 mg
Zn/g DW). The green area ponds inlet area contents were generally lower compared to
the other ponds, with an average of 0.09 mg Zn/g DW. The outlet area of the pond GA1
had the lowest Zn content, of all the ponds (0.008 mg Zn/g DW). The industrial ponds
had a significantly higher Zn-content in the inlet area compared other catchment types
(p = 0.0026 versus urban ponds, p = 0.029 versus green areas) (Table 3).
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Figure 4. Al, Zn, Cu, Cr, Cd and Pb (mg/g DW) content from the ponds inlet and outlet areas
classified by the catchment types urban, industry, green areas and mixed (A), ratio intervals (<250 m3

red·ha−1 and >250 m3 red·ha−1) (B) and age in the intervals 0–5 years, 6–10 years and >11 years (C).
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For the metals Cu, Cr, Cd, Pb there seem to be differences in the content based on
the catchment types. The most notable difference was found in the inlet area of industrial
ponds with Cu, Cr and Pb contents, being higher compared to the other ponds. The average
content in inlet areas of the industrial ponds were 0.14 mg Cu/g DW, 0.06 mg Cr/g DW
and 0.05 mg Pb/g DW, while the collective average inlet area content for the remaining
ponds were 0.04 mg Cu/g DW, 0.02 mg Cr/g DW and 0.03 mg Pb/g DW. There was a
significant difference concerning Cu between the industrial ponds and the ponds with
other catchment types (Table 2).

For 3 of the urban ponds there was a higher content of Cu, Cr and Cd in the pond’s
outlet area (0.06 mg Cu/g DW, 0.04 mg Cr/g DW, 0.002 mg Cd/g DW and 0.10 mg Pb/g
DW) compared to the inlet area (0.02 mg Cu/g DW, 0.01 mg Cr/g DW, 0.001 mg Cd/g DW
and 0.03 mg Pb/g DW), though this turned out not to be a significant difference. There
were no significant differences concerning metal contents in the outlet area and different
catchment types (Table 4).

Ratio Impact on Metals Contents

Metal content in the sediment tends to be affected by the ratio between the ponds
volume and the impervious catchment area (Figure 4B). Aluminum content in the ponds
with a ratio <250 m3 red·ha−1 was higher in the outlet area (11 mg Al/g DW) compared to
the inlet area (7 mg Al/g DW), but in the ponds with a ratio >250 m3 red·ha−1 there was no
difference between the average Al content in the inlet area (9 mg Al/g DW) and outlet area
(9 mg Al/g DW). For Zn a slightly lower content in the outlet area with higher ratio was
observed, with an average of 0.20 mg Zn/g DW less Zn in the outlet area compared to the
inlet area, however, not a significant decrease (p = 0.143). For Cu, Cr and Pb there was an
overall tendency towards a higher metal content in the ponds with ratio <250 m3 red·ha−1

in the inlet area with a difference of 0.03 mg Cu/g DW, 0.01 mg Cr/g DW, 0.0006 mg Cd/g
DW and 0.02 mg Pb/g DW) and the outlet area (0.07 mg Cu/g DW, 0.03 mg Cr/g DW,
0.0013 mg Cd/g DW and 0.04 mg Pb/g DW), but no significant differences between the
inlet and outlet area contents in neither category were observed. Especially the Cu and
Cr contents in the outlet shows a tendency towards a lower content with a higher ratio
(logarithmic decrease). However, no significant correlation was observed for neither Cu
(p = 0.086) or Cr (p = 0.148). For Cd and Pb there was a strong tendency towards a lower
content in the ponds with a higher ratio. Especially in the outlet area which showed a
significant logarithmic decrease for Cd (p = 0.034) and an almost significant logarithmic
decrease for Pb (p = 0.097).

Impact of Pond Age on Metals Content

The metals content tends to increase with higher pond age, with 3 of the 4 ponds > 11 years
having vastly higher metal contents in the outlet area compared to the inlet areas (Figure 4C).
These three old ponds (Ur3, Ga2 and Ur2) had Al and Zn contents in the outlet area which
was 10 mg Al/g DW and 0.45 mg Zn/g DW higher than the inlet area content. Copper,
Cr, Cd and Pb content in the outlet areas was also higher than the inlet area contents with,
respectively, 0.064 mg Cu/g DW, 0.027 mg Cr/g DW, 0.0014 mg Cd/g DW and 0.078 mg
Pb/g DW, but not significantly. For Pb, there was a strong tendency towards a higher Pb
content in the outlet areas compared to the inlet areas with higher age. The Pb-content in
the outlet areas increased logarithmically with age, though not significantly (p = 0.07), but
a strong tendency. This correlation is assumed to be due to Denmark’s previous use of
leaded gasoline [45].

3.2.3. Biodiversity
Water Phase

Catchment classification:
S, N, H’ and J were determined for 10 wet ponds and 2 dry ponds (Figure 5A). For the

wet ponds, this part only consists of the species found in the water phase, while for the dry
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ponds, it is the total number of species. For 6 of the 10 wet ponds, there was found a higher
number of S in the inlet area compared to the outlet area.

Figure 5. S (top), N (top-middle), H’ (middle-bottom) and J (bottom) in the inlet and outlet water phase for wet ponds and
collectively for dry ponds, classified by the catchment areas: Urban, industry, green areas and mixed (A), ratio (m3 red·ha−1)
in the intervals <250 m3 red·ha−1 of >250 m3 red·ha−1 (B) and age in the intervals 0–5 years, 6–11 years and >11 years (C).

S, N, H’ and J were similar for all inlet areas with an average of 12–14 species. The dry
ponds had a higher number of species with 38 species in GA1 and on average 31 species in
Dp1 and Dp2. Most individuals were found in the industrial and mixed ponds with an
average of 524 and 574 N, respectively, followed by the green ponds (447 N) and fewest
individuals were found in the urban ponds (237). The dry ponds had fewer individual
animals compared to the wet ponds with 100 individuals in GA1 and an average of 128 in
Dp1 and Dp2. H’ was on average highest for the industrial ponds with 1.8, followed by the
green area ponds (1.6), urban (1.5) and mixed (1.4). The dry ponds had a higher H’ than
the wet ponds with 3.2 for GA1 and a lower average for the mixed Dp1 and Dp2 (2.3). J
was highest for the industrial ponds with 0.7, whereas the other ponds had an average of
0.6. The dry ponds had J comparable to the wet ponds, although a bit higher with 0.9 for
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GA1, which was the highest J measured for any of the ponds. For the dry mixed ponds,
the average J was 0.7, which is still in the high end. The conditions in the outlet areas of
urban ponds were similar to the inlet area with S = 12, but more individuals (398 N) and H’
and J was the same as the inlet area with 1.5 (H’) and 0.6 (J). For the industrial ponds S and
N were both overall higher (S = 17 and N = 635), but H’ and J were lower (H’ = 1.2 and
J = 0.5). The green ponds had lower S and N in the outlet area compared to the inlet area
(S = 9 and N = 194), but with similar H’ and J of 1.5 and 0.7, respectively. All values were
lower for the mixed ponds outlet areas with S = 8, N = 422, H’ = 1.0 and J = 0.4 (Figure 5A).
Despite the described differences in S, N, H’ and J between the inlet and outlet areas, no
significant differences were found.

Ratio impact on biodiversity:
In general, fewer species were found in the ponds <250 m3 red·ha−1 both concerning

inlet area (12 S) and outlet area (9 S), while for ponds with a ratio >250 m3 red·ha−1 S
was on average 16 both for inlet and outlet areas (Figure 5B). There was a logarithmic
tendency towards higher S with higher ratio for both inlet and outlet areas. A higher N
was found in ponds with ratio <250 m3 red·ha−1 both in the inlet (441 N) and outlet area
(506 N) compared to the ponds with ratios >250 m3 red·ha−1 which on average had 379 N
in the inlet area and 335 N in the outlet area, but no significant tendency. For H’, there
was not found any changes with ratio in the inlet areas and the average H’ was 1.6 for
both ratio categories. H’ for the outlet areas tend to be lower for the <250 m3 red·ha−1

with an average of 1.1, compared to the ponds with >250 m3 red·ha−1 with on average
1.7. This tendency of higher H’ in the outlet area with higher ratio was a logarithmic
correlation close to significant with p = 0.06. For J no correlations neither at inlet nor outlet
were observed.

Impact of age
There was a clear tendency towards lower numbers of animal species in both the

inlet and outlet areas with age (Figure 5C). At the inlet area the average number of species
for 0–5 year and 6–10 year old ponds were 16 S, but the average dropped to 9 species for
the ponds >11 years old. For the outlet area the average number of species for 0–5 years
and 6–10 years was similar with 14 S and 18 S, respectively, but like for the inlet area,
the average dropped to 6 species for the ponds >11 years old. Lower numbers of species
with increased age were significant both at the inlet area (p = 0.04) and at the outlet area
(p = 0.006). There was also a tendency towards fewer individuals with increasing age. For
both the inlet and outlet the average number of individuals was about 500 for 0–5 year and
6–10 year old ponds, but dropped below 300 individuals for >11 year old ponds, but not
significant correlations. The decreasing tendency with age seen for S and N was also the
case for H’, though more pronounced at the outlet than the inlet. At the inlet the average
H’ for 0–5 year and 6–10 year old ponds were 1.6 and 1.8, respectively, but decreased to 1.4
for the >11 years ponds. As mentioned, this tendency was much more prominent at the
outlet which had an H’ for 0–5 year and 6–10 year old ponds of 1.7 and 1.5, respectively,
which decreased drastically to 0.9 for the >11 years ponds. This decrease seen in the outlet
was significant (p = 0.01). The decreasing biodiversity with age was not as prominent for J.
At the inlet the average J was 0.6 across all age intervals. The tendency was a little stronger
with decreasing J against age at the outlet which dropped to 0.5 from 0.6 for ponds >6 years
(Figure 5C).

Correlations between water phase biodiversity and DW, OM, TP and metals.
Linear and logarithmic regression between the water phase biodiversity (dry ponds

not included) and sediment content of DW (%), organic content and TP yielded different
results for the inlet and outlet. In the inlet area, N was the only factor affected. N decreased
versus increasing DW (p = 0.026) but increased in response to higher organic content
(p = 0.03). N also increased in response to higher TP (p = 0.07), though not significantly.
In the outlet area S and H’ as a function of TP decreased with increasing TP-content
significantly (p = 0.006 (S) and p = 0.007 (H’)). S, N, H’ and J in the inlet and outlet were
also tested versus the sediment metal content. None of the correlations were significant
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for the inlet area, but H’ decreased logarithmically with increasing metal contents of Zn
(p = 0.03) and Cu (p = 0.08) in the outlet area.

Sediment

The largest number of different species were found in the ponds with mixed catch-
ments (seven species), followed by the ponds with urban catchments (two to five species).
The ponds with green catchment areas had three to four species and the industrial ponds
had the lowest S with only one to two species (Figure 6).

Figure 6. S in sediment categorized after the catchment types urban, industry, green area and mixed
without dry ponds.

Distribution of Species in Water Phase

It was varied which animals were the most common in the ponds with different
catchment areas, when looking at the animal distribution at the inlet and outlet area
collectively (Figure 7). Haplotaxida, primarily with species of naididae and tubificidae,
was found in all the ponds. Haplotaxida was the most dominant family descending in the
order of mixed (67%) >> industrial (55%)> urban (21%). For Green areas, haplotaxida was
also the dominant family (50%), but for the pond GM1 the species Chaotogaster diaphamus
did comprise 15% of the collected haplotaxida. Diptera was also found in all catchment
types in descending order of industrial (20%) >> urban(17%) > green areas (15%) > mixed
(15%). Cyclopoida was found in descending order in the catchments urban (33%) >>
mixed (11%) > industry (9%). Isopoda was found in much smaller quantities in urban
(2%) >> green areas (2%) > industry (1%). Cladocera was found in mixed (5%) and
industry (1%), crustacea in urban (3%) and industry (3%), lumbriculida in urban (2%) and
industry (2%). Ephemeroptera was only found in urban (5%) and green areas (1%). Some
animals were found exclusively in one catchment type. Diplostraca was only found in the
urban catchment (13%). The animals of amphipoda (3%), hydroida (3%), nematoda (2%),
pulmonata (20%) and trichoptera (1%) was only found in the green areas. Lastly, sphaeriida
(3%) and hemiptera (1%) were found only in the industrial ponds.

Correlations between Biodiversity and Ratio, Age, DW, Organic Content, TP and Metals

The linear regression analysis between S versus ratio and age gave for ratio a signifi-
cant relation (p = 0.04), while the relation with age was not significant (p = 0.88). Linear
regression between S, H’ and J versus DW (%) and organic content and TP (mg/g DW)
yielded quite different results. For S, H’ and J versus DW (%) there were no correlations,
while S as a function of organic content showed a tendency towards decreasing S with
increasing organic content; however, this was not significant (p = 0.300). For S, H’ and J
as a function of TP all parameters decreased with increasing TP-content and very close
to significant (p = 0.09 (S), p = 0.07 (H’) and p = 0.05 (J). S, N, H’ and J were also tested
versus the sediment metal content. None of the correlations were significant, but S and
H’ tend to decrease linearly with increasing metal content, except for Al which showed
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the opposite trend, but not significantly. S decreased linearly with increasing Cu and H’
decreased logarithmically with increasing Cu and Zn. J also decreased logarithmically with
increasing Cu and Zn.

Figure 7. Invertebrate distribution (%) of total number of animals found in inlet- and outlet areas
collectively of each catchment area. With indication of the maximum and minimum number of
animals found with standard deviation.
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4. Discussion
4.1. Summary of Pond Characteristics

The expected prevalent presence of ponds with urban and mixed catchments was
confirmed by the order urban >> mixed > industrial > green. As the study was conducted
in the Odense municipality and most of the ponds are placed outside the city center, this
was expected. There are only few ponds in the central city, due to the common sewer
systems in the older city parts. The summary revealed that a majority of the ponds have
a ratio below 150 m3 red·ha−1 and an age above 16 years since construction. This result
illustrates, as expected, that many of the ponds are old because stormwater ponds have
been considered BAT for decades. However, it also illustrates another tendency: many
ponds were, especially earlier, designed too small to ensure a sufficient retention time for
effective settling of particles. This can potentially increase the risk of insufficient removal
of pollutants in the ponds. However, it is more recent that pollutant removal has been
prioritized too and where a ratio of >250 m3 red·ha−1 is necessary for sufficient settling.
Many stormwater ponds were originally built exclusively to store and delay stormwater
during rain events for hydraulic reasons. Therefore, it was not necessary to build them
larger at that time. Nevertheless, with the new expectations to both storage and treatment,
many existing ponds are too small. When comparing ponds in different catchment areas,
no significant differences with regards to age and distance from pond inlet to outlet were
observed and only the ponds in the green areas were significantly different with regards to
surface/bottom area and ratio. However, the significant difference between the ponds in
green areas and the other ponds are not indicative for several reasons, but mainly because
of pond GM1. Pond GM1, also referred to as “Lake Glisholm”, is an enormous stormwater
pond with a surface area of 46,609 m2 and the capacity to store 87,000 m3 of stormwater [46].
It was built as a mitigating measure to limit hydraulic effects on stream Lindved and avoid
flooding [46,47]. At the time of examination GM1 only received diffuse runoff from the
catchment area which largely constitutes uncultivated area and the pond was filled with
groundwater and surface runoff. However, this is changing as the catchment area is
developing and all the impermeable areas are established. Then, the catchment type will
change to “industrial” when construction completes.

In conclusion, the catchment type is evidently not considered when designing the ponds.

4.2. Experimental Ponds
4.2.1. Catchment Types

The inlet- and outlet areas in the urban ponds follow opposite trends with minero-
genic sediment in the inlet area and organogenic sediment in the outlet area. The signif-
icantly higher DW content in the inlet area could indicate that more or larger particles
washed out from the catchments are settling there. These particles most likely stem from
road/pavement surfaces and the OM is most likely plant material that washed off the
surfaces during rain events. It might also indicate that storm events cause resuspension in
the inlet pond areas, flushing smaller particles and organic materials to the outlet area and
leaving the heaviest particles. This could be remedied by further reducing the water veloc-
ity when entering the pond, such as implementing large rocks or other obstacles [47,48].
Industrial and mixed ponds had higher TP contents in the sediments compared to urban
and green areas and significantly higher content in the outlet area. This is expected as
smaller particles and organic content accumulates in the ponds’ outlet areas and P is often
bound to small particles. This corresponds with our hypothesis that higher contents of
pollutants might be found in ponds with industrial and mixed catchments, because higher
contents of metals and TP are often found in areas most affected by human activities-such as
industrial complexes and roads with heavy traffic. Egemose et al. [19] and Göbel et al. [21]
had similar findings. The metals content indicated the same trend with the industrial
ponds being most heavily affected by the metals Zn and Cu, but not with a significantly
different content between inlet and outlet areas.
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For Al there was also a tendency towards higher outlet area content compared to
the pond inlet areas, which seem to be most prevalent for the urban catchments. The
high content might be due to aluminum being one of the most commonly used metals
in Denmark (ex. vehicles, packaging, construction) and is also naturally found in the
ground [49,50]. Aluminum and other metals will degrade over time and be deposited on
to roads and other surfaces at which point it can be washed into the ponds. The tendency
towards higher content in the outlet area might indicate that metals are not settling equally
in the whole pond and/or are accumulating or being flushed towards the pond’s outlet
area due to insufficient retention time. Aluminum may be bound to clay particles, which
are very small/light and would require a long residence time to settle and this makes
resuspension very likely to occur [49].

The industrial and mixed ponds tend to have higher metal, OM and TP contents in
the outlet area, even with ratios > 250 m3 red·ha−1. This increases the risk of flushing
pollutants from the ponds during large and intensive events. A suggestion could be to
increase the retention time by prolonging the water distance through the ponds. This might
be done by introducing more obstacles in the ponds such as small islands or large rocks,
especially in the inlet area. Installing a baffle that will act as a physical barrier between the
pond inlet and outlet areas is also an option. The baffle forces the water through, above
or around the barrier and further increases the residence time [48]. Lake Glisholm is an
example of a stormwater pond in which a baffle between the inlet area and the rest of the
pond has been installed [46]. It would also be prudent to ensure a depth of 1 m to maintain
the planned ratio and residence time and lower the resuspension risk. Ponds get filled with
sediment due to settling of particles over time, which reduces the residence time and the
originally designed ratio.

4.2.2. Ratio and Age

The outlet area contents of DW showed a tendency to increase with higher ratio, while
OM and TP decreased significantly with higher ratio in the outlet area. The same significant
correlations were not found for the metals, but some trends were observed. Outlet area
content of Zn support the previous findings of Egemose et al. [19] and Mallin et al. [51],
who showed a metal content drop with higher ratio, though not significantly in this study.
The metals Cu, Cr, Cd and Pb also showed the expected content decrease with increasing
ratio, which was significant for Cd. Egemose et al. [19] found contents that were a bit lower
but close to the contents found in this study. Zinc loads especially were much higher for
several ponds in Odense. Egemose et al. [19] examined ponds in Aabenraa in the Danish
region of Southern Jutland which has a population density approx. ten times lower than
that of Odense. This could indicate that the general metal load from the catchment is higher
in Odense compared to Aabenraa. These lower contents of particles and pollutants in
the outlet areas of the ponds with higher ratios confirm our hypothesis and is assumed
to be because of the comparably greater volume in the ponds for dispersion of incoming
particles. This also results in a longer residence time and, thus, higher chance of small
particles to settle in the pond instead of accumulating in the outlet area.

Metals are often bound to particles <63 µm, which might be why there was an observed
tendency of Zn, Cu, Cd and Pb contents being higher in the outlet areas of older ponds.
Lead showed the strongest tendency to increase with age. This might be explained by the
3 ponds Ur3, Ga2 and Ur2 that are 34 to 50 years old. These ponds were, thus, constructed
and in use, while leaded gasoline was still in use in Denmark. Lead-fuel was banned in
1994 [45] but because these ponds have accumulated sediment during their entire lifetime,
it is stipulated that this Pb-content is the remnants of this former practice. This paper did
not demonstrate any significant correlation between age and metal contents, possibly due
to the low number of examined ponds. Egemose et al. [19] did however, find such a trend.
This tendency of pollutant accumulation in the outlet areas with age might be explained by
a limited retention potential. Sønderup et al. [18] demonstrated a significant decrease in
retention (%) over time due to buildup of particles through sedimentation, which may in
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turn lead to increased resuspension. Because TP, OM and metals are often bound to very
small particles they are more likely to be flushed to the outlet area and risk flushing out
from the ponds. This could potentially affect downstream ecosystems negatively.

Other communities might also be affected. The effect of stormwater discharge on
the microbial community is not a well examined area, but several papers have concluded
that surface water pollution can lead to shifts in the microbial community [27,52–54]. A
previous study has demonstrated that ponds used for raising grass carps (Ctenopharyngodon
Idella) can have varying bacterial abundance in response to temperature and oxygen
availability [55]. It is likely that the same is the case for stormwater ponds though not many
studies have been made on the bacterial abundance or composition in stormwater ponds
per se. Studies have indicated that stormwater ponds are not efficient in retaining bacteria,
in particular those related to fecal matter, showing at most a 23% removal efficiency [56].
This was stipulated to be due to these bacteria often being bound to fine particles, such
as TP, OM and metals can be, which likewise need a long residence time to settle [57].
This is another reason why a proper ratio between the reduced catchment area and wet
volume is needed for the ponds to fulfill their purpose of protecting the downstream
environment. However, it is an area that requires further study. Sønderup et al. [18] and
Egemose et al. [19] concluded that separately high age and low ratio limits retention of
nutrients, organic content and metals and in this study it is most likely the combined effects
of low ratio and high age.

4.3. Biodiversity
4.3.1. Impact of Ratio and Age on Biodiversity in Water Phase and Sediment

S and H’ increased with higher ratio, but only significantly for S in the sediment. This
was expected as a larger ratio could mean more niches, but also, as previously shown,
a decrease of pollutants. Mackintosh et al. [58] made a similar correlation and found a
negative correlation between S and total catchment imperviousness. It was hypothesized
that this correlation might be due to the chemical and physical stress urbanized catchment
can induce upon a wetland, meaning fewer species and the domination of the invertebrate
population by more pollution tolerant species [59]. Mackintosh et al. [58] found a domi-
nation of the more tolerant species compared to the more sensitive ones. In our study the
effect of age on biodiversity was very different, both from the observed effect of ratio and
between the water phase and sediment.

For S, there was a significant decrease with age for both inlet and outlet areas. For
H’, a significant decrease in the outlet area was also observed. This might be due to the
observed increase in metals, TP and OM with age and the tendency towards decreasing
biodiversity in relation to it. This might also explain the lack of animals in the water phase.

However, the sediment biodiversity is unaffected by age. The same tendency as for
the water phase was expected for the sediment. That this was not the case might indicate
that even though there are negative effects that can be related to age since construction, this
does not ultimately affect biodiversity. Sun et al. [60] had similar findings and concluded
that pond age has a relatively low impact on the biodiversity. Invertebrate life is quite
versatile and it is likely that this change in the ecosystem happens slowly enough to ensure,
that the animals have time to adapt, or that the toxicity levels do not affect the lifespan or
reproduction of the animals. Many of the invertebrates found in the sediment (regardless of
pond age) were already well adapted to anoxic events and high toxicity (tolerant species),
which will be discussed more in the next section.

As previously shown, TP and OM decrease with higher ratio and the same tendency
towards S, H’ and J decreasing with higher TP in the sediment was also found. S also
decreased with higher OM, while H’ and J were unaffected. Higher TP and OM likely
gives rise to anoxic episodes because TP can cause algae blooms and OM requires oxygen
for decomposition, making it difficult for invertebrates that are not anoxic tolerant species
to survive. S and H’ for the water phase was also tested with respect to TP and found
to be decreasing with increasing TP content. N increased with TP though. This indicate
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that the sediment pollutant contents are not restricted just to the bottom surface, but
translate to the water phase too. The higher N indicates this too, because when a higher N
(>500 individuals) was observed it was mostly haplotaxida worms (tubificidae and naididae)
and diptera larvae (Chironomidae) that were found and these animals are well suited to
anoxic environments.

Some metals are known to have a toxic effect on living organisms, such as Cu and
Zn. In this study, the sediment content of Cu and Zn tend to affect the biodiversity in the
sediment and water phase negatively. Cu and Zn have similar toxic effects on aquatic
invertebrates, e.g., limiting growth rates, swimming speed, food consumption, breathing,
reproduction and survival [61,62]. The significantly higher Cu and Zn content in the
industrial ponds and the lower biodiversity in their sediments (Figure 7) indicates a link:
the industrial ponds are most heavily polluted with metals, which negatively affects the
biodiversity, though we found no significant correlation. A high metal content does not
necessarily mean a worsening of conditions for biodiversity though, it depends on which
metal is present and in which concentration. Aluminum showed the opposite trend for
the sediment. With higher Al a higher number of species was found, though it did not
translate to the water phase. Aluminum has been known to cause respiratory difficulties in
fish, but it is an uncommon effect in invertebrates. Furthermore, aquatic invertebrates are
generally known for being resistant to damaging effects of Al [50] and Al is only toxic as
dissolved forms. Aluminum is not directly having a positive effect on the invertebrates. It
is stipulated that it is Al’s binding effect on P in the sediment that can prevent algae blooms
in the ponds [63] and, thus, benefit the invertebrates.

This indicates that the pond ecosystems and, thus, biodiversity, is affected by the ser-
vice they provide in storing pollutants and that it does affect the ecosystem. Sun et al. [60],
however, did not find the same tendencies of declining biodiversity with higher pollution
levels and concluded that there was no evidence to support the notion of increased pollu-
tion levels necessarily limiting biodiversity when looking at number of taxa or Shannon
index. However, they measured in the water column not the sediment, while this study
indicate there might be a correlation for the sediment, but ultimately it is a subject that
requires more research. It is also extremely important to remember that the ponds are
technical facilities that are established to protect the nature, environment and biodiversity
in the recipients. In addition, that stormwater ponds may be used as substitute ecosystems
in cities, but maintenance is extremely important to ensure a constantly high and sufficient
functionality concerning both treatment efficiency and habitat [64]. A solution could be to
excavate the soil when the biodiversity becomes too uniform (consisting of mainly worms
and mosquito larvae) in order to let the more sensitive species repopulate the ponds again.
This would allow for a higher biodiversity in intervals or continuously depending on the
excavation frequency. Recent studies on a variety of new and reestablished Danish lakes,
several of which resembling large stormwater ponds in form and function, have reached
similar conclusions [65,66]. Shortly after their establishment, the new lakes exhibited a high
biodiversity dominated by pioneer species of macrophytes and birds [65,66]. However,
new sediment quickly formed and sediment organic content, P levels and the biodiver-
sity of macrophytes and birds reached levels similar to eutrophic natural lakes within
20–30 years [67,68].

Stormwater ponds have historically not been designed to support biodiversity, but to
avoid the adverse effects of increased hydraulic loads and pollutants on nature. Nonethe-
less, many ponds are capable, as our study shows, to both treat and handle stormwater
and support biodiversity given the right conditions.

4.3.2. Invertebrate Distribution

The distribution of invertebrates (sorted by order) in the water phase and sediment
surface showed that the pollution tolerant animals are the most common species-especially
in the industrial and mixed catchment.
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The haplotaxida order, mainly represented by Tubifex tubifex and Nais sp, were the
most numerous in the industrial and mixed catchments and the second most numerous
orders for the urban catchment. The Diptera-larvae, mostly species from the Chironomidae
family, was the second and third most represented order, respectively, for industrial/mixed
catchments and the urban catchments. Previous studies by Mackintosh et al. [58] and
Bryant et al. [69], who studied the fauna composition in constructed wetlands, concluded
likewise that these more pollution tolerant species are often present in high numbers.

For the green areas the presence of haplotaxida was a bit different: naididae and
tubificidae was the most represented families altogether, but only in this catchment area
was the species Chaotogaster diaphamus also present. Chaotogaster diaphamus does not have
hemoglobin like many other species of naididae, so it is less tolerant to pollution and
anaerobic episodes, but it has been found in polluted areas previously, so that alone is not
a good indicator [70].

For the ponds in urban and green areas some of the more pollution sensitive species
were present: ephemeroptera and trichoptera.

As seen in Figure 7 the industrial ponds have the most orders (14) represented. This is
primarily due to pond In1, which was both a newly built pond and as opposite to most of
the other ponds it had a macrophyte coverage of about 90%. This provides more niches for
invertebrate species.

Both the urban pond, Ur4 and the green pond, GM1, had large populations of Cy-
clopoida (Cyclops sp) and pulmonata (Lymnaea), respectively. This is most likely because
both ponds were newly constructed and these species are pioneer species.

In conclusion, a tendency towards more sensitive species being found in ponds with
uncultivated catchment areas are observed, but more frequently in urban ponds than
industrial and mixed ponds. Age and macrophyte coverage are also important in order to
accommodate a higher number of species. Otherwise, the animal distribution in the water
phase is similar between the catchment areas. No significant differences between S, N, H’
and J in the water phase between the pond inlet and outlet areas or between the catchment
areas were found. There was also no difference between the sediment biodiversity and the
different catchment types. It was expected that there would be a difference as a difference
in pollution content between the inlet and outlet areas and between the different types
of catchments was observed and these differences were expecting to be reflected in the
biodiversity. That this was not the case is a positive result. It indicates that even though
certain aspects of the biodiversity may be affected by the land use, this is not a determining
factor. As shown, industrial ponds can support a satisfying invertebrate biodiversity given
the right circumstances. The next step in accessing how the biodiversity communities
are affected by urban stormwater handling would be to continue the studies started by
Koziel et al. [30] and asses further how stream biodiversity are affected by stormwater
pond discharge concerning different fauna groups, distance from outlet, in different stream
types etc.

The conclusion is that the biodiversity found in the dry ponds is not comparable to
the wet ponds. The invertebrates in the dry ponds are more mobile and are, as such, not
directly affected by the factors described. These ponds may provide valuable habitats
for insects and other animals, such as snakes from which tracks were found in Dp1. Dp1
gave the impression of being a “wild” pond. The vegetation was mostly native Danish
species that had not been trimmed for some time. In order to accommodate wildlife in
the cities it would be prudent to let the dry ponds be wild and let native plants settle
in them and not cut down all the vegetation. Sinclair et al. [71] found that ponds with
different management regimes, ranging from high to low vegetation management, sup-
ported different invertebrate communities. Sinclair et al. [71] stipulated that implementing
different management practices for ponds in a region could improve overall biodiversity
without compromising individual pond services in said region. Invertebrate biodiversity
globally has poor conditions and, as such, stormwater ponds in the cities can act as both
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technical facilities to handle water and substances and as breathing spaces and step stones
for invertebrates and other species.

5. Conclusions

In conclusion, stormwater ponds can be designed to both handle and treat the water
sufficiently to avoid negative effects on the recipient and simultaneously provide a basis
for invertebrate biodiversity in the pond along with other ecosystem services. In the
design process the catchment size and type should be taken into consideration to ensure
a sufficient size of the pond. In addition, the physical design of the pond is important to
ensure sufficient settling and/or uptake of substances and at the same time niches and
habitats for different species. This could also include small islands, stones or obstacles
in the ponds that increases the distance from inlet to outlet and thereby the treatment
efficiency and at the same time inducing better conditions for wildlife. Wet and dry ponds
can provide valuable new habitats in the urban areas for insects and reptiles and other
animals but require different maintenance practices. Accumulated sediment should be
removed when needed to ensure sufficient retention time in the pond and to avoid negative
effects on biodiversity. Focus on establishment of native plant species in and around the
pond and avoiding the trimming of the pond surroundings more often than necessary but
letting them develop into as natural ponds as possible even though they are created as
technical facilities.
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