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Environmental DNA metabarcoding elucidates patterns of fish
colonisation and co-occurrences with amphibians in temperate
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1. Wetlands are biodiversity hotspots that provide several essential ecosystem ser-
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vices. On a global scale, wetlands have greatly declined due to human activities.
To counteract wetland loss, created wetlands are used as a conservation tool to
facilitate biodiversity and provide habitats mainly for birds and amphibians. Fishes
are likely to colonise the created wetlands and potentially affect the diversity and
occurrence of amphibians. Still, species occurrence data for fish in created wetlands are largely lacking.
2. Using eDNA metabarcoding, we investigated occurrence and co-occurrence
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patterns of fish and amphibian communities in 52 wetlands (some of which are
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ponds) created to benefit mainly bird and amphibian communities in south-central
3. Altogether, 17 fish and five amphibian species were detected in the created wetlands out of the 32 fish and six amphibian species found in the regional species
pool. Amphibians were less common in wetlands physically connected to other
wetlands. Connected wetlands were more fish-rich than isolated ones, suggesting potential fish avoidance. Additionally, the amphibian community occupied a
narrower environmental niche compared to the fish community. Nevertheless,
we observed only five statistically significant negative fish–amphibian species co-
occurrences (out of 14 species considered).
4. Even though our results suggest amphibian avoidance/exclusion from the created
biodiversity wetlands, they also show that fish and amphibians frequently co-
exist. Increased habitat heterogeneity in terms of water vegetation, size, shape,
and structure of the wetland could be possible factors enabling the co-existence
of these two taxa.
5. With this study, we contribute to the general knowledge of fish occurrence patterns in created biodiversity wetlands. By comparing the frequencies of fish occurrence in natural and created wetlands, we have shown that there was some
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mismatch in what is common in natural compared to created wetlands. This mismatch probably comes from species-specific habitat requirements, stocking, and
differences in detectability when using eDNA metabarcoding (small species detected) versus conventional multi-mesh gill-net methods (small species missed).
Therefore, our results obtained using eDNA metabarcoding can complement the
pre-existing knowledge of amphibian and fish associations and increase our understanding of how to create wetlands to facilitate biodiversity of several taxa.
KEYWORDS

connectivity, constructed ponds, species interactions, stocking, water community

1 | I NTRO D U C TI O N

Additionally, fish occurrence can be related to human activities due
to both legal and illegal stocking (Spens & Ball, 2008; Talley, 2000).

Wetlands are rich ecosystems that provide multiple ecosystem

The colonisation and presence of fish in created wetlands are likely

services making them irreplaceable for biodiversity and humans

to affect other taxa either by being a food source (e.g. for birds and

(Kusler, 2012). Nevertheless, natural wetland habitat has been re-

newts) or by competition and predation (Bouffard & Hanson, 1997;

duced by around 70% worldwide, mainly due to agricultural drain-

Elmberg et al., 2010; Kloskowski et al., 2010; Semlitsch et al., 2015).

age and other human activities (Davidson, 2014). To counteract

Indirect effects may also manifest through altered water quality, loss

this, there is an increase in the creation of new wetlands (Dixon

of macrophyte diversity and cover via foraging activity, and man-

et al., 2016). Many of these wetlands are created to improve wet-

agement practices associated with angling activity (e.g. Lemmens

land biodiversity as compensation for its previous decline due to loss

et al., 2013; O'Toole et al., 2009; Schilling et al., 2009).

and deterioration of natural biodiversity-rich wetlands; for example,

Fish are reported to have negative impacts on the growth

400 wetlands were created for amphibians in Estonia (Magnus &

and prevalence of amphibian populations (Pope, 2008; Semlitsch

Rannap, 2019; SEPA, 2019). Wetland protection has worldwide be-

et al., 2015; Shulse et al., 2012) as well as their behaviour (Winandy

come a high priority, supported by international agreements such

et al., 2015). Amphibian population declines are also related to hab-

as the Ramsar Convention and the International Convention of

itat loss or deterioration, over-exploitation, climate change and dis-

Biological Diversity (Bobbink et al., 2007).

eases (Cohen et al., 2019; Meurling et al., 2020; Stuart et al., 2004)

Amphibians and birds are common focal taxa for the conservation

and therefore are of conservation interest when creating new aquatic

of wetland biodiversity, and the colonisation of created wetlands by

habitats. Negative effects of fish on amphibians, especially focus-

these taxa is relatively well-documented in the literature (e.g. Baker

ing on prey–predator occurrences, are well documented in natural

& Halliday, 1999; Kačergytė et al., 2021; Porej & Hetherington, 2005;

wetlands (Hartel et al., 2007) and created ponds (Semlitsch, 1987).

Sebastián-González & Green, 2014; Semlitsch et al., 2015; Shulse

However, created wetlands constructed for improving wetland bio-

et al., 2012). Amphibians in particular seem to benefit from the cre-

diversity and including potential amphibian–fish interactions on the

ation of small wetlands (Magnus & Rannap, 2019), as their occurrence

competition of resources are poorly investigated. Thus, there is a

and establishment may depend on hydrology (preferred shallow,

risk that if fish colonise all created wetlands for biodiversity in a rel-

standing water), eutrophication (avoid hyper-eutrophication), pres-

atively short time, amphibian diversity in this habitat can be reduced

ence of aquatic vegetation, distance to other wetlands and absence

due to predation, but also competition and avoidance.

of predatory fish (reviewed by Brown et al., 2012). However, created

Using the non-invasive technique of environmental DNA (eDNA)

wetlands are often connected with surrounding waterways for water

metabarcoding as the inventory tool, we surveyed amphibian and

level regulation, enabling fish colonisation. The colonisation of fish in

fish occurrences in 52 created wetlands in Sweden. Aquatic eDNA

created wetlands is rather common but generally not systematically

is defined as genetic material that has been shed by an organism

recorded (Kristensen et al., 2020; Langston & Kent, 1997; Zimmer

(extra-organismal DNA) into the surrounding water and can be cap-

et al., 2001), and therefore fish community composition in created

tured directly from water samples as cellular or subcellular mate-

wetlands is often unknown. The construction features of created

rial (Moushomi et al., 2019; Turner et al., 2014; Wilcox et al., 2015).

wetlands (e.g. dams vs. connected wetlands) vary, and some can af-

Only a few studies have used eDNA data to test patterns of diversity

fect the degree of accessibility for colonisations (Beatty et al., 2009;

in wetlands, let alone created ones (see Harper et al., 2020). The

Talley, 2000), where the degree of isolation may be a strong factor

advancement of molecular methods makes it possible to identify

diversifying fish species composition (Tonn et al., 1990). Natural col-

species in a water column from DNA, enabling a completely new

onisation by fish also depends on the movement rates (e.g. how ac-

approach for species inventories. Environmental DNA barcoding

tive the fish is) and their regional abundance (Albanese et al., 2009).

and metabarcoding have in numerous investigations proven to be
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successful at detecting cryptic fish species (Hänfling et al., 2016;

would be less dependent on the connectedness of the wetlands (due

McElroy et al., 2020; Pochardt et al., 2020; Sigsgaard et al., 2015)

to their terrestrial dispersal ability); (2) amphibians to be more likely

and amphibians (Ficetola et al., 2019). By using eDNA, it is also pos-

to occur in small wetlands because fish are less likely to occur and

sible to identify those species where morphological identification is

prevail in very small wetlands, whereas fish richness should be higher

hard or impossible (e.g. larvae, Fujii et al., 2019). In studies comparing

in larger wetlands (area-richness relationship); and (3) amphibians to

eDNA sampling and traditional monitoring (gill-net, traps, electro-

be less likely to occur in wetlands with a high species richness of

fishing, etc.), the overlap, or repeatability, between taxa detected

fish due to described predatory interactions. To further explore the

varies depending on how thoroughly the traditional inventories are

observed patterns of fish and amphibian occurrence, we also inves-

performed. However, eDNA analysis is generally comparable to,

tigated specific pairwise species co-occurrences to better elucidate

complementary to or more effective than traditional methods for

possible species interactions that might cause amphibian avoidance

amphibian and fish detection (Ficetola et al., 2019; Fujii et al., 2019;

or exclusion. Last, we compared fish occurrences in created wet-

Hänfling et al., 2016; Lawson Handley et al., 2019; Pont et al., 2019).

lands to pre-existing data on fish occurrences in natural lakes and

Therefore, eDNA monitoring alone could be sufficient for evaluating

fish stocking in the same geographical region to better understand

fish and amphibian (Bálint et al., 2018; Harper et al., 2020) commu-

which fish species are likely to colonise created wetlands.

nities in created wetlands. Additionally, eDNA metabarcoding as an
inventory method is non-invasive and reduces the risk of spreading
pathogens, whereas traditional surveys might harm or even kill the
target species (Snyder, 2003).
We investigated colonisation patterns and co-occurrences of

2 | M E TH O DS
2.1 | Study sites and environmental data

amphibians and fish in relation to local wetland characteristics, the
composition of the surrounding landscape and the species regional

The sampling of fish and amphibian eDNA took place in June

pool. For species richness and occurrences of more common species,

and July of 2018 in 52 created wetlands in the Uppland region

we predicted: (1) fish to be more likely to occur in wetlands con-

(Figure 1), Sweden. These wetlands are generally shallow and

nected with surrounding waterways, while amphibian occurrence

were created to promote biodiversity on the whole, but primarily

FIGURE 1

Locations of 52 surveyed created wetlands (59°35′3.9″N 16°46′14.3″E; 60°19′37.0″N 18°25′46.4″E; Sweden)
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for birds and, to some extent, amphibian diversity rather than fish

the last 3 decades, covering the overall study area of created wet-

(Dietrichson, 2017). They were created at sites where no wetland

lands (see Table S1). Even though the natural systems differ from the

existed at the time of the creation, although some were created at

created wetlands in size and depth, littoral zone, etc., a comparison

sites where there had historically been a wetland more than 50 years

between natural and created wetland communities would indicate

ago. The latter wetlands had been drained, and the land was used

whether some species might prefer or avoid created wetlands as

for other purposes, usually pastures or arable land. The wetlands

habitat.

in this study were created between 1990 and 2013 (variable 1) and
were surrounded by agricultural, forest or urban landscapes (var. 2).
Wetland size (var. 3) varied between 0.53 and 20 ha, and wetlands

2.2 | Environmental DNA collection and extraction

were covered by different percentages of aquatic vegetation (from
completely free of to completely covered; var. 4). Many of the wet-

Prior to the fieldwork, all collection vessels (jars and buckets)

lands were physically connected (var. 5) via ditches or stream net-

were sterilised (using 6%–10% sodium hypochlorite solution)

works to rivers or lakes. The surrounding area around the wetlands

and cleaned. The filtering equipment, including filters and sy-

is often seasonally flooded, creating temporary pools (var. 6). These

ringes, were ordered in sterile single-use packages. Footwear

selected six environmental variables (local wetland and landscape

was cleaned in bleach (10% sodium hypochlorite) before visiting

characteristics) might explain variation in occurrences of fish and

a location, and the collector avoided entering the water. Five li-

amphibians in created wetlands (see Table 1 for details and expla-

tres of water were collected from each wetland from at least ten

nations). All measurements were obtained by digitising hand-drawn

subsamples, which were spatially and evenly distributed around

maps in ArcGIS software 10.5. Data on the year of wetland crea-

the pond following Harper et al., (2019). The water collected from

tion were obtained by interviewing locals and assessed from aerial

the subsamples was mixed in a clean container and double filtered

photographs repeated since 1990 (Lantmäteriet, 2020). Landscape

through enclosed double filters made of 5-µ m glass fibre and 0.8-

composition was determined using the Swedish Terrain Map (GSD

µm polyethersulfone membranes (NatureMetrics Ltd) until the

Geografiska Sverigedata).

water volume reached 3,300 ml or the filters clogged. The median

Additionally, we extracted data about fish stocking in the

volume of water filtered was 1,500 ml, with water volumes ranging

Uppland region (Figure 2, Figure S1) based on the permit information

from 210 ml to 3,300 ml (Table S2). Negative field filter controls

given for landowners, which included localities in lakes and rivers,

were taken each sampling day to test for potential field contami-

but none of these permits were given for the created wetlands we

nation by using bottled water that was filtered on-site and treated

investigated. Moreover, we obtained data on fish occurrences in 97

like the field samples. All samples were fixated in 96% molecular

natural lakes using fish monitoring surveys (e.g. gill netting) during

grade ethanol following Spens et al., (2017) and sent to laboratory

TA B L E 1

Environmental variables included in the analysis for fish and amphibian species richness and occurrence

Environmental
characteristic

a

Description (unit)

Explanations

Range (Mean ± SD)

Size

The total size of the created wetland water surface
(ha)

Larger wetlands may have more species of
fish, while amphibians will be more likely to
occur in smaller wetlands

0.53–19.98,
(4.57 ± 3.99)

Water
vegetation

Cover of wetland area by emergent water vegetation
(e.g. Typha, Phragmites, Iris) and floating water
vegetation (e.g. Nymphaea, Lemnoideae, algae; %)

Habitat and possible refuges for amphibians,
structural complexity, reflects water
productivity, general depth of a wetland

0–98.2,
(50.1 ± 30.4)

Connectivity

Whether the wetland has ditches/streams that
connect it to other water bodies (except for dams
which are assumed to be isolated in terms of natural
fish colonisation probability)

Connectivity makes wetlands colonisable
by fish

28 connected, 24
isolated

Flooded areaa

The proportion of area around the wetland shore that
is flooded (50 meters around wetland shore) (%)

Protection from predators and more suitable
habitat for amphibian eggs and larvae

0–55.6, (12 ± 12)

Year of
creationb

The year when the wetland was created. When this
information was not available, the age was estimated
using aerial photographs.

Time allows more species to colonise and
establish

1990–2013,
(2001 ± 5.6)

Landscape
forest

Coverage of forest within 1 km buffer starting from
the wetland shore (%)

May affect wetland acidity and productivity

0.5–100,
(66 ± 24.6)

Not applied for fish.

b

not applied for amphibians as they are able to colonise wetlands during the first years of creation, and all wetlands in this study were at least 5 years
old at the time of the survey (Lesbarrères et al., 2010; Petranka et al., 2003).
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F I G U R E 2 The frequency of stocking
permits given for each species in the
Uppland region (see Figure S1). In Sweden,
the stocking permit is required just for
connected wetlands, but none of our
inventoried connected wetlands had
received such permits

Number of permits given (log)

KAČERGYTĖ et al.

Type of fish stocked

(MoRe Research AB), designated for eDNA purposes only, for ex-

species richness, we additionally added fish species richness as an

traction following a modified protocol for enclosed filters in Spens

explanatory variable.

et al., (2017). The modification included pooling the lysate after

We used the co-occur package (Griffith et al., 2016) to infer as-

the overnight lysis of the filter capsule DNA and ethanol pellet

sociations between fish and amphibian species based on presence–

DNA into one sample in order to gain a higher DNA yield. The

absence data. The co-occur package investigates observed

extracted DNA samples were sent to a commercial laboratory,

co-occurrences in relation to a null hypothesis of random species dis-

NatureMetrics Ltd, for downstream analytical applications, includ-

tributions without accounting for environmental data. We excluded

ing polymerase chain reaction (PCR), high-t hroughput sequencing,

those species that occurred in three or fewer sites (nine fish species

and bioinformatics (see Appendix S1 for more details). We used

excluded, analysed 14 remaining species, including all amphibians)

MiFish 12S primers (Miya et al., 2015, 2020) and additionally ad-

for these analyses. Additionally, we performed non-metric multi-

justed MiFish primers to match amphibians on the 12S region (for

dimensional scaling (NMDS) for analyses of community structure

details, see Appendix S1.1). For each step in the pipeline ranging

following environmental gradients using two dimensions, which can

from field collections to PCR, controls were introduced and were

facilitate the interpretation of species distributions. The presence/

treated like the original samples. The control samples used were

absence species data were analysed using the Bray–Curtis distance

as follows: negative filter controls in the field, negative extraction

measure and the metaMDS function in the vegan package (Oksanen

controls (one for every 20 samples), negative PCR controls and

et al., 2019). For NMDS only, we excluded the occurrence of rainbow

positive PCR controls (mock community of tropical fishes). All the

trout Oncorhynchus mykiss as it is non-native and appeared singularly

controls were amplified and sequenced. A detailed description of

in one wetland, thus acting as rare species in the ordination analy-

the 173 negative and 12 positive controls is given in Appendix S1.1.

ses and appearing outside the species ordination cloud. All analyses
were done in R software version 3.6.0 (R Core Team, 2019).

2.3 | Statistical analyses

3 | R E S U LT S

We used generalised linear models to examine the variation in fish
and amphibian species richness (Poisson distribution), and addition-

The in-silico testing of the MiFish fish 12S primers could immedi-

ally, variation in occurrence (binomial error distribution) for some of

ately distinguish 17 of the 18 fish species included in the analyses

the more common fish (e.g. species occurring in >10 sites) and all am-

in this study. The MiFish primers adapted to amphibians detected

phibian species at our study sites, using five out of total six environ-

five unambiguous amphibian species (see Appendix S2 for more

mental variables relevant for either fish or amphibians (Table 1). A

details and Table S3 for the operational taxonomic unit sequences).

species was assumed to occur at a site when we detected eDNA se-

The eDNA metabarcoding results showed that none of the negative

quences from it and was considered absent if eDNA of that species

control samples contained any fish or amphibian DNA that were the

was not detected (the minimum number of reads per species was 55

target species for the metabarcoding pipeline. The DNA was expect-

for fish and 33 for amphibians). In the models analysing amphibian

edly very inhibited and purified to remove PCR inhibitors using a

1920
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commercial purification kit. The DNA concentrations were meas-

fish species richness was therefore skewed towards most wetlands

ured after cleaning and sufficient for analyses. The results from field

having few species. The occurrence of some fish species in created

and laboratory quality controls, amount of water collected per sam-

wetlands reflected the occurrences of fish species at the regional

ple and detailed sequencing results are outlined in Supplementary

level as judged from the long-term data from fish surveys in natural

information, Appendix S2.

lakes (Figure 4, Table S1). However, many species of fish occurred

In total, we detected 18 fish species in the 52 investigated wet-

infrequently in both created and natural wetlands, while others

lands (Figure 3, Figure S2, Table S4). The most common fish spe-

showed a mismatch between the frequency of occurrences between

cies was nine-spined stickleback Pungitius pungitius (found in 20

created and natural systems. Even though species such as R. rutilus

wetlands), followed by Eurasian perch Perca fluviatilis, northern pike

and P. fluviatilis were common in both inventories, species such as

Esox lucius (each at 19 wetlands), Eurasian roach Rutilus rutilus (18),

common bream Abramis brama or ruffe Gymnocephalus cernua that

Crucian carp Carassius carassius (14), and three-spined stickleback

are frequent in natural systems were rare in the created wetlands,

Gasterosteus aculeatus (13). Three species were detected only once.

while species such as P. pungitius and G. aculeatus were commonly

Out of 32 fish species in the region, 15 were not detected in the

found in created but not in natural wetlands.

created wetlands (Table S5).

We detected five amphibian species; the most frequently found

We detected no fish species at three of the wetlands. At the

was the common toad Bufo bufo (34 wetlands, Figure 3, Figure S2),

other 49 wetlands (Figure S2), we found that the number of fish

followed by the smooth newt Lissotriton vulgaris (31) and great

species ranged from one (18 wetlands; commonly P. pungitus) to 10

crested newt Triturus cristatus (16), while moor frog Rana arvalis

(one wetland), with a median of two. The frequency distribution of

(11) and common frog Rana temporaria (10) were least common.
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F I G U R E 3 Fish and amphibian species occurrences in connected (turquoise) and isolated (dark yellow) wetlands. The black dashed lines
indicate the number of wetlands a species would occur in connected wetlands if the occurrence had been random. The violin plots in the
top illustrate (a) fish species richness and (b) amphibian species richness in isolated and connected wetlands. Of the 52 wetlands, 28 were
connected and 24 isolated
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0.5
Proportion of occurences in 52 created wetlands

F I G U R E 4 The comparison of species
occurrence frequencies between the 52
created wetlands using eDNA data from
the year 2018 (this study) and 97 natural
lakes, surveyed by gill mesh nets within
the Uppland region. Black line represents
identity line (i.e. 1:1). Species occurring in
low frequencies (<4 sites) are not labelled
but include Abramis ballerus, Anguilla
anguilla, Aspius aspius, Cobitis taenia,
Coregonus albula, Coregonus lavaretus,
Cyrpinidae sp. (only for 2 natural lakes),
Leuciscus idus, Leuciscus leuciscus, Lota lota,
Oncorhynchus mykiss, Osmerus eperlanus,
Salmo trutta, and Squalius cephalus

1921

0.4

Pungitius pungitius

Rutilus rutilus

0.3

Carassius carassius
Gasterosteus aculeatus

0.2

Tinca tinca
Cyprinus carpio

0.1

Cottus sp.
Alburnus alburnus

0.0

Blicca bjoerkna

Scardinius erythrophthalmus
Abramis brama
Gymnocephalus cernua

Sander lucioperca

0.00

TA B L E 2 Model estimates for each
included environmental variable in
relation to fish and amphibian species
richness [95% confidence interval]

Perca fluviatilis

Esox lucius

0.25
0.50
0.75
Proportion of occurences in 97 natural lakes

1.00

Fish

Amphibians

Amphibians

Wetland sizea

−0.01 [−0.19, 0.17]

−0.00 [−0.21, 0.20]

−0.00 [−0.20, 0.20]

Water vegetation

0.11 [−0.07, 0.29]

0.19 [−0.00, 0.39]

0.21* [0.01, 0.40]

0.04 [−0.16, 0.25]

0.03 [−0.18, 0.24]

Flooded area
***

−0.54 [−0.94, −0.13]

−0.47* [−0.92, −0.02]

−0.19* [−0.34, −0.04]

0.10 [−0.12, 0.32]

0.08 [−0.14, 0.31]

AIC

207.83

172.71

174.21

N

52

52

52

Pseudo r 2

0.36

0.20

0.21

[0.30, 1.04]

Connectivity

0.67

Year of creation

0.02 [−0.16, 0.20]

Landscape forest

**

Fish richness

−0.09 [−0.33, 0.16]

All variables were mean centred and scaled.
Abbreviation: AIC, Akaike information criterion
a

Log-transformed.

*p < 0.05; **p < 0.01; ***p < 0.001

The only species occurring in the region that was not found in our

Figure 3a). Fish species richness was 53.7% [32.9; 88.5] lower in

eDNA samples is pool frog Pelophylax lessonae, which only breeds at

forest-dominated landscapes (90% forest cover, Table 2, Figure S3d)

the north-eastern coastal part where we did not sample (Figure 1).

than in unforested ones (10% forest cover).

The frequency distribution of amphibian species richness was also

Similarly to the results for fish species richness, when investi-

skewed; most commonly, wetlands were inhabited by just one spe-

gating fish species individually, most species tended to occur more

cies (18 wetlands), but three wetlands had all five species (Figure S2).

frequently in connected wetlands (e.g. E. lucius, P. fluviatilis, R. ru-

Five wetlands were amphibian-free.

tilus, C. carassius; Figures 3 and 5), and the occurrence of the most
common species P. fluviatilis and C. carassius was related to land-

3.1 | Fish occurrence patterns

scape type with these species occurring less frequently in more
forested wetland locations (Figure 5, Figure S4h,t). Furthermore,
the occurrence of two species was related to wetland size; P. pun-

Fish species richness in created wetlands was related to wetland

gitius occurred more frequently in large wetlands (Figure 5, Figure

connectivity and the proportion of forest within one kilometre. On

S4a), while C. carassius only occurred in small ones (Figure 5, Figure

average, fish species richness was predicted to be twice as high (con-

S4q). Carassius carassius occurred more often in less vegetated

fidence interval [CI] = [1.4; 2.8]) in connected (predicted number of

wetlands (Figure 5, Figure S4r) and more often in older wetlands

species [CI] = 3.43 [2.73; 4.13], when keeping other variables in their

(Figure 5, Figure S4s), alhough the estimates for this species are

means) as compared to isolated wetlands (1.76 [1.19; 2.33], Table 2,

very uncertain (large CI) and thus have to be viewed with caution.
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F I G U R E 5 Model estimates for
each environmental variable (centred
and scaled) included in relation to the
occurrence of the six most common
fish species. Error bars represent 95%
confidence intervals (CI). Wetland size
was log-transformed

Wetland size

Water vegetation
Gasterosteus aculeatus
Carassius carassius
Rutilus rutilus
Esox lucius
Perca fluviatilis
Pungitius pungitius

Connectivity

Year of creation

Landscape forest

−2.5

0.0
Estimate (95% CI)

2.5

5.0

F I G U R E 6 Model estimates for each
considered environmental variable
(centred and scaled) in relation to the
occurrence of each amphibian species.
Error bars represent 95% confidence
intervals (CI). Wetland size was log-
transformed

Wetland size

Water vegetation

Rana arvalis
Rana temporaria
Lissotriton vulgaris
Bufo bufo
Triturus cristatus

Connectivity

Flooded area

Landscape forest

−5.0

−2.5

0.0
Estimate (95% CI)

2.5

5.0

For effect plots of all species and environmental variables, see

proportion of water vegetation (Table 2, Figure S3f), where spe-

Figures S3-S 4.

cies richness was 59.9% [35.3; 100.2] higher in wetlands with
high cover of water vegetation (90% cover of the wetland) than

3.2 | Amphibian occurrence patterns

in those with low water vegetation (10% cover). When looking at
species individually, the negative relationship to wetland connectivity (less frequent in connected wetlands) was evident for oc-

Contrary to the pattern found in fish, model estimates indicated

currences of T. cristatus, R. arvalis, and R. temporaria, but not for

amphibian species richness was 41.5% lower (effect size 0.6 [0.39;

B. bufo and L. vulgaris (Figures 3 and 6). The positive relationship to

0.88] CI) in connected wetlands (predicted number of species

the proportion of water vegetation was especially clear for the oc-

[CI] = 1.45 [1; 1.90], when keeping the other variables at their

currence of T. cristatus (Figure 6, Figure S5b). Other environmental

means) than in isolated ones (2.47 [1.77; 3.18], Figure 3b, Table 2).

variables did not show clear relationships with amphibian occur-

Amphibian species richness was positively associated with the

rence (Figure 6, Figures S3 and S5).
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Additionally, observed fish species richness did not clearly ex-

and B. bufo did not show higher than expected co-occurrence pat-

plain variation in amphibian species richness when added to the full

tern with fish (see also Figure S7). When it came to within taxa co-

model, i.e. model Akaike information criterion value increased when

occurrences, i.e. either between fish species or between amphibian

fish richness was included (Table 2, Figure S6). As toads are poison-

species, none of the co-occurrences were significantly negative.

ous and might not be preyed upon by fish, we also analysed amphib-

NMDS analyses showed a significant distinction between com-

ian richness omitting B. bufo; however, such analyses did not change

munity composition in connected and isolated wetlands (Figure 8,

our conclusions concerning the lack of fish–amphibian association

Figure S8, r2 = 0.09, p = 0.006, centroid for isolated: −0.0218

(fish richness estimate −0.1 [−0.4, 0.21]).

[NMDS1], −0.2286 [NMDS2], connected 0.0187 [NMDS1], 0.1959
[NMDS2]), although it was a weak predictor (stress = 0.2). Other

3.3 | Fish and amphibian co-occurrence

environmental variables did not show a correlation with the community assemblage gradient. Amphibians were concentrated in the
central bottom part of the diagram (except for B. bufo), while spe-

According to the probabilistic species co-occurrence analy-

cies in the fish community were scattered around in the ordination

ses (Figure 7), which identified 91 species pairs, 14 (15.4%) co-

space with more concentration to the top part of the diagram. Thus,

occurrences were significantly positive, five (5.5%) significantly

amphibians showed a higher degree of niche similarity as compared

negative, and 72 were not statistically clear (79.1%). All negative

to fish.

co-occurrences were between fish and amphibians, while positive
pairwise occurrences were within the fish community (7), within
the amphibian community (4), or between amphibians and fish (3).

4 | D I S CU S S I O N

Triturus cristatus occurred more often with European bullhead Cottus
gobio (co-occurred 4 times, expected to co-occur 1.5 times under

We found fish species richness to be higher in connected wet-

the null hypothesis of random associations), common carp Cyprinus

lands, while the opposite was true for amphibian species richness.

carpio (co-occurred 5, expected 2.2), and G. aculeatus (co-occurred

Additionally, amphibian occurrences showed a more aggregated

7, expected 4). By contrast, T. cristatus occurred less frequently

pattern in the ordination analyses compared to the scattered

with E. lucius (co-occurred 2, expected 5.8), tench Tinca tinca (co-

pattern of fish occurrences. These different patterns in environ-

occurred 0, expected 3.1) and P. pungitius (co-occurred 3, expected

mental space use might indicate negative associations between

6.2). L. vulgaris presence was less likely in the presence of T. tinca (co-

fish and amphibians, as we also observed some negative pair-

occurred 3, expected 6). R. temporaria presence was also less likely in

wise fish–a mphibian co-o ccurrences. Still, out of the 52 surveyed

the presence of C. carassius (co-occurred 0, expected 2.7). R. arvalis

wetlands, fish and amphibians did co-o ccur at 44 sites. However,

F I G U R E 7 (a) Probabilistic species co-occurrence matrix and (b) observed-expected plot. Colours represent negative (yellow), positive
(blue), and random (grey) species associations. Yellow and light blue colours indicate significant, above 0.95, probabilities. For illustration
purposes, associations within amphibians (green, circle) and fish (black, triangle), and between amphibians and fish (brown, square) are
marked with appropriate colours and shapes. We excluded species occurring in three or fewer wetlands (Alburnus alburnus, Abramis brama,
Anguilla anguilla, Blicca bjoerkna, Gymnocephalus cernua, Lota lota, Oncorhynchus mykiss, Salmo trutta, Scardinius erythrophthalmus), while
species with only non-significant associations are not illustrated (Bufo bufo, panel a)
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F I G U R E 8 The non-metric
multidimensional scaling (NMDS)
plot of all wetlands (stress 0.2) shows
the clustering of communities within
connected and isolated wetlands. The
arrows show the five fitted environmental
gradients; however, none of them were
significant. Triangles and circles represent
connected and isolated wetlands; shaded
areas are the convex hulls of the triangles
and points, respectively. Rainbow trout
(Oncorhynchus mykiss) was excluded
because it is non-native and occurred in
one wetland only
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fish–a mphibian co-o ccurrence when B. bufo is excluded, be-

1.5

anoxia) is significantly correlated with variation in fish community

cause it is poisonous, dropped to 31 sites (see below). Therefore,

composition in isolated Swedish wetlands (Öhman et al., 2006)

we cannot rule out that fish–a mphibian interactions may be of

as it reduces long-term fish survival. Still, isolated wetlands were

importance when amphibians colonise wetlands created for

able to support up to six fish species with 1.8 species on aver-

biodiversity. However, the high frequency of fish–a mphibian co-

age. One of the most obvious explanations for the occurrences of

occurrences suggests that any pattern of amphibian avoidance or

some fish species in created wetlands is stocking (cf. Søndergaard

exclusion by fish might be counterbalanced by other character-

et al., 2018), and in Sweden, fish stocking permits are not re-

istics of the wetland, enabling the co-o ccurrence of these two

quired for isolated water bodies (SFS, 2020). Therefore, it is likely

species groups.

that some of these occurrences were due to stocking, especially

Although we found all amphibian species expected to be in the

when it comes to non-native species and in isolated wetlands.

surveyed created wetlands, we found 17 (out of which two are non-

However, fish occurrence in isolated wetlands could also be re-

native) fish species expected to also occur in the region, which is

lated to the creation process, when fish are trapped at the initial

53% of the total species pool. Of these fish species, some were

filling of a wetland (cf. Snodgrass et al., 1996) or through irrigation

more common while others rarer in created compared to natural

(Langston & Kent, 1997) or natural causes, such as terrestrial dis-

wetlands. Such differences between fish species communities in

persal (European eel Anguilla anguilla, Bergmann, 1978) or flooding

created and natural wetlands may come from specific species adap-

events (e.g. A. brama, Grift et al., 2001).

tations and niche requirements but also from the different inventory

When considering the fish species pool in natural lakes of this

methods used. As eDNA metabarcoding may detect species that

region, many species were rare in both created and natural wetlands.

would be missed by conventional methods to survey fish, our re-

A few species—P. fluviatilis, E. lucius, R. rutilus, and C. carassius—were

sults contribute to the general knowledge of amphibian–fish species

relatively common in natural lakes and created wetlands. Yet other

co-occurrence patterns, especially so for the associations with small-

species common in natural lakes were almost absent in created wet-

bodied fish as these may go undetected when using conventional

lands. Created wetlands usually are shallow and lack a large pelagic

survey methods (see below).

zone, and, therefore, some fish species adapted to large, open or deep
waters will not thrive in the created wetlands (e.g. bleak Alburnus al-

4.1 | Fish occurrence patterns

burnus). By contrast, few fish species occurred more often in created
than in natural wetlands, such as P. pungitius, G. aculeatus, C. carpio,
and C. gobio. P. pungitius and G. aculeatus are among the smallest fish

Connectivity, that is, the physical connection to other waters, was

species in this region and thus are often missed in the surveys using

an important predictor associated with fish species richness and

multi-mesh gill-nets (also used for the natural lake surveys). The

occurrence, as more species were found in connected compared

catchability of different fish species differs; however, eDNA from

to isolated wetlands. This does not come as a surprise, as physi-

these small species was obviously detected in the created wetlands.

cal connectivity makes colonisation easier for fish (Hammer, 1992;

Additionally, the conditions in created wetlands might be beneficial

Streever & Crisman, 1993). Additionally, methane (indicating

for species that have a high tolerance to hypoxic conditions (such as
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C. carassius and C. carpio, e.g. Nilsson & Renshaw, 2004; VanRaaij

the influx of pollutants from agricultural fields (Harper et al., 2020),

et al., 1996).

for which amphibians would be sensitive.

Regardless of the source for fish colonisation, some species will

In general, out of the nine fish species analysed, only four spe-

initially flourish but might disappear after some time (cf. Degani

cies displayed a clear negative association with amphibians, of which

et al., 1998); therefore, other habitat characteristics not related to

E. lucius could be directly linked to predation, while the other three

colonisation will partly determine whether fish will establish and

fish species are probably linked to the competition for food (cf.

thus be possible to detect. However, wetland size was not distinctly

Reshetnikov, 2003). Similarly to other research (Harper et al., 2020;

related to species richness in contrast to what we expected (i.e. due

Magnus & Rannap, 2019), T. cristatus was most sensitive to the pres-

to species–area relationship). This suggests that size does not limit

ence of fish (i.e. three negative associations with fish). However,

the fish species community or that created wetlands are too small

amphibians often co-occurred with fish, and there were also sev-

for seeing the species–area relationship, as created wetlands had

eral positive associations between amphibians and fish, although

half of the regional species pool. We also did not find support for our

only with T. cristatus (three positive associations). This latter result

expectation of older wetlands to have more species. This could be

contrasts the claims that T. cristatus altogether avoid fish (Magnus

because the youngest wetland in our study was at least 5 years old,

& Rannap, 2019; Skei et al., 2006). Some of the fish species posi-

where most of the species may already have colonised the created

tively co-occurring with amphibians could reduce amphibian larva

wetlands at the time of our surveys (cf. fast colonisers of created

predation by consuming their predators, including predatory in-

wetlands, Kristensen et al., 2020). Additionally, confidence intervals

sects (Brown et al., 2012), such as Aeshna dragonfly larva (Laurila

are wide and cover a range of non-trivial effect sizes, and we cannot

et al., 2008) or other Odonata species (Johansson & Brodin, 2003).

exclude the possibility that we simply were not able to detect the

The general amphibian co-occurrence with fish could also reflect

effect.

variation in habitat quality and productivity. For example, a higher

The fish community was associated with the landscape con-

cover of water vegetation is generally important for amphibians as

text as wetlands with a high proportion of forest in the surround-

it provides breeding habitat and protection from predators (Shulse

ings tended to have fewer species and occurrences of two species

et al., 2012). Water vegetation cover was positively related to am-

(C. carassius and P. fluviatilis). During spring, organic acids are usually

phibian species richness and at least to the occurrence of T. cristatus,

washed out into the wetlands (minimum pH; cf. Laudon et al., 2000);

which is in line with previous studies (Brown et al., 2012; Hecnar

therefore, wetlands in the forested landscape may be rather acidic

& M'Closkey, 1997; Shulse et al., 2012). However, some species'

compared to those located in agricultural land, as the latter land-use

relatively low occurrence frequencies reduce the power to detect

increases soil pH and thus surrounding water bodies (Renberg et al.,

interspecific associations, which is why an absence of a clear co-

1993). Some fish tolerate acidity, but even acid-tolerant P. fluviatilis

occurrence pattern within and between fish and amphibians investi-

and C. carassius occurred less often in wetlands located in a forested

gated should be taken with quite some care.

landscape. Alternatively, wetlands in open areas (e.g. non-forested)

Several studies suggest that many amphibian species prefer

in the flat Uppland region may be more prone to flooding than those

small wetlands because fish are more likely to be absent because

in forested areas, thus wetlands in non-forested landscapes may be

of unfavourable conditions for fish survival (Harper et al., 2020;

more easily colonised by fish.

Semlitsch et al., 2015). However, we did not find any clear relationship between wetland size and richness or occurrence of amphib-

4.2 | Amphibian occurrence patterns

ians. All our sampled wetlands, however, were larger than 0.5 ha,
while the suggested optimal size for many amphibian species
may be as small as 0.1 ha (Semlitsch et al., 2015; but see Bancila

Avoidance of, or exclusion by, fish is one explanation to why species

et al., 2017). Therefore, similarly to studies involving larger ponds

richness and occurrence of T. cristatus, R. temporaria, and R. arvalis,

(Landi et al., 2014; Porej & Hetherington, 2005), we may have failed

were higher in isolated wetlands compared to fish-rich connected

to detect such a preference for the smallest wetlands as these were

ones. As illustrated by the NMDS analysis, amphibian species, ex-

not available in our study area. Furthermore, as most wetlands had

cept B. bufo, display a narrower environmental niche space than the

fish, probably because they were large enough not to dry out en-

fish community. Predatory fish can completely deplete the amphib-

tirely or freeze, we may lack relevant variation in wetland size to

ian larvae from the wetland (Heyer et al., 1975). Therefore, preda-

detect the amphibian preference for smaller, fish-free wetlands.

tory fish are usually negatively related to the amphibian presence

We also predicted flooded areas creating temporary pools to pos-

(Porej & Hetherington, 2005), but this is not always the case, espe-

itively relate to amphibian species as it could provide shelter from

cially when the fish present are native (Pearl et al., 2005). Bufo bufo

predators (Porej & Hetherington, 2005; Tramer, 1977). We found

is an exception from this pattern as this species is toxic and is not

no such clear relationship, probably due to increased connectivity

usually preyed upon by fish (Manteifel & Reshetnikov, 2002) and can

for small-bodied fish (Lyon et al., 2010).

even prefer ponds with fish (Beebee, 1979). Although unlikely, we

Finally, in contrast to fish, amphibians displayed no clear rela-

cannot rule out alternative explanations for the amphibian prefer-

tionship to the landscape setting of created wetlands, despite the

ence of isolated wetlands, for instance, inflow could contribute to

suggestion that forest cover is a positive predictor for amphibian
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occurrence (Pearl et al., 2005), either due to dispersal facilitation

by natural colonisation through watercourses (i.e. connectivity) or by

(Brown et al., 2012) or improved water quality (Simon et al., 2009).

stocking. As partly suggested by our study, fish presence may impact

The lack of correlation here could be because the Uppland region is

the wetland use by communities of other wetland taxa, such as am-

rather forested and does not lack moist areas for dispersal and all

phibians, based on the observed opposing preferences of connected

five species detected in the created wetlands were widespread in

and isolated wetlands. However, our study also suggests that fish

this region (Swedish Species Information Centre, SLU, 2020).

and amphibians can co-exist. The creation of larger wetlands and
increased habitat heterogeneity in terms of water vegetation, and

4.3 | Study limitations when using eDNA
metabarcoding

shape and structure of the wetland could be possible factors enabling the co-existence of these two taxa, but this requires further
studies.
Environmental DNA metabarcoding is a relatively cheap and time-

As with any other field survey methods, despite numerous investiga-

efficient method to conduct surveys of fish and amphibian species

tions demonstrating that eDNA metabarcoding as a tool to detect

occurrences in wetlands. Furthermore, the non-invasive eDNA sur-

amphibian and fish species is an efficient and precise survey method

veys would also include small-bodied fish that otherwise might be

(Lopes et al., 2021, Miya et al., 2020), the use of eDNA analyses has

missed by conventional fish surveys using multi-mesh gill-nets. The

its limitations. First, wetlands are usually rich in humic acids, which

knowledge about fish community assemblages in created biodiversity

easily interfere with molecular analyses (Matheson et al., 2010). The

wetlands using eDNA metabarcoding, thus provides new and detailed

samples in this survey were inhibited, and the inhibition removal

insight into fish occurrence patterns and possible associations with

process may have reduced the available DNA for sequencing, thus

amphibians and other taxa to improve the future creation of wetlands

reducing overall detection probability (but see Appendix S2 for com-

for biodiversity.

parison with other studies). Second, in this survey we used Miya
et al., (2015) MiFish primers for fish and adapted them towards amphibians' 12S region on the reverse primer to avoid amphibian pres-
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When creating wetlands to facilitate biodiversity, fish is not usually
a target taxon. Still, fish come almost always with the water, either
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