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Abstract
1. Gravel pit lakes are common across Europe. These novel ecosystems serve as 

model systems to study human- induced and natural colonisation of isolated 
lakes by fish. Fisheries- management activities can quickly spread species over 
large distances, possibly homogenising fish communities across ecosystems, 
while fostering local fish diversity.

2. Our objective was to evaluate the effects of lake genesis (gravel pit 
lakes < 100 years old vs. natural lakes of glacial genesis ~10,000 years old) and 
fisheries management (fish stocking activities present vs. absent) on the fish 
community in small lakes, while controlling for key environmental variables 
known to affect lake fish communities.

3. We sampled fish communities by electrofishing and multimesh gillnetting in 47 
isolated lakes managed for fisheries, and 19 unmanaged and isolated lakes of 
both natural and artificial origin in northern Germany. Unmanaged lakes were 
used as reference to assess fisheries- management impacts in small natural and 
artificial lakes.

4. We caught 178,506 fish from 30 species and found that the accumulation of na-
tive lake fish species in lakes was associated with fisheries management, which 
increased local species richness (α- diversity) and number of predatory species, 
and reduced among- lake variation in fish community composition (β- diversity; 
i.e., homogenisation). The homogenisation- effect associated with fisheries hap-
pened with introduced native fish species, whereas non- native species were 
rarely detected.

5. In unmanaged gravel pit lakes, the littoral fish community composition was sub-
stantially different to the communities present in both types of managed lakes 
and unmanaged natural lakes. Therefore, the relatively young unmanaged gravel 
pit lakes revealed evidence of ongoing, stochastic colonisation processes that 
resulted in comparatively species- poor fish communities.
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1  |  INTRODUC TION

Humans are shaping an epoch: the Anthropocene (Crutzen, 2006). 
Among other issues, this epoch is characterised by a strong decline 
in biodiversity (Barnosky et al., 2011; Díaz et al., 2019). Freshwater 
biodiversity is especially threatened (Reid et al., 2018; Tickner 
et al., 2020), including fishes that are experiencing particularly rapid 
declines (Freyhof & Brooks, 2011; Tickner et al., 2020). Habitat 
loss and fragmentation, pollution, warming, and the spread of non- 
natives have been identified as major threats for freshwater fishes 
(Aarts et al., 2004; Rahel, 2000; Villéger et al., 2011). Overfishing, 
fish introductions and regular stocking with native fish can also  
have strong impacts on freshwater fish communities, and contribute 
to faunal homogenisation and biomass decline in the case of over-
harvest (Allan et al., 2005; Johnson et al., 2009; Lewin et al., 2006; 
Rahel, 2002).

Within the European Union, the Water Framework Directive 
(WFD) sets good ecological status or potential (in heavily modi-
fied and artificial waters) as mandatory environmental targets for 
all surface water bodies, to be achieved by 2027 (EU, 2000). In this 
context, the fish community became an obligatory component for 
assessing the ecological status of freshwaters (Birk et al., 2012). 
However, the WFD monitoring is mandatory only for lakes ≥50 ha. 
Thus, the highly abundant and socially relevant small lakes (≤20 ha; 
Downing et al., 2006; Meyerhoff et al., 2019; Nikolaus et al., 2020; 
Kaemingk et al., 2022) are not necessarily covered by regular en-
vironmental monitoring, and there remains a widespread lack of 
knowledge about fish communities in small lakes. In central Europe, 
small lakes are regularly managed by recreational- angling communi-
ties, often in club contexts (Deadlow et al., 2011; Fujitani et al., 2020; 
Gee, 1978; Umweltbundesamt, 2021). In this context, fish stocking 
is by far the most important fisheries- management tool, which is 
used for various reasons including establishment of fish in newly 
created waters through introductory stocking, stock enhancement 
and conservation of threatened populations (Arlinghaus et al., 2015; 
Cowx, 1994; Cucherousset et al., 2021; Lorenzen et al., 2012). 
Owing to the popularity and intensity of stocking of lakes managed 
by recreational fisheries, the fish community composition of small 
and managed lakes often is shaped by stocking (Matern et al., 2019; 
Skeate et al., 2021; Zhao et al., 2016). However, illegal stocking and 
introduction activities are possible in all types of lakes, including fish 

transfer through the aquarium and garden pond trade and volun-
tarily release by ornamental fish keepers, and hence, anthropogenic 
traces of past human- mediated introductions also can be expected 
in unmanaged lakes (Copp et al., 2005; Johnson et al., 2009; Matern 
et al., 2019; Patoka et al., 2017).

Most natural lakes in central Europe were formed during the 
last ice age, which ended roughly 10,000 years ago, and were 
naturally recolonised by fishes from various glacial refugia since 
then (Bernatchez & Wilson, 1998; Håkanson, 2012; Mandrak & 
Crossman, 1992). The natural colonisation of lakes by fishes was 
determined primarily by hydrological connectivity (Borcherding 
et al., 2002; Kristensen et al., 2020), but isolated lakes also can be 
colonised via natural and anthropogenic pathways. For example, 
floodings can provide temporary connectivity with nearby waters 
(Olden et al., 2010; Pont et al., 1991) and other rare events (such as 
so- called fish rains resulting from hurricanes; Bajkov, 1949) might 
serve as stochastic colonisation events. Furthermore, fish eggs can 
be distributed by waterfowl (Lovas- Kiss et al., 2020; Silva et al., 2019) 
and mobile invertebrates (Suetsugu & Togashi, 2020). However, only 
a small fraction of eggs passing through the guts of waterfowl can 
hatch (Lovas- Kiss et al., 2020; Silva et al., 2019), therefore the spatial 
pattern of water bodies scattered across the landscape is of great 
relevance for the dispersal speed of aquatic organisms by birds 
(Anastácio et al., 2014). Accordingly, natural fish colonisation of iso-
lated lakes mediated by waterfowl and insects usually is a slow and 
quite erratic process (Barbour & Brown, 1974). Therefore, greater 
fish diversity can be expected in older lakes because of the much 
longer natural colonisation time compared to young gravel pit or 
quarry lakes (hereafter collectively called gravel pit lakes).

Human- induced transfer of fish has been widespread since 
at least Roman times 2,000 years ago (Hoffmann, 1995). Human- 
induced fish colonisation of lakes can significantly speed up 
the establishment of fishes in artificial standing water bodies 
(Cowx, 1994; Johnson et al., 2009) and lead to rapid homogenisa-
tion of fish communities across natural lakes (Cazelles et al., 2019; 
Rahel, 2000; Villéger et al., 2011). Fish stocking is the most com-
mon fisheries- management measure in many countries worldwide, 
aiming at establishing and promoting species of relevance to fish-
eries (typically top predators and other large- bodied fish; Zhao 
et al., 2016; Matern et al., 2019; Skeate et al., 2021), but it may 
also include the release of small- bodied baitfish and endangered 

6. We concluded that fisheries management by anglers speeds up the colonisation 
of gravel pit lakes with native fish species in the study area. For planning initial 
fish introductions in newly created gravel pit lakes, it is recommended that fish 
communities from ecologically similar natural lakes within the same geographi-
cal region are used as references to maintain the biotic integrity of newly cre-
ated fish communities.

K E Y W O R D S
biodiversity, fish assemblage, fish colonisation, gravel pit lake, lake origin, quarry lake, stocking
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species for conservation reasons (Arlinghaus et al., 2015; Cazelles 
et al., 2019; Eby et al., 2006). This practice can lead to intentional 
(Hickley & Chare, 2004; Johnson et al., 2009) or unintentional 
(e.g., as a consequence of poorly sorted stocking material) intro-
duction and subsequent establishment and spread of possibly 
maladapted and non- native species (Gozlan et al., 2002; Zhao 
et al., 2016). Stocking and fisheries management more generally 
has thus been identified as a driver for increased local species 
richness (α- diversity), at the cost of homogenisation of fish com-
munities across regions and continents in freshwaters (β- diversity; 
Rahel, 2002; Olden, 2006; Cazelles et al., 2019; Matern et al., 2019). 
Illegal introduction by individual anglers and aquarists can further 
contribute to the spread of fish species (Cambray, 2003; Hirsch 
et al., 2021; Johnson et al., 2009; Patoka et al., 2017). Especially in 
densely populated areas, illegal releases of ornamental and garden 
pond fishes have become the main vector for species introduc-
tions (Copp et al., 2005, 2010; Patoka et al., 2017).

After introduction and establishment of various fish species, 
the biomass and composition of fish communities will be shaped by 
local environmental conditions, such as nutrient level, lake morphol-
ogy, spawning habitat and predation refuge availability (Jeppesen 
et al., 2000; Mehner et al., 2005; Persson et al., 1991). A lakes' tro-
phic state is impacted by groundwater exchange and various nutrient 
input sources, and typically increases with age (Callisto et al., 2014; 
Mollema & Antonellini, 2016). In European lakes with increasing nu-
trient levels, fish communities shift from Salmoniformes- dominated, 
to Perciformes-  and ultimately to Cypriniformes- dominated 
(de Leeuw et al., 2003; Hartmann & Nümann, 1977; Jeppesen 
et al., 2000; Persson et al., 1991). Lake size and the availability of 
habitats also impact species richness, with larger lake size and a more 
diverse shoreline promoting a higher number of fish species as a re-
sult of the greater availability of niches and opportunities for species 
to segregate across them (Barbour & Brown, 1974; Browne, 1981; 
Eckmann, 1995; MacArthur & Wilson, 1967).

Gravel pit lakes are artificially created, novel water bodies, 
which originate from the excavation of sand, gravel and other min-
eral resources. These lakes often are isolated from other water 
bodies and characterised by their young age of less than 100 years 
(Matern et al., 2019; Seelen et al., 2021; Søndergaard et al., 2018; 
Zhao et al., 2016). Gravel pit lakes managed for recreational fisheries 
typically host higher fish species richness than unmanaged gravel 
pit lakes (Matern et al., 2019; Zhao et al., 2016), with some excep-
tional gravel pit lakes lacking fishes at all (Søndergaard et al., 2018; 
Werneke et al., 2018). While the first comparison of the littoral 
fish community in managed natural and managed gravel pit lakes in 
Germany revealed no significant differences (Emmrich et al., 2014), a 
comparison of the benthic fish community among natural and gravel 
pit lakes is still necessary. Also, the fish community composition of 
unmanaged natural lakes has not yet been characterised, which is 
essential to analyse the probable human- assisted colonisation his-
tory in young gravel pit lakes compared to significantly older natural 
lakes. Indeed, unmanaged natural lakes constitute an important ref-
erence for assessing the impact of past fisheries management in both 
managed gravel pit and natural lakes. Comparative analyses of fish 
community differences between gravel pit and natural lakes, both 
with and without fisheries management, can shed light on whether 
fisheries management (mainly representing traces of past fish stock-
ing) leads to homogenisation of fish communities in gravel pit lakes 
(Matern et al., 2019), and whether it fosters the establishment of fish 
communities that are similar in richness and composition to those of 
small natural lakes as previously hypothesised for littoral fish com-
munities by Emmrich et al. (2014).

We compared fish communities from small and isolated gravel pit 
and natural lakes in northern Germany, each with and without recent 
fisheries management. We hypothesised, firstly, that fisheries man-
agement (with fish stocking as major management tool) influences 
fish communities in both gravel pit and natural lakes by enhancing 
local fish diversity (α- diversity) and shaping diversity of regional fish 

F I G U R E  1  Map of all sampled gravel 
pit and natural lakes in northern Germany
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community composition (β- diversity) relative to unmanaged refer-
ence lakes, and secondly, that α- diversity is higher and β- diversity 
lower in unmanaged natural lakes compared to unmanaged gravel pit 
lakes because of the longer colonisation time of natural lakes.

2  |  METHODS

2.1  |  Sampling location and environmental 
variables

We sampled fish communities and environmental variables in 66 iso-
lated lakes, of which 50 were gravel pit lakes and 16 natural lakes. All 
gravel pit lakes were located in north- western Germany, mainly in the 
Federal State of Lower Saxony (Figure 1). Owing to the low number of 
natural lakes in this area, we sampled ecologically comparable natu-
ral lakes in the Federal State of Brandenburg, which is located at the 
same latitude in north- eastern Germany at a distance of about 400 km. 
Data for this study were collected from different projects and all avail-
able data were gathered to a coherent and comparable set of environ-
mental and fishing data. The investigated gravel pit lakes were in an 
advanced succession stadium and we categorised all lakes based on 
their genesis as either gravel pit lakes (mean lake age at fishing event: 
29 ± 12 years; Table S1) or natural lakes (lake age ~ 10,000 years). Data 
on stocking numbers and species composition of stocked fish were not 
available for all lakes, and we therefore categorised the lakes as either 
managed for fisheries with legal fish stocking (nmanaged gravel pit lakes = 37 
and nmanaged natural lakes = 10) or unmanaged without legal fish stocking 
(nunmanaged gravel pit lakes = 13 and nunmanaged natural lakes = 6). It is possible 
that lakes with no current fishing rights and no current legal stocking 
might have experienced some level of legal or illegal stocking in the 
past. However, it is certain that the lakes without legal fish stocking 
were not under active fisheries management since their genesis in the 
case of gravel pit lakes and the same was true for natural lakes, at least 
since the German reunification in 1989. Because the set of sampled 
lakes was from different projects, only a small set of environmental 
variables was available for all lakes, specifically total phosphorus (TP), 
pH value and lake morphology (lake size and depth). These variables 
are known to be decisive indicators of mixing regime and productivity 
of lakes (Schindler, 1977, 1978), and thus probably captured the most 
important covariates affecting abundance and fish community compo-
sition of our study lakes.

The key difference among our categorisation of managed and 
unmanaged lakes was whether the fishing right that is tied to water 
body ownership or a lease contract by the water body owner was used 
for commercial or recreational fisheries (Table S1). In Germany, the 
holder of the fishing right is entitled to catch and harvest fish, but also 
entitled (and in fact legally forced) to ensure near- natural fish com-
munities and to avoid overharvesting through sustainable manage-
ment. The management obligation by fishing rights holders typically 
is enforced by engaging in stocking and by strengthening state- level 
harvest regulations (e.g., minimum- length limits, daily bag limits or 
protected seasons). Of course harvesting, harvest regulations and 

habitat enhancement is conducted in managed lakes, too (Arlinghaus 
et al., 2002; Arlinghaus, Müller, et al., 2017), but the key impact on 
the community composition is likely to originate from past and cur-
rent fish stocking, which often is done annually by the vast majority of 
German angling clubs (Arlinghaus et al., 2015). The fishing right hold-
ers in our study for the managed systems encompassed small angling 
clubs in western Germany, and the state angling organisation and local 
fishers in eastern Germany. By contrast, the unmanaged lakes lacked 
any active use of fishing rights and hence neither exploitation nor 
stocking practices were reported in the unmanaged gravel pit lakes or 
at least for the last 30 years in the case of unmanaged natural lakes. 
Furthermore, no other planned management measures (e.g., habitat 
management) were conducted in the riparian area of the unmanaged 
lakes. Thus, we can conclude that besides origin, the key difference of 
managed and unmanaged lakes was the presence of organised, legal 
stocking and exploitation of fish.

All gravel pit lakes and all unmanaged natural lakes were sam-
pled between 2016 and 2019. Managed natural lakes were sampled 
between 2007 and 2011, apart from a single lake in 2002. We mea-
sured lake size and shoreline length for all lakes using QGIS (QGIS 
Development Team, 2019) at a scale of 1: 1,000 and calculated the 
shoreline development factor (SDF) after Hutchinson (1957) as an 
index of shoreline complexity and extension following recommen-
dations for enhanced comparison by Seekell et al. (2022). We used 
contour maps, derived from echo sounder data, to extract mean lake 
depth and shares of the different depth strata (0– 3; 3– 6; 6– 12; 12– 
20 and 20– 35 m). Mean lake depth is correlated with temperature, 
degree of stratification and nutrient mixing and affects fish commu-
nity composition and leading indicator species as well as productiv-
ity of lakes (Mehner et al., 2005). TP concentrations were analysed 
as a proxy for lake productivity in terms of primary production 
(Schindler, 1978) using the molybdenum blue method (ISO, 2004; 
Murphy & Riley, 1962). TP was measured during spring circulation 
for all managed natural lakes and a subset of managed and unman-
aged gravel pit lakes, but as a consequence to the aforementioned 
issue of compiling data from different projects done by different in-
stitutions not for unmanaged natural lakes. For all lakes lacking a 
spring TP measurement (N = 29), TP values at the time of the fishing 
events in late summer/early autumn were used, which were suffi-
ciently correlated to the spring values (Spearman- rank correlation: 
r = 0.63 and p < 0.001; Table S2 and Figure S1). Furthermore, pH 
value was measured at each fishing event to assure generally suit-
able conditions for fishes (E.I.F.A.C., 1969).

2.2  |  Fish community sampling

Fish communities were sampled by boat electrofishing and multimesh 
gillnetting to cover the major habitat types of lakes and knowing that 
both methods sample different taxa effectively (Achleitner et al., 2012; 
Diekmann et al., 2005; Mueller et al., 2017). In all lakes the shorelines 
were subdivided in electrofishing transects of varying length between 
30 and 300 m. In all gravel pit lakes and all unmanaged natural lakes, 
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all transects were fished, whereas in the larger managed natural lakes 
a randomly selected subset of transects was fished.

The gillnetting data differed slightly between the different data-
sets. All nets were benthic multimesh gillnets with 1.5 m standard 
height in the following length/mesh size combinations: Type I, stan-
dard WFD (CEN, 2015), 30 m long with 2.5 m panels of 43, 19.5, 
6.25, 10, 55, 8, 12.5, 24, 15.5, 35, 29, 5 mm mesh size; Type II, 32.5 m 
long, standard WFD (CEN, 2015) plus 2.5 m with 70 mm mesh size; 
Type III, standard WFD (CEN, 2015) plus an additional 50 m gill-
net with 70 mm mesh size; and Type IV, 40 m long, standard WFD 
(CEN, 2015) plus four panels of 2.5 m with 70, 90, 110 and 135 mm 
mesh size. Among the managed natural lakes, one was fished with 
Type I gillnets and the other nine lakes were fished with Type II gill-
nets. Three unmanaged natural lakes were sampled with Type III gill-
nets and the catches of the 50 m net were adjusted to 2.5 m effort 
corresponding to Type II. All other lakes were sampled using Type IV 
gillnets with the number of gillnets depending on lake size (compare 
Matern et al., 2019, for methodological details). For 41 of 66 lakes, 
the catches on mesh sizes ≥70 mm were noted separately. A total of 
322 gillnet nights yielded just 29 fish caught on the ≥70 mm panels 
of the Type IV nets, which allowed us to standardise catch per unit 
effort (CPUE) to Type II (32.5 m) nets without biasing the results. As 
robustness check, re- running the analyses with original data of the 
Type IV (40 m) gillnets yielded similar results and patterns.

For analyses, CPUE was calculated based on fish numbers per 50 m 
sampled shoreline (fish * 50 m−1) for electrofishing and per 100 m2 gillnet 
area and night (fish * 100 m−2) for multimesh gillnets. Gillnet CPUE was 
calculated in a stratified manner using depth strata as recommended for 
the WFD monitoring (0– 3, 3– 6, 6– 12, 12– 20 and 20– 35 m; CEN, 2015). 
However, owing to the small size of some gravel pit lakes, not all depth 
strata were sampled. For these lakes, gillnets were treated as random 
sample. The unmanaged gravel pit lake “Kiessee Isums klein” was re-
moved from the gillnet data analysis, because no fish were caught.

To describe the fish species inventory, we calculated the total 
fish species richness, the number of piscivorous species and the 
number of non- native species for each lake combining data from 
electrofishing and gillnetting. Piscivorous species included perch 
>150 mm total length and eel >500 mm total length following 
Emmrich et al. (2014) and Matern et al. (2019), and species were as-
signed as non- native in Germany according to Wiesner et al. (2010) 
and Wolter and Röhr (2010).

2.3  |  Data analysis

We checked the residuals of the environmental variables, total fish 
species richness (α- diversity) and number of predatory species for 
normality using Shapiro– Wilk tests. Depending on normality or not, 
we used either Kruskal– Wallis tests and Bonferroni- corrected pair-
wise Wilcoxon tests or analysis of variance (ANOVA) and Tukey's 
honestly significant difference (HSD) post hoc test to check for 
differences between the lake and management types. We ran re-
dundancy analyses (RDA) using all available environmental vari-
ables (Table 1) and fisheries management (present/absent) and lake 
genesis (gravel pit lake/natural lake) followed by model selections 
(selection direction = both) using the function ‘ordiR2step’ from 
the vegan package to evaluate the effect of environmental vari-
ables most strongly associated with the fish community (Oksanen 
et al., 2019). As robustness check, we ran an additional RDA on the 
data with available lake age information, using lake age as covariate 
instead of lake genesis, and received similar results. The among- lake 
fish community variation (β- diversity) of all four combinations of lake 
genesis and fisheries management was visualised using non- metric 
multidimensional scaling (nMDS; Kruskal, 1964) to investigate ho-
mogenisation effects. Permutation tests were conducted to reveal 
differences in β- diversity between lake and management types (per-
mutations: n = 9,999), and a similarity percentage analysis (SIMPER; 
permutations: n = 999; Clarke, 1993) was performed to reveal 
species- specific abundance effects on the differences in fish com-
munity composition. All analyses and visualisations were conducted 
using the software R (R Core Team, 2019) and the packages vegan 
(Oksanen et al., 2019) and ggplot2 (Wickham, 2016).

3  |  RESULTS

3.1  |  Lake environment

The lakes ranged in size from 0.7 to 21.2 ha, and their shoreline 
lengths varied between 417 and 3,944 m (Table 1). The SDF var-
ied between 1.1 and 2.7 for all lakes, and mean lake depth was be-
tween 0.5 and 13 m. No significant differences were detected for 
lake size, shoreline length, SDF and mean lake depth between the 
four groups of lake types. TP concentration ranged between 4 and 

TA B L E  1  Median and range of the main environmental characteristics of all gravel pit lakes and natural lakes with and without fisheries 
management examined in this study (SDF = shoreline development factor, TP = total phosphorus)

Managed gravel pit lake Managed natural lake
Unmanaged gravel pit 
lake

Unmanaged natural 
lake

Lake size (ha) 6.2 (0.7– 21.1) 12.1 (3.2– 18.4) 4.1 (1.1– 16.5) 4 (1.3– 10.5)

Shoreline length (m) 1,457 (417– 3,113) 1,768 (776– 2,510) 1,072 (492– 3,944) 930 (461– 2,038)

SDF 1.4 (1.1– 2.7) 1.4 (1.1– 1.9) 1.5 (1.1– 2.7) 1.6 (1.1– 2)

Mean lake depth (m) 3.7 (0.5– 13) 3.2 (0.5– 4.3) 4.3 (0.6– 9.6) 2.3 (0.7– 4.4)

TP (μg/L) 19 (4– 235) 51 (30– 125) 19 (12– 78) 27 (14– 160)

pH value 8.3 (6.8– 10.1) 7.5 (6.8– 8.5) 8.3 (7.3– 9.9) 7.8 (7.5– 8.6)
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    |  2135MATERN et al.

235 μg L−1 with highest median TP concentration in managed natu-
ral lakes (51 μg L−1). In managed natural lakes, TP concentrations 
were significantly higher than in managed gravel pit lakes (median: 
19 μg L−1; Bonferroni- corrected pairwise Wilcoxon test, p = 0.035), 
elevated compared to unmanaged gravel pit lakes (median: 19 μg L−1; 
Bonferroni- corrected pairwise Wilcoxon test, p = 0.085) and did not 
differ (median: 27 μg L−1; Bonferroni- corrected pairwise Wilcoxon 
test, p = 0.265) from unmanaged natural lakes (Table 1). The pH 
values ranged between 6.8 and 10.1 and were somewhat elevated 
in managed gravel pit lakes compared to managed natural lakes 
(Bonferroni- corrected pairwise Wilcoxon test, p = 0.056). All other 
pairwise comparisons were not significantly different between lake 
types (Table 1).

3.2  |  Description of catches and 
frequency of occurrence

In total, we caught 178,506 fish from 30 species (143,263 individu-
als from 26 species by electrofishing; 35,243 individuals from 25 spe-
cies by multimesh gillnetting). Perch (Perca fluviatilis) and roach (Rutilus 
rutilus) were the most frequent species that occurred in all managed 
gravel pit lakes and in 80% of all managed natural lakes. Roach and 
perch were also caught in 83% and in 50% of the unmanaged natural 
lakes, respectively (Table 2). The species pike (Esox lucius), tench (Tinca 
tinca) and rudd (Scardinius erythrophthalmus) were frequent in man-
aged gravel pit lakes (pike: 95%; tench: 81%; rudd: 68%), managed 
natural lakes (pike: 90%; tench: 90%; rudd: 90%) and in unmanaged 
natural lakes (pike: 83%; tench: 100%; rudd: 83%). Tench was the only 
species present in all unmanaged natural lakes (Table 2). In unmanaged 
gravel pit lakes, the fish species with the highest frequency of occur-
rence were perch (46%), followed by roach, rudd and common carp 
(Cyprinus carpio; all 39%; Table 2). Eel (Anguilla anguilla) was caught in 
most managed lakes (gravel pit lake: 95%; natural lake: 70%), but some 
individuals also were found in unmanaged natural lakes (17%) and 
unmanaged gravel pit lakes (31%). Crucian carp (Carassius carassius) 
was found in only one managed gravel pit lake (3%), but was relatively 
frequent in managed (40%) and unmanaged (50%) natural lakes. Small- 
bodied, often pioneer species such as sunbleak (Leucaspius delineates) 
and ninespine stickleback (Pungitius pungitius) were most frequently 
detected in unmanaged gravel pit lakes (31% and 23%, respectively).

The fishes that we sampled were overwhelmingly native spe-
cies, which in Germany includes common carp. We detected three 
non- native species, each with only few individuals. In total, three 
individuals of topmouth gudgeon (Pseudorasbora parva) were found 
in one managed and one unmanaged gravel pit lake; a single brown 
bullhead (Ameiurus nebulosus) individual was caught in an unman-
aged gravel pit lake and a single rainbow trout (Oncorhynchus mykiss) 
was detected in a managed natural lake. No non- native species were 
found in unmanaged natural lakes. We further detected the riverine 
fish species ide (Leuciscus idus) and chub (Squalius cephalus) in low 
frequencies in managed gravel pit lakes (both 5%).

Total fish species richness (α- diversity) and number of preda-
tory species was significantly greater in lakes with fisheries man-
agement (gravel pit and natural lakes) compared to lakes without 
management (gravel pit and natural lakes; Figure 2 and Table 3). 
Unmanaged gravel pit lakes did not differ from unmanaged natural 
lakes in terms of total fish species richness and number of preda-
tory species.

3.3  |  Fish community composition and its 
descriptors

After model selection the RDA revealed lake genesis, fisheries man-
agement and TP as significant descriptors of the fish communities 
sampled by electrofishing (littoral; Table 4) and multimesh gillnets 
(benthic; Table 4 and Figure S2), whereas no significant effects 
of lake size, shoreline length, mean lake depth, SDF and pH value 
were found. In unmanaged gravel pit lakes, the littoral fish commu-
nities were highly variable (Figure 3a). Accordingly, the β- diversity 
was significantly higher in unmanaged gravel pit lakes than in both 
managed gravel pit lakes (Table 5; permutation test, p = 0.003) 
and unmanaged natural lakes (permutation test, p = 0.016), and 
also tended to strongly differ from managed natural lakes (permu-
tation test, p = 0.063). The benthic fish community significantly 
differed in β- diversity between managed and unmanaged gravel 
pit lakes (permutation test, p = 0.006), whilst differences were 
found neither among natural and gravel pit lakes, nor among un-
managed gravel pit lakes and unmanaged natural lakes (Figure 3b 
and Table 5). SIMPER analysis revealed three fish species, namely 
rudd, perch and roach, explaining most of the differences between 
fish communities (Table 6 for condensed results, and Table S3 and 
S4 for full results). Rudd was caught in highest abundance in un-
managed natural lakes (mean NPUE = 98.2 ± 212.7 N * 50 m−1) and 
contributed most to the differences relative to managed gravel pit 
lakes (mean NPUE = 6.5 ± 20.8 N * 50 m−1; contribution to differ-
ence = 37.4%), managed natural lakes (mean NPUE = 12.0 ± 17.9 N 
* 50 m−1; contribution to difference = 35.1%) and unmanaged 
gravel pit lakes (mean NPUE = 5.1 ± 10.1 N * 50 m−1; contribution 
to difference = 30%) using electrofishing data. Perch and roach 
were the two species that contributed most to differences be-
tween all pairwise comparisons using gillnet data for the SIMPER 
analysis. Roach was caught in highest abundance in managed natu-
ral lakes (mean NPUE = 64.7 ± 71.9 N * 100 m−2) and contributed 
most to the differences relative to managed gravel pit lakes (mean 
NPUE = 51.7 ± 73.1 N * 100 m−2; contribution to difference = 28%), 
unmanaged natural lakes (mean NPUE = 32.6 ± 25.7 N * 100 m−2; 
contribution to difference = 22.7%) and unmanaged gravel pit 
lakes (mean NPUE = 40.6 ± 68.6 N * 100 m−2; contribution to dif-
ference = 28.2%). Perch was more important for the differences 
between managed gravel pit lakes (mean NPUE = 63.5 ± 60.4 N * 
100 m−2) and unmanaged natural lakes (mean NPUE = 20.7 ± 42.4 N 
* 100 m−2; contribution to difference = 31.3%), between managed 
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2136  |    MATERN et al.

gravel pit lakes and unmanaged gravel pit lakes (mean NPUE 
49.2 ± 70.1 N * 100 m−2; contribution to difference = 34%), and be-
tween unmanaged natural lakes and unmanaged gravel pit lakes 
(contribution to difference = 25.3%).

4  |  DISCUSSION

We found fish communities in small lakes in northern Germany to be 
influenced by traces of fisheries management, lake genesis and nutri-
ent level. By contrast, we found no impact of lake size, lake depth, 
SDF or pH value variation among lakes on fish communities, probably 

because the gradients of these variables in the small lakes that we 
examined were insufficiently large to exert impacts. Supporting our 
first hypothesis, we found that fisheries management enhanced local 
fish diversity (α- diversity) in both natural lakes and gravel pit lakes, 
but did not significantly affect among- lake variability in fish commu-
nity composition (β- diversity) compared to unmanaged natural lakes 
as reference. Support for the second hypothesis was mixed. We ex-
pected species richness to be lower in unmanaged gravel pit lakes 
than in unmanaged natural lakes as a result of the shorter colonisa-
tion time of gravel pit lakes. However, we detected no differences in 
species richness (i.e., α- diversity) between unmanaged lakes of both 
genesis types. By contrast, and in line with the second hypothesis, the 

TA B L E  2  Frequency of occurrence (%) of all 30 fish species sampled by littoral electrofishing and multimesh gillnetting in the lake types 
studied

Common name Scientific name

Managed 
gravel pit lakes 
(N = 37)

Managed 
natural lakes 
(N = 10)

Unmanaged 
gravel pit lakes 
(N = 13)

Unmanaged 
natural lakes 
(N = 6)

Percha Perca fluviatilis L., 1758 100.0 80.0 46.2 50.0

Roach Rutilus rutilus (L., 1758) 100.0 80.0 38.5 83.3

Eela Anguilla anguilla (L., 1758) 94.6 70.0 30.8 16.7

Pikea Esox lucius (L., 1758) 94.6 90.0 30.8 83.3

Tench Tinca tinca (L., 1758) 81.1 90.0 15.4 100.0

Bream Abramis brama (L., 1758) 75.7 50.0 15.4 33.3

Rudd Scardinius erythrophthalmus (L., 1758) 67.6 90.0 38.5 83.3

Ruffe Gymnocephalus cernua (L., 1758) 54.1 60.0 7.7 33.3

Pikepercha Sander lucioperca (L., 1758) 48.6 30.0 15.4 0.0

White bream Blicca bjoerkna (L., 1758) 45.9 70.0 15.4 33.3

Common carp Cyprinus carpio L., 1758 45.9 20.0 38.5 0.0

Sunbleak Leucaspius delineatus (Heckel, 1843) 16.2 60.0 30.8 16.7

Prussian carp Carassius gibelio (Bloch, 1782) 13.5 0.0 23.1 0.0

Gudgeon Gobio gobio (L., 1758) 10.8 20.0 30.8 0.0

Spined loach Cobitis taenia (L., 1758) 8.1 10.0 7.7 0.0

European catfisha Silurus glanis (L., 1758) 8.1 10.0 7.7 0.0

Ide Leuciscus idus (L., 1758) 5.4 0.0 0.0 0.0

Bitterling Rhodeus amarus (Bloch, 1782) 5.4 20.0 0.0 0.0

Chub Squalius cephalus (L., 1758) 5.4 0.0 0.0 0.0

Bleak Alburnus alburnus (L., 1758) 5.4 50.0 0.0 16.7

Topmouth gudgeonb Pseudorasbora parva (Temminck & Schlegel, 
1846)

2.7 0.0 7.7 0.0

Three- spined stickleback Gasterosteus aculeatus (L., 1758) 2.7 0.0 0.0 0.0

Crucian carp Carassius carassius (L., 1758) 2.7 40.0 0.0 50.0

European whitefish Coregonus lavaretus (L., 1758) 2.7 0.0 0.0 0.0

Vendace Coregonus albula (L., 1758) 2.7 0.0 0.0 0.0

Sterlet sturgeon Acipenser ruthenus L. 1758 2.7 0.0 0.0 0.0

Stone loach Barbatula barbatula (L., 1758) 0.0 0.0 7.7 0.0

Brown bullheada,b Ameiurus nebulosus (Lesueur, 1819) 0.0 0.0 7.7 0.0

Ninespine stickleback Pungitius pungitius (L., 1758) 0.0 0.0 23.1 0.0

Rainbow trouta,b Oncorhynchus mykiss (Walbaum, 1792) 0.0 10.0 0.0 0.0

aPiscivorous species (perch >15 cm total length [TL] and eel >50 cm TL were classified piscivorous).
bNon- native species.

 13652427, 2022, 12, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/fw

b.14001 by L
eibniz Institut Fuer G

ew
ässerökologie, W

iley O
nline L

ibrary on [04/11/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



    |  2137MATERN et al.

β- diversity of the littoral fish communities in unmanaged gravel pit 
lakes was significantly higher than in all other three lake types, indi-
cating greater stochasticity in fish species colonisation and establish-
ment in unmanaged gravel pit lakes. No such differences among the 
two unmanaged lake types were found for the benthic fish communi-
ties, probably because the electrofishing captured a greater diversity 
of species (Diekmann et al., 2005; Mueller et al., 2017) increasing sta-
tistical power to detect richness- based community differences.

4.1  |  Impact of lake genesis on fish communities

Natural lakes in the north German lowlands resulted from the last 
ice age that ended roughly 10.000 years ago (Håkanson, 2012). By 
contrast, gravel pit lakes in the same region and in other European 
areas are relatively young, most of them being created during the 
last century (Matern et al., 2019; Seelen et al., 2021; Søndergaard 
et al., 2018; Zhao et al., 2016). Hence, the impact of lake genesis on 
β- diversity, as evidenced from higher β- diversity in the unmanaged 
gravel pit lakes relative to the unmanaged natural lakes, probably 
was caused by differences in lake age. Furthermore, the number of 
species colonising a lake rises with lake age (Barbour & Brown, 1974; 
Peel et al., 2019). Hence, the high variation in fish community com-
position in newly created unmanaged gravel pit lakes most prob-
ably resulted from the stochastic colonisation process as evidenced 
by presence of small- bodied pioneer species, such as sunbleak and 
ninespine stickleback (Gozlan et al., 2003; Merilä, 2013; Mobley 
et al., 2011) and highly variable (among lakes), yet overall species- 
poor community composition. Importantly, the colonisation process 

of unmanaged gravel pit lakes is influenced not only by stochastic 
natural colonisation, but also by human assistance, specifically il-
legal stocking, which also shares stochastic elements (Matern 
et al., 2019; for details see below). The probabilities for both colo-
nisation processes rise with time (lake age) even in relatively young 
gravel pit lakes. Accordingly, we detected fish in all of our isolated 
gravel pit lakes (mean age of available data: 29 ± 12 years), whereas 
other isolated gravel pit lakes with an age of only a few years that 
were rarely covered in our study sometimes host no fish species at 
all (Søndergaard et al., 2018; Werneke et al., 2018). Both processes– 
natural and anthropogenic colonisation– can further create stronger 
variation in fish communities among different unmanaged gravel pit 
lakes, whereas fisheries management with regular stocking tends to 
homogenise communities (Matern et al., 2019).

4.2  |  Impact of fisheries management on fish 
communities

We detected higher species richness (α- diversity) and greater num-
bers of predatory species in managed lakes compared to unmanaged 
lakes. Many of these predatory fish species are popular targets of 
anglers (Donaldson et al., 2011) and, therefore, typically introduced 
and stocked in managed lakes (Arlinghaus et al., 2015; Cucherousset 
et al., 2021). We found typical central European lake fish species 
such as roach, perch, pike, rudd and tench to occur frequently in all 
managed lakes as well as unmanaged natural lakes, with very few 
traces of non- native fishes. By contrast, none of the mentioned na-
tive fish species were found in more than half of the unmanaged 

F I G U R E  2  Boxplots of total fish 
species richness (a) and number of 
predatory species (b) for gravel pit lakes 
and natural lakes with and without 
fisheries management. Results from 
pairwise comparison are presented in 
Table 3.
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gravel pit lakes, again indicating more sporadic colonisation and es-
tablishment. In originally fish- free gravel pit lakes subjected to pri-
vate fishing rights (as it is common in Germany; Arlinghaus, Müller, 
et al., 2017), fish stocking regularly is conducted to introduce a fish-
able stock and maintain captures of popular species (Arlinghaus 
et al., 2015; Cowx, 1994). In Germany, typical lake fish species 
stocked by recreational-fisheries managers include predatory spe-
cies and larger- bodied Cypriniformes, such as tench and carp, but 
also common baitfish species, such as roach or rudd, and small- 
bodied non- game fish species for conservation purpose (Arlinghaus 
et al., 2015; Cucherousset et al., 2021), with some species of those 
that are introduced establishing self- reproducing populations. 
Hence, and in line with our findings, lakes managed for fisheries 
were found to host increased numbers of fish species and preda-
tory species relative to unmanaged lakes, similar to previous findings 
(Matern et al., 2019; Tammi et al., 2003; Zhao et al., 2016).

We detected eel in all lake types with higher frequencies in man-
aged lakes compared to unmanaged lakes, common carp in 46% of 
the managed, but also in close to 40% of the unmanaged gravel pit 
lakes, and a single rainbow trout in a managed natural lake. Given 
that natural reproduction is sporadic (carp) or absent (eel, rainbow 
trout, sometimes carp) in isolated still waters in Germany (Souza 
et al., 2022), all three species strongly depend on continued stocking. 
Their occurrence in isolated lakes indicates past and ongoing stock-
ing activities. Indeed, all three species are regularly stocked in high 
abundances and biomasses all over Europe, specifically in angler- 
managed water bodies (Aas et al., 2018; Arlinghaus et al., 2015; 
Cucherousset et al., 2021; FAO, 2005) and are, therefore, more likely 
to occur in managed lakes. However, carp were detected in managed 
lakes less frequently than expected, which most probably resulted 
from typical underestimation of this species in fish community sam-
pling gear (Ravn et al., 2019). However, natural recruitment is not 

Comparison Variable Diff p.adj

Managed natural 
lake

vs. Managed gravel 
pit lake

Total fish species 
richness

0.473 0.955

Unmanaged 
gravel pit lake

vs. Managed gravel 
pit lake

Total fish species 
richness

−4.642 0.000

Unmanaged 
natural lake

vs. Managed gravel 
pit lake

Total fish species 
richness

−3.027 0.046

Unmanaged 
gravel pit lake

vs. Managed natural 
lake

Total fish species 
richness

−5.115 0.000

Unmanaged 
natural lake

vs. Managed natural 
lake

Total fish species 
richness

−3.500 0.051

Unmanaged 
natural lake

vs. Unmanaged 
gravel pit lake

Total fish species 
richness

1.615 0.584

Managed natural 
lake

vs. Managed gravel 
pit lake

Number of predatory 
species

−0.559 0.347

Unmanaged 
gravel pit lake

vs. Managed gravel 
pit lake

Number of predatory 
species

−2.075 0.000

Unmanaged 
natural lake

vs. Managed gravel 
pit lake

Number of predatory 
species

−1.959 0.000

Unmanaged 
gravel pit lake

vs. Managed natural 
lake

Number of predatory 
species

−1.515 0.002

Unmanaged 
natural lake

vs. Managed natural 
lake

Number of predatory 
species

−1.400 0.027

Unmanaged 
natural lake

vs. Unmanaged 
gravel pit lake

Number of predatory 
species

0.115 0.995

Note: Significant differences are presented in bold.

TA B L E  3  Results from ANOVA 
comparisons and subsequent post hoc 
tests of total fish species richness and 
number of predatory species in natural 
lakes and gravel pit lakes with and without 
fisheries management

Method Variable R2 adj df AIC F Pr (>F)

Electrofishing Lake genesis 0.0469 1 214.7955 2.1427 0.001

Electrofishing Fisheries 
management

0.0594 1 214.8631 1.8421 0.005

Electrofishing TP 0.0299 1 215.0029 3.0004 0.015

Multimesh gillnet Lake genesis 0.0356 1 209.7997 2.0008 0.002

Multimesh gillnet TP 0.0203 1 209.8642 2.3243 0.010

Multimesh gillnet Fisheries 
management

0.0448 1 210.1170 1.5998 0.019

TA B L E  4  Redundancy analysis models 
after variable selection describing fish 
communities sampled by electrofishing 
and multimesh gillnets (TP = Total 
phosphorus)
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consistent for German carp stocks (Souza et al., 2022), which can 
contribute to the lack of long- term establishment after stocking in 
managed lakes, especially when recapture rates are high as is com-
monly observed (Arlinghaus, Hühn, et al., 2017).

We detected only single individuals of three non- native species 
across the entire set of lakes, even when managed, in agreement 
with our previous work in the study region (Matern et al., 2019). 
Of those, only rainbow trout is of fisheries importance and inten-
tionally released. The other two species, brown bullhead and top-
mouth gudgeon, usually are unintentionally released when poorly 
sorted fish from pond aquaculture are stocked (Kinzelbach, 1995; 
Waterstraat, 2002). Although studies in England and France re-
ported fisheries management and stocking to be associated with the 
spread of non- native fish species in lakes (Hickley & Chare, 2004; 

Skeate et al., 2021; Zhao et al., 2016), we could not detect similar 
outcomes in our study area. One difference might be that many of 
those fish established in French gravel pit lakes are warm- water fish, 
and the spring temperature in northern Germany might not be high 
enough to guarantee regular recruitment (Souza et al., 2022).

The fish community composition in both managed lake types was 
surprisingly similar to that found in unmanaged natural lakes. This 
finding might result from past fisheries management as most lakes 
in the study area were subjected to fisheries and stocking several 
decades ago (Anwand, 1973). Alternatively, the finding also might 
indicate that a similar lake type- specific fish community will estab-
lish over very long colonisation periods with the general ecological 
features of a lake (such as food availability and habitat features as 
well as predation level) driving the final species composition and 

F I G U R E  3  Non- metric multidimensional scaling plot of the fish community structure in gravel pit lakes (nmanaged = 37 and nunmanaged = 13 
[electrofishing] and 12 [multimesh gillnetting]) and natural lakes (nmanaged = 10 and nunmanaged = 6) with (a) displaying the littoral fish 
community revealed by electrofishing and (b) displaying the benthic fish community revealed by multimesh gillnetting. The ellipses represent 
the 95% confidence interval.

TA B L E  5  Pairwise comparison results from the permutation test to reveal differences in β- diversity between lake types

Comparison Method p- value

Managed gravel pit lake vs. Managed natural lake Electrofishing 0.309

Managed gravel pit lake vs. Unmanaged gravel pit lake Electrofishing 0.003

Managed gravel pit lake vs. Unmanaged natural lake Electrofishing 0.666

Managed natural lake vs. Unmanaged gravel pit lake Electrofishing 0.063

Managed natural lake vs. Unmanaged natural lake Electrofishing 0.738

Unmanaged gravel pit lake vs. Unmanaged natural lake Electrofishing 0.016

Managed gravel pit lake vs. Managed natural lake Multimesh gillnets 0.737

Managed gravel pit lake vs. Unmanaged gravel pit lake Multimesh gillnets 0.006

Managed gravel pit lake vs. Unmanaged natural lake Multimesh gillnets 0.203

Managed natural lake vs. Unmanaged gravel pit lake Multimesh gillnets 0.136

Managed natural lake vs. Unmanaged natural lake Multimesh gillnets 0.552

Unmanaged gravel pit lake vs. Unmanaged natural lake Multimesh gillnets 0.427

Note: Significant differences are marked in bold.
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structure. The lack of typically riverine species (e.g., chub or ide) 
that were obviously occasionally stocked most probably via poorly 
sorted stocking material, underlined that these species do not form 
stable populations in lentic water bodies. Such stocking “errors” 
seemed to self- correct over time and only lentic species ultimately 
established reproducing populations in gravel pit lakes. Our finding 
of only minor traces of non- native or ecologically maladapted fish 
also implies that German fisheries managers rely mainly on native 
fishes for their stocking programme, in line with legal requirements 
(Arlinghaus et al., 2015).

β- diversity in managed lakes of both genesis types was par-
ticularly low, indicating faunal homogenisation in response to 
fisheries management (Matern et al., 2019). This finding agrees 
with previous work describing homogenised fish communities 
in lakes as a result of fish stocking across the temperate zone 
(Olden et al., 2006; Rahel, 2002; Villéger et al., 2011) and espe-
cially underlines the importance of translocated native species 
for faunal homogenisation (Sommerwerk et al., 2017). By con-
trast, unmanaged gravel pit lakes revealed the highest β- diversity 
of all lake types studied. Their littoral fish communities lacked 
typical lake fish species and were species- poor. The higher β- 
diversity and highly variable fish community composition in un-
managed gravel pit lakes indicate stochastic natural colonisation 
events, as discussed above. However, in unmanaged gravel pit 
lakes also traces of past introductions were found, probably via 
private illegal releases (e.g., golden phenotypes of rudd or carp; 
Matern et al., 2019). Thus, we conclude that restricting fisheries 
and the associated planned fish stocking from gravel pit lakes will 
not guarantee that these lakes remain fish- free in the long term. 
Natural colonisation processes and in densely populated regions 
also illegal fish introductions are likely to happen nevertheless. 
Accordingly, even rare examples of fish- free gravel pit lakes in 
Germany (Werneke et al., 2018) have later been colonised by fish 
(Jost Borcherding, personal communication).

4.3  |  Impact of environmental conditions on fish 
communities

Nutrient concentrations (represented by TP) strongly affected lake 
fish communities. With increased nutrient levels we found higher 
fish abundance, especially of Cypriniformes. We also found TP con-
centrations to be higher in managed natural lakes compared to man-
aged gravel pit lakes, most probably because of their young age and 
because gravel pit lakes are generally fed by nutrient- poor ground 
water (Mollema & Antonellini, 2016). Our findings of elevated nutri-
ent levels in natural small lakes relative to gravel pit lakes agrees with 
previous work in central and northern Europe (Emmrich et al., 2014; 
Søndergaard et al., 2018). Nutrient level impacts European lake 
fish communities in two ways. On the one hand, the amount of 
phosphorus determines productivity and general standing fish 
biomass in a lake (Downing et al., 1990; Hanson & Leggett, 1982; 
Lemmens et al., 2018). On the other hand, TP and eutrophication 

more generally determine community dominance structure in lakes 
through effects of turbidity, oxygen concentrations, and availabil-
ity of zooplankton and benthos. Typically, with increasing trophic 
state European lake fish communities shift from a dominance of 
Salmoniformes over Perciformes (particularly perch) to a domi-
nance of Cypriniformes (Jeppesen et al., 2000; Mehner et al., 2005; 
Persson et al., 1991). In line with these well- established relation-
ships, we found Cypriniformes (mainly roach and tench) to benefit 
from higher trophic levels, whereas the opposite was true for perch 
based on our gillnet catches.

We found no significant impact of mean lake depth, lake size, 
shoreline length, SDF and pH value on lake fish communities in 
our study, which disagreed with previous work from lakes that 
reported impacts of these variables on fish diversity and species- 
specific abundance (Eckmann, 1995; Mehner et al., 2005). However, 
the gravel pit lakes studied ranged in dimension between 0.7 and 
21.2 ha, in mean depth from 0.5 to 13.0 m and were compared with 
natural lakes of similar morphology. Accordingly, the gradients of 
morphological lake characteristics were rather narrow in our work, 
which might explain the lack of discriminatory power.

4.4  |  Fish species richness and communities in 
small lakes

We detected 30 different fish species in small lakes in northern 
Germany and species richness varied between two and 15 species 
per lake, which agreed with previous findings from small natural lakes 
in the same ecoregion of Germany (Eckmann, 1995). Perch, roach and 
rudd acted as most discriminatory between all four lake types. Perch 
and roach typically are found in European lakes independent of lake 
size (Eckmann, 1995; Ritterbusch et al., 2014; Tammi et al., 2003) 
and are also typically found in European gravel pit lakes (Emmrich 
et al., 2014; Zhao et al., 2016), with species- specific abundance de-
pending primarily on nutrient level and lake morphology (Jeppesen 
et al., 2000; Mehner et al., 2005; Persson et al., 1991). Accordingly, in 
our study perch dominated fish communities in mesotrophic gravel 
pit lakes, whereas roach were more abundant in eutrophic natural 
lakes. Alongside large perch, the phytophilic pike is a key preda-
tor of mesotrophic lentic water bodies and regularly found all over 
northern Europe (Craig, 1996). The phytophilic rudd and tench are 
less widely distributed in northern Europe (Olin et al., 2002; Tammi 
et al., 2003), but typically found in central European lakes (Emmrich 
et al., 2014; Ritterbusch et al., 2014). Pike, rudd and tench are also 
typically found in gravel pit lakes (Emmrich et al., 2014; Matern 
et al., 2019) with their abundances being strongly bound to the ex-
tension of emerged and submerged macrophytes (Lewin et al., 2014; 
Matern et al., 2021). Overall, we detected typical fish communities 
in the natural lakes and the fish communities in the gravel pit lakes 
were similar to those. Although this finding was previously reported 
for the littoral fish community by Emmrich et al. (2014), our work 
also includes the benthic fish community. Thus, fish communities 
from natural lakes can be used as reference for the expected fish 
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communities that establish in gravel pit lakes after the first assem-
blage is formed.

4.5  |  Study limitations

We used littoral electrofishing and multimesh gillnetting to sam-
ple lake fish communities, in line with literature recommenda-
tions (Achleitner et al., 2012; Barthelmes & Doering, 1996; Jurajda 
et al., 2009; Mueller et al., 2017). Šmejkal et al. (2015) recommended 
the use of larger mesh sizes than the mesh sizes of the experimental 
gillnets used in the Water Framework Directive (CEN, 2015; maxi-
mum 55 mm mesh size) to more effectively sample larger fishes– a 
recommendation that we also followed albeit with smaller panel 
lengths than recommended in the cited study. However, these addi-
tional larger mesh sizes resulted only in very low additional fish cap-
tures. It is possible that larger net dimensions with large mesh sizes 
are needed to catch larger- bodied fish like large pike or large carp. 
Alternatively, those body sizes may be relatively rare in exploited 
gravel pit lakes. A potential underestimation of large specimens, 
however, would affect all lakes similarly, so our key results on the 
comparison of lakes following the impact of fisheries management 
and lake genesis should be robust.

We found no differences in fish community composition be-
tween managed lakes and unmanaged natural lakes. This might 
indicate a lack of impact of fisheries management on established 
fish communities, yet we cannot exclude that the unmanaged nat-
ural lakes in our analysis had faced a former management history 
prior to German reunification. The unmanaged natural lakes that we 
sampled have been protected by nature conservation regulations 
and projects, which took place after German reunification in 1989. 
However, in the former German Democratic Republic, where these 
lakes are located, almost all available waters were subjected to fish-
eries management and fish production (Anwand, 1973). Therefore, 
we cannot exclude past human influences on the fish community 
structure in contemporarily unmanaged natural lakes. However, we 
could not detect signs of contemporary stocking (e.g., non- native 
fishes or carp) and there was a tendency for unmanaged lakes to 
be species- poorer and more variable in composition than managed 
lakes. The unmanaged lakes that we sampled represent the best 
sample of unmanaged natural lakes in our study area and our results 
therefore should be as unbiased as possible.

Fish species survival after introduction, reproduction, popula-
tion dynamics and ultimately abundance are strongly governed by 
local environmental conditions (Anas & Mandrak, 2021; Mehner & 
Brucet, 2022). Combining data from different projects for this study 
led to a reduced dataset of environmental variables. We used the 
variables TP and mean lake depth as surrogates to display infor-
mation on lake productivity and morphology, which further effect 
mixing regime and oxygen depletion. TP and mean lake depth have 
been found to be key indicators on fish productivity and commu-
nity composition (Downing et al., 1990; Mehner et al., 2005) and 
therefore should lead to robust results. We were, however, lacking 

information on littoral habitat characteristics (e.g., macrophyte cov-
erage), which impact species- specific abundance in lakes (Lewin 
et al., 2014; Matern et al., 2021). However, mean depth and nutrient 
state specifically are correlated with macrophyte abundance and 
also water clarity (Søndergaard et al., 2017, 2022), and have been 
found in cross- lake studies to be decisive determinants of lake fish 
communities (Diekmann et al., 2005; Jeppesen et al., 2000; Mehner 
et al., 2005). We further included SDF as a quantitative measure-
ment of available littoral habitat. We thus believe that we have cov-
ered the most important co- variates and that the remaining variation 
in our lake fish assemblage can quite safely be related to the degree 
of management by fishing clubs.

Spatial separation is a further factor that can lead to changes 
in the fish community structure, even within the same ecoregion 
(Mehner et al., 2014). In our study, gravel pit lakes were located in 
north-western Germany, which is characterised by a low number of 
natural lakes. Natural lakes from lake- rich north-eastern Germany 
represented the best comparison possible within the same ecore-
gion and lowest spatial distances in similar latitudes. Although both 
lake sets were from the same ecoregion, it is possible that glacial re-
fugia affected the two environments differentially (Griffiths, 2006). 
However, as we detected the species pool that generally would be 
expected in Germany, we do not believe that spatial separation 
strongly affected our results.

5  |  CONCLUSIONS AND IMPLIC ATIONS

By comparing natural lakes and gravel pit lakes in similar ecological 
conditions and in the same ecoregion (northern German lowlands), 
our study suggested an impact of lake genesis (via differences in 
lake age; gravel pit lakes <100 years and natural lakes ~10,000 years) 
and fisheries management (most probably via regular stocking pro-
grammes) on species richness and fish community composition. We 
found fisheries management to increase fish species richness in 
both natural and gravel pit lakes. Yet, this human- assisted colonisa-
tion did not lead to different fish community compositions in gravel 
pit lakes compared to managed and unmanaged natural lakes. By 
contrast, unmanaged gravel pit lakes lacked typical lake fish species 
and showed large differences in fish community composition among 
lakes, in particular in the littoral zone. High β- diversity in unmanaged 
gravel pit lakes indicates an ongoing, rather stochastic colonisation 
process in novel and isolated ecosystems. Our study suggests that 
recreational- fisheries management of gravel pit lakes shortens the 
colonisation process with fishes, resulting in species- rich and natu-
rally composed fish communities that are similar in abundance and 
richness to (unmanaged and managed) natural lakes. We recommend 
fisheries and aquatic ecosystem managers to use fish communities 
in ecologically similar natural lakes as reference communities for 
planning initial stocking practices in newly created gravel pit lakes. 
Without initial fish stocking, the colonisation of gravel pit lakes by 
fish will be slow and stochastic, but all investigated lakes were colo-
nised by fishes and, thus, keeping gravel pit lakes (≥1 ha) fish- free in 
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the long term seems difficult. The resulting, stochastically formed 
fish communities in unmanaged gravel pit lakes then may radically 
depart from the conditions expected in unmanaged natural lakes, 
specifically when influenced by illegal fish releases by private people, 
without necessarily hosting lower fish biomass (Matern et al., 2019).

Our work has implications for the wider discussion of whether 
recreational fisheries as activity and recreational- fisheries manage-
ment more generally negatively shapes biodiversity, including via 
the management practice of fish stocking (Eby et al., 2006; Lewin 
et al., 2006; Schafft et al., 2021). Our work shows that in the case of 
fish species diversity as conservation target, recreational fisheries 
will increase local fish diversity and “speed up” the colonisation time 
of newly created gravel pit lakes with native fishes introduced via 
stocking. However, fishes can negatively impact other taxa via pre-
dation (Eby et al., 2006; Lemmens et al., 2013; Schmidt et al., 2021). 
Yet, in previous studies in the same study area, recreational- fisheries 
management and stocking in gravel pit lakes did not negatively affect 
local species richness and the presence of threatened taxa across 
a wide range of riparian and aquatic taxa (e.g., dragonflies, macro-
phytes; Nikolaus et al., 2021). However, predation impacts on se-
lected species of zooplankton and macrozoobenthos (not studied by 
Nikolaus et al., 2021) are still plausible, as the presence of fish repeat-
edly has been shown to shape composition, size structure and abun-
dance of lower trophic levels in previously fish- free lake ecosystems 
(Knapp et al., 2001; Lemmens et al., 2015). Some taxa, such as am-
phibians, are particularly sensitive to fish predation and thus would 
benefit from fish- free waters (Leu et al., 2009; Schmidt et al., 2021). 
However, our work showed that fish- free gravel pit lakes are unlikely 
and the biomass of fish were identical at entirely different species 
composition in unmanaged and managed gravel pit lakes (Matern 
et al., 2019). Therefore, and because of the reduced littoral zones, 
the studied gravel pit lakes seem unsuitable for amphibian conserva-
tion. Instead, small temporary ponds and kettle holes constitute su-
perior amphibian habitats as these systems are more likely to remain 
fish- free (Søndergaard et al., 2005). Such outcomes are unlikely in 
permanent lake ecosystems that are large enough to attract humans 
for recreation, such as the gravel pit lakes studied in our work. Such 
systems may then be managed preferentially to support high local 
diversity of fishes and recreational fisheries as an ecosystem service.
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