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Abstract
The habitat quality of the littoral zone of lakes is known to play an important role for most
lake dwelling fish species. Different species and life-stages vary in their use of certain habitat
types on a diurnal and seasonal scale. Artificial lakes, such as gravel pit lakes, often possess
structurally homogenized littoral zones, regularly offering low habitat quantities especially for
structurally orientated fish. The introduction of deadwood increases the availability of littoral
structures and might act as a suitable habitat for fish. In the present work the diurnally and
seasonally varying use of different microhabitats by six dominantly occurring fish species (eel
(Anguilla anguilla), perch (Perca fluviatilis), pike (Esox lucius), roach (Rutilus rutilus), rudd
(Scardinius erythropthalmus), and tench (Tinca tinca)) was studied in eight gravel pit lakes
with added woody structures in the littoral zone. The tested hypotheses were that these six
fish species use the new littoral microhabitats, and that littoral microhabitat use intensities
differ by size. Further, it was hypothesized that fish increasingly use long lasting deadwood
structures during winter when macrophytes die off and that littoral variables (microhabitat
and littoral depth) are of high importance in explaining fish abundances in the deep, steeply
shored gravel pit lakes. The use of the littoral habitats was assessed in each of the four
seasons using random point abundance sampling by electrofishing. Patterns of fish
abundances in two dominant natural habitats (unstructured littoral and emerged
macrophytes) and supplemented deadwood habitats were analyzed using generalized linear
mixed modelling (GLMM). Additionally, boosted regression trees (BRT) were run to identify
species- and size-class specific patterns of microhabitat use and to compare the relative
importance of lake-level (e.g., trophic state) and littoral-level variables on fish abundance.
The usage of the available physically complex shoreline structures by all assessed species
was detected, especially during daytime. Additionally, increased abundances of primarily
roach and perch were detected during nighttime in the unstructured open littoral habitats.
Fish used the deadwood structures immediately after the supplementation in all seasons,
and larger piscivores (perch, pike and eel) in particular were positively associated with the
artificial habitats. During winter, roach, perch and pike intensively used deadwood structures
and were rarely found in the unstructured habitat. Besides the structural properties, shallow
water was also found to be an important determinant of littoral fish abundance. Generally,
littoral variables were similarly or even more important in explaining fish abundances
compared to lake-environmental variables in the sampled gravel pit lakes. The present work
suggests that the implementation of deadwood structures can increase the habitat quality for
structurally orientated fish in gravel pit lakes with limited littoral habitats and may thus support
fish populations.
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1. Introduction
Freshwater habitats such as rivers and lakes are endangered ecosystems containing a
substantial number of aquatic species (DUDGEON et al. 2006; REID et al. 2019). Multiple
threats (e.g. habitat degradation and water pollution) affect freshwater ecosystems
(ARLINGHAUS et al. 2002; COLLEN et al. 2014; REID et al. 2019), and conservation as well as
restoration of aquatic ecosystems is thus a key policy goal (BARON et al. 2002; GEIST 2011;
GEIST and HAWKINS 2016). Artificial waterbodies created by humans are known to be
important supplementary habitats for aquatic species (EMMRICH et al. 2014; SØNDERGAARD
et al. 2018; DAMNJANOVIĆ et al. 2018; VUCIC et al. 2019; NIKOLAUS et al. 2020; REYNE et al.
2020) and may thus serve as secondary habitats for biodiversity conservation (CHESTER and
ROBSON 2013; HILL et al. 2015; OERTLI 2018).
Apart from reservoirs and ponds, gravel pit lakes are common artificial waterbodies in many
areas of Europe (BLAEN et al. 2016; SØNDERGAARD et al. 2018; NIKOLAUS et al. 2020). Gravel
pits lakes are created to comply with the rising demand of sand, gravel and other substrates
for construction (MOLLEMA and ANTONELLINI 2016) and have recently gained attention by
researchers (ARLINGHAUS et al. 2016; ZHAO et al. 2016; DAMNJANOVIĆ et al. 2018;
SØNDERGAARD et al. 2018; MATERN et al. 2019; VUCIC et al. 2019). In Europe alone over
26.000 active excavation sites were officially known from 24 European countries in 2019 with Germany being one of the leading sand and gravel producers excavating over 250
metric tons alone in 2017 (EUROPEAN AGGREGATES ASSOCIATION, 2019). In the federal state
of Lower Saxony (North-Western Germany) more than 37.000 ponds and gravel pit lakes
(<20 ha size) are representing the majority (70 %) of all stagnant waterbodies (NIKOLAUS et
al. 2020), demonstrating their ecological potential as supplementary aquatic habitats. Gravel
pit lakes are, apart from their ecological value, important for different human user groups for
various recreational activities such as bathing and specifically recreational fishing (KATTNER
et al. 2000; SCHLOTT et al. 2000; SCHULTZE et al. 2010; ZHAO et al. 2016; BLAEN et al. 2016;
MEYERHOFF et al. 2019; NIKOLAUS et al. 2020; MCCULLOUGH et al. 2020).
The lake morphology of gravel pit lakes differs often from that of natural lakes, based on their
excavation origin. Gravel pit lakes are typically deeper and have steeper shores than natural
lakes (SCHURIG 1972; POWELL and SOUTH 1978; GEE 1978; EMMRICH et al. 2014; MOLLEMA
and ANTONELLINI 2016; SØNDERGAARD et al. 2018; VUCIC et al. 2019), which generally results
in a reduced littoral zone to lake area ratio (GASITH 1991). Littoral zones are known to play
an outstanding role in lake ecosystems and host a majority of biota within a lake (KEAST and
HARKER 1977; SCHLOTT et al. 2000; MOSS 2008; STRAYER and FINDLAY 2010;
VADEBONCOEUR et al. 2011). Complex structural littoral zones consisting of multiple different
small scale microhabitats (CHICK and MCIVOR 1994) offer valuable habitats for different
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aquatic organisms such as zooplankton (SCHRIVER et al. 1995; LAURIDSEN and LODGE 1996),
invertebrates (GREGG and ROSE 1985; CARPENTER and LODGE 1986; THOMAZ et al. 2008)
and fish (HALL and WERNER 1977; SAVINO and STEIN 1982; CROWDER and COOPER 1982;
EKLÖV 1997). However, human utilization and increasing development along lake shorelines
has frequently led to a modification and reduction in the extent of littoral structures
(OSTENDORP et al. 1995; CHRISTENSEN et al. 1996; RADOMSKI and GOEMAN 2001; TRIAL et
al. 2001; BOZEK 2001; JENNINGS et al. 2003; SCHEUERELL and SCHINDLER 2004; STRAYER
and FINDLAY 2010; CHHOR et al. 2020).
Fish often use the littoral zone during selected ontogenetic life stages, and sometimes during
life-time (SAMMONS and BETTOLI 1999; SCHULZE et al. 2006; BROSSE et al. 2007), which is
often expressed in different seasonal (HALL and WERNER 1977; FISCHER and ECKMANN
1997a; LEWIN et al. 2004; BROSSE et al. 2007) and diel patterns of occurrence (BOHL 1980;
HAERTEL and ECKMANN 2002; COPP 2010; ŘÍHA et al. 2011). Commonly, the greatest fish
species diversity in the littoral zone has been observed during summer months(HALL and
WERNER 1977; FISCHER and ECKMANN 1997a; HATZENBELER et al. 2000), however the use
of the littoral zone is species- and size specific (ROSSIER 1995; HATZENBELER et al. 2000;
BROSSE et al. 2007). Reasons that affect the fish distribution encompass seasonally and daily
varying abiotic drivers such as variation in temperature regime (PRINCE 1976; HALL and
WERNER 1977; FISCHER and ECKMANN 1997a; LUCAS and BARAS 2001; BRODERSEN et al.
2011) or spatially varying oxygen content (TONN and MAGNUSON 1982; JÄRVALT et al. 2005;
AREND et al. 2011), and biotic drivers such as reproduction (WINFIELD 2004; CHAPMAN et al.
2011), predation (LUCAS and BARAS 2001; SKOV et al. 2013), prey abundance (THORPE 1974;
OKUN and MEHNER 2002) and availability of structures for refuge (TONN and MAGNUSON
1982; HATZENBELER et al. 2000). Growth of aquatic vegetation for example is limited when
temperature and light intensity decrease in the colder seasons (BARKO et al. 1982), resulting
in a reduction of available structures, which in turn affects structure-dependent species such
as pike (Esox lucius), (GRIMM and KLINGE 1996). Many fish taxa select shelter in
overwintering habitats where they can reduce both their metabolic costs and predation risk
(SHUTER et al. 2012). However, investigations of the fish community in relation to
microhabitat use during winter are often missing in the literature (e.g. EKLÖV 1997;
HATZENBELER et al. 2000; LEWIN et al. 2004; BROSSE et al. 2007).
Diurnal horizontal migrations of fish between the littoral zone and the open water column
have been previously observed in various studies and are strongly expressed in individual
small fish that tend to migrate into open water during the night (HALL et al. 1979; BOHL 1980;
GLIWICZ and JACHNER 1992; HAERTEL et al. 2002; SCHULZE et al. 2007; JŮZA et al. 2014;
NAKAYAMA et al. 2018). These movements are explained by a trade-off between predator
avoidance displayed by hiding in well-structured habitats during daytime on one hand, and
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resource availability in form of zooplankton in the open water column during the night (or
more generally during light-attenuated conditions) on the other hand (BOHL 1980; GLIWICZ
and JACHNER 1992; GLIWICZ et al. 2006; ŘÍHA et al. 2015). In contrast, reversed diurnal
movements of larger, predation prone fish migrating from offshore areas to the littoral zone
have been observed, likely based on foraging activities (SCHULZ and BERG 1987; KUBEČKA
1993; WOLTER and FREYHOF 2004; ŘÍHA et al. 2011; ŘÍHA et al. 2015). For example,ŘÍHA et
al. (2011) found an increase in the abundance of larger fish and a higher species diversity in
open unstructured littoral habitats during the night, demonstrating the diurnal dynamics in
habitat use of littoral zones.
Smaller juvenile fish that are particularly susceptible to predation by piscivores (MITTELBACH
and PERSSON 1998; GAETA et al. 2018) are dependent on the structural complexity in the
littoral zone, which offers both shelter (GOTCEITAS and COLGAN 1990; TABOR and
WURTSBAUGH 1991), often provided by dense macrophyte stands (ANDERSON 1984; SAVINO
and STEIN 1989; CHICK and MCIVOR 1994; ROSSIER et al. 1996), and invertebrate food
sources (HARGEBY et al. 1994; LEWIN et al. 2004; THOMAZ et al. 2008). In addition to
submerged and emerged macrophytes, coarse woody debris (CWD) is known to be an
important structural component of the littoral zone, enhancing the habitat qualities for fish
and other aquatic organisms (O’CONNOR 1991; EVERETT and RUIZ 1993; LEWIN et al. 2004;
NAIMANN and LATTERELL 2005; NEWBREY et al. 2005; CZARNECKA 2016). LEWIN et al. (2004)
sampled littoral microhabitats from May to October in a natural shallow lake in Northern
Germany and observed an increase in biomass of juvenile Eurasian perch (Perca fluviatilis)
and roach (Rutilus rutilus) over the course of a year as well as clear diel patterns displayed
by an intensified use of complex structures during daytime in comparison to the night.
Additionally, they reported preferences towards woody structures over emerged vegetation
(Phragmites australis) for both species and an avoidance of open habitats during daytime,
demonstrating the structural benefit of woody structures against unstructured habitats.
The occurrence of CWD in lakes is often negatively influenced by human use due to CWD
removal or generally removal of riparian vegetation during site or housing development
(CHRISTENSEN et al. 1996; JENNINGS et al. 2003; MARBURG et al. 2006). Research focusing
on the CWD abundance in gravel pit lakes with different human use intensities showed that
the CWD quantity was significantly lower in gravel pit lakes compared to natural lakes.
Additionally, the amount of CWD structures was lower in gravel pit lakes with higher human
use intensity (ROBICHON et al., unpublished data). Apart from human influences, their young
age and hence lower amounts of larger riparian trees, the main source for CWD in lakes
(MARBURG et al. 2006), causes the lack of complex woody structures in young gravel pit lakes
(ROBICHON et al., unpublished data). Low quantities of CWD in conjunction with common
spatial littoral zone restrictions and potentially lower macrophyte abundances due to unstable
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sandy habitats (EMMRICH et al. 2014) will reduce the overall structural potential of littoral
zones in gravel pit lakes. In natural lakes densities, growth rates and species diversity of fish
are known to be higher in physically complex zones (RANDALL et al. 1996; STRAYER and
FINDLAY 2010). Thus, as compensatory or restorative measure structural habitat
enhancement via the introduction of CWD (COWX and GERDEAUX 2004; HICKLEY et al. 2004;
NAGAYAMA and NAKAMURA 2010; ARLINGHAUS et al. 2016) may be a promising tool for
improving the ecological state of gravel pit shore zones.
The structural enhancement of lakes and rivers by the introduction of artificial, predominantly,
woody structures is a practice regularly applied in North America (BOLDING et al. 2004;
HICKLEY et al. 2004; SASS et al. 2012; SASS et al. 2019). The practice aims at either
increasing catch rates(LYNCH and JOHNSON 1989; JOHNSON and LYNCH 1992; TUGEND et al.
1999), building suitable spawning habitats (BASSETT 1994; GILLET and DUBOIS 1995; NASH
et al. 1999; PEDICILLO et al. 2008; ČECH et al. 2012) or offering shelter for juvenile fish to
enhance their survival (SKOV and BERG 1999; RONI and QUINN 2001; SANDSTRÖM and KARÅS
2002; BOLDING et al. 2004) and hence differs from classical fisheries management
approaches like fish stocking or harvest regulations (e.g. ARLINGHAUS et al. 2002). Research
about the effects of deadwood introduction on the fish community was mainly conducted in
lotic waterbodies, natural lakes or reservoirs (PRINCE and MAUGHAN 1978; WILLS et al. 2004;
NAGAYAMA and NAKAMURA 2010; SASS et al. 2012), but was rarely done with focus on gravel
pit lakes (but see BECKER et al., 2007 who primarily focused on cormorant - fish interactions
for an exception). While the introduction of deadwood is known to be practiced by German
angling clubs (e.g. BECKER et al., 2007; EMMRICH et al., 2014) a scientific examination after
its implementation is predominantly missing. However, monitoring and data collection is
invaluable to evaluate the short and long-term response of the fish community as a
consequence of such habitat enhancement (e.g. BOHNSACK and SUTHERLAND 1985; BOLDING
et al. 2004).
With respect to littoral structure availability, previous research has shown that morphological
and trophic lake characteristics strongly constitute the main drivers for fish community
composition (BARBOUR and BROWN 1974; PERSSON et al. 1991; HOLMGREN and APPELBERG
2000; OLIN et al. 2002; MEHNER et al. 2005; ZHAO et al. 2016). Increasing lake productivity
due to an increase in nutrients has been shown to lead to a characteristic change in the fish
community from salmonids over percids to cyprinids (PERSSON et al. 1991) and more
generally productivity is strongly determining fish biomass in lake ecosystems (HARTMANN
and NÜMANN 1977; LEACH et al. 1977; HANSON and LEGGETT 1982; JEPPESEN et al. 2000;
OLIN et al. 2002; MEHNER et al. 2005). However, LEWIN et al. (2014) showed that structurally
complex littoral zones in deeper lakes had a larger influence on the fish abundance than in
shallow lakes without littoral zone limitations. These findings are supported by MATERN et al.
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(in review) for gravel pit lakes who used transect-level electrofishing data and showed that
littoral structures were of equal or even stronger importance in describing fish abundances
for some species compared to morpho-trophic lake properties. However, based on their
sampling design, including mosaics of different microhabitats, MATERN et al. (in review) were
unable to quantify the individual impact of specific littoral microstructures that are commonly
found in pit lakes.
Aforementioned studies showed that the seasonal and diurnal use of habitats is species
specific in natural (EKLÖV 1997; FISCHER and ECKMANN 1997b; LEWIN et al. 2004) and
artificial systems (BROSSE et al. 2007; ŘÍHA 2012). However, studies on spatio-temporal fish
distributions in gravel pit lakes as another important artificial lake type have rarely been
conducted and were often restricted to single lake observations (BORCHERDING et al. 2002).
With few exceptions (ROSSIER 1995; FISCHER and ECKMANN 1997a), studies assessing
littoral fish communities and their use of structures are missing to account for winter effects
and night observation during winter are in particular rare, which especially holds true for
gravel pit lakes. The aim of this study was to identify spatio-temporal patterns of littoral
microhabitat use by fish in gravel pit lakes, less than two years after their enhancement with
deadwood structures (brush piles). By gathering data about the general fish distribution
patterns and by comparing the effects of different microhabitats and a set of lake-level
variables this study aimed at understanding whether and if so, to what degree fish use
artificially introduced CWD over the course of a season and during day and night.
Three hypotheses were tested: 1) artificial deadwood structures reveal a suitable habitat for
various structure orientated species (such as perch, pike and tench) and size-classes; 2)
microhabitat use of fish in long-lasting deadwood structures increases in late autumn and
winter when the structural complexity of vascular plant structures is decreasing; and 3) littoral
microhabitats and morpho-trophic states may be equally important for explaining fish
abundances in gravel pit lakes. To test these hypotheses a modified version of the random
point abundance method by electrofishing was applied in four seasons during day and night
within eight gravel pit lakes that were structurally enhanced using artificial deadwood
structures. Additionally, site and lake specific characteristics were gathered during each
sampling periods and analyzed using two different approaches: 1) a generalized linear mixed
modelling (GLMM) approach to identify seasonal and diurnal patterns of fish distributions in
common littoral microhabitats in gravel pit lakes, and 2) a boosted regression trees (BRT)
approach to identify species and length class specific non-linear patterns in the littoral use of
microhabitats and relate their relative importance to morpho-trophic lake variables.
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2. Materials and Methods
2.1 Study sites
The diurnal and seasonal fish use of microhabitats was studied in eight gravel pit lakes in the
federal state of Lower Saxony, North-Western Germany (Figure 1), all located in the Central
Plain ecoregion. As a treatment component of the BAGGERSEE project [www.baggerseeforschung.de], these eight lakes (for abbreviations, see Table 1) were used for habitat
enhancement and supplied with over 800 piles of artificial deadwood (ADW) in total. All lakes
were excavated between 1969 – 1991 and where thus of young origin. The average
beginning of lake excavation of all sampling lakes was in 1975 ± 8.5 years (Table 1). The
excavation ceased the earliest in 1980 at Kolshorner Teich and most recently in Meitzer See
in

2006.

average,

On
lake

excavation ceased
in

1994

with

a

standard deviation
of 9 years. Thus,
lakes

were

on

average 22 years
old when the first
sampling in autumn
2018

was

conducted.
eight

All

gravel

pit Figure 1 Location of the study lakes in Lower Saxony (Germany)
lakes are managed by local angling clubs (Appendix A).

The sampling lakes were small (< 20 ha), ranging from 1.3 ha to 19.5 ha surface area with
an average size of 8.4 ± 6.8 ha. Shoreline length of the lakes varied with a mean ± SD of
1472.4 ± 802.2 m (range = 417 m to 2752 m). On average, the lakes’ mean depth was 5.2 ±
3 m (min. 2.3 min, max. 11.9 m). The percentage of the littoral zone, here categorized as the
lake strata next to the shore up to 3 m depth, varied in a lake-dependent fashion from a
minimum of 8.6 % in Meitzer See to a maximum of 58.3 % (Weidekampsee) of the total lake’s
strata. On average, the sampling lakes were characterized by a mean littoral share of 27.6 ±
16 %. The trophic state index (TI) differed among the lakes, only one lake (Meitzer See) was
classified as oligotrophic, two lakes were classified as mesotrophic type 1, three lakes were
classified as mesotrophic lakes type 2 and two lakes were classified as eutrophic type 1
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lakes. Chlorophyll a values differed among the lakes with highest mean chlorophyll a values
in Saalsdorf, Donner Kiesgrube and Collrunge, and lowest chlorophyll a concentration
measured in Meitzer See. Also, Secchi disk depths differed among the lakes, the largest
mean values ± SD were estimated for Kolshorner Teich (4.4 ± 1 m), and Meitzer See 3.9 ±
0.7 m. The lowest measured Secchi depth were measured in Saalsdorf with a mean ± SD of
1.4 ± 0.5 m. Conductivity ranged from lowest mean ± SD 216.2 ± 3.2 µS cm-1 in Collrunge to
642.5 ± 5.9 µS cm-1 in Meitzer See (Table 2).
Table 1 Specific age and morphology lake characteristics, all lakes were managed by angling clubs
Beginning
Lake

of
Excavation

Age
End of
excavation

in
years

Lake

Shoreline

area

length

[ha]

[m]

Mean
SDF*

lake
depth
[m]

Maximum

Percentage

lake

of littoral

depth [m]

[%]

Collrunge
1970

1982

36

4.3

838

1.1

4

8.6

21.9

1977

2000

18

1.3

417

1.2

3.3

5.2

30.9

1980

1999

19

8.4

2271

2.2

3.2

8.7

43.1

1965

1980

38

4.2

1095

1.5

6.4

16.1

21.9

1969

2000

18

17.7

2752

1.8

5.1

11.2

19.2

1980

2006

12

19.5

2028

1.3

11.9

23.5

8.6

1969

1995

25

9

1414

1.3

5.3

9.2

16.9

1991

1991

29

2.8

964

1.6

2.3

4.3

58.3

1975 ± 8.5

1994 ± 9

24.8

8.4 ±

1472 ±

1.5 ±

5.18 ±

±7.6

6.8

802

0.4

3

11.6 ± 7.2

27.6 ± 16

(COL)

Donner
Kiesgrube
(DK)
Kiesteich
Brelingen
(BRE)
Kolshorner
Teich
(KOL)
Linner See
(LIN)
Meitzer
See
(MEI)
Saalsdorf
(SAA)
Weidekamp
See
(WEK)

Mean ± SD

*Shoreline development factor, for details see abiotic data section

8
2. Materials and Methods
Table 2 Selected water parameters of the sampling lakes, mean estimates are averaged over four
individual sampling results (one per season)
Mean
Lake

Conductivity
[µS cm-1]

Collrunge

Mean

Mean
Chlorophyll a

pH

[µg l-1]

Mean
Secchi

Mean TP

depth
[µg l-1]
[m]

Spring
TP

Trophic

Trophic state

state

class

index

[µg l-1]

216.2 ± 3.2

7.3 ± 1.5

10.1 ± 10.1

2.9 ± 1

21.5 ± 21

7

2.1

Mesotrophic 2

592.5 ± 9.2

8.3 ± 0.4

10.5 ± 6.9

1.9 ± 0.5

27.2 ± 16.6

21

2.5

Eutrophic 1

335.7 ± 15.7

8.5 ± 0.2

4.8 ± 1.8

1.7 ± 0.6

17.2 ± 6.6

17

2.1

Mesotrophic 2

577.4 ± 3.7

8 ± 0.2

4.5 ± 3.5

4.4 ± 1

15.2 ± 8.6

5

1.6

Mesotrophic 1

Linner See

338.7 ±13.2

8.4 ± 0.4

9.1 ± 5

2.6 ±1.1

19.4 ± 12

14

2.1

Mesotrophic 2

Meitzer See

642.5 ± 5.9

8.3 ± 0.1

1.6 ± 0.1

3.9 ± 0.7

8.5 ± 5.4

5

1.1

Oligotrophic

628.4 ± 22.8

8.5 ± 0.7

12.8± 3.2

1.4 ± 0.5

29.5 ± 15.8

31

2.7

Eutrophic 1

389.5 ± 34.6

8.8 ± 1

7 ± 7.3

3.1 ± 0.8

10.7 ± 3.9

14

1.9

Mesotrophic 1

Donner
Kiesgrube
Kiesteich
Brelingen
Kolshorner
Teich

Saalsdorf

Weidekamp
See

2.2 Deadwood implementation
Deadwood implementation was part of the BAGGERSEE project [www.baggerseeforschung.de] and conducted by the Angler Association of Lower Saxony (Anglerverband
Niedersachsen e.V.) in cooperation with local angling clubs between December 2017 and
March 2018. Prior to the ADW implementation, workshops in each angling club were
organized and potential areas for ADW application were discussed and selected. Two
different approaches for the deadwood distribution in the study lakes (N = 8) were prescribed
in the experimental setup. Within half of the lakes (n = 4) deadwood was distributed evenly
along shoreline of each lake and within the other half, deadwood structures were located
along transects of 5 % of each cardinal direction’s shoreline. In both cases ADW application
covered 20 % of the total shoreline. Deadwood was added in form of standardized circular
brush piles each of 3m length and a diameter of 0.8 m (Figure 2). The deadwood structures
primarily consisted of 5 cm diameter branches (range: 0.5 – 21 cm) originating from different,
native wood species, mainly European hornbeam (Carpinus betulus), birch (Betula spp.) and
alder (Alnus glutinosa). Branches were machine pressed and tied together with “Sisal” ropes
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based on natural, decomposable plant material by partner companies of the state forests of
Lower Saxony. Each bundle had a weight of approximately 300 kg. All bundles were
transported to the study lakes using timber trucks and temporarily stored at the shoreline.
From there they were placed alongside boats using excavators or tractors. Bundles were
then attached to the boats and angling club volunteers transported and dropped the material
in areas premarked with buoys. The brush piles were located orthogonally to the shoreline
in a depth of one to three meters and weighed down using two to six decomposable jute bags
filled with 6 kg of gravel. All piles were located in the littoral within a distance to shore of five
to seven meters. All 800 bundles distributed in the different lakes (see Appendix A) did not
move and did not float up after sinking.

Figure 2 Deadwood piles in autumn directly after the implementation in 2018 (A) and in summer 2019 with algal
cover (B) (Source: Anglerverband Niedersachsen e.V.)

2.3 Electrofishing
Modified random point abundance sampling by electrofishing (PASE), (COPP and PEŇÁZ
1988; COPP 2010) was applied to sample the fish abundance in the different littoral
microhabitat types. Each gravel pit treatment lake was fished during daytime and nighttime
in each sampling season. The sampling was conducted in all four seasons: autumn
(10/18/2018 – 10/27/2018), winter (01/10/2019 – 20/10/2019), spring (05/20/2019 –
05/31/2019), summer (07/21/2019 – 08/01/2019). Fishing was applied from a boat using an
electronic fishing aggregate (8 kW; 150 - 300V / 300 - 600V; EFKO 171 Fischfanggeräte
GmbH Leutkirch, www.efko-gmbh.de) with a copper cathode of 4 m in length and a netted
ring anode (4 m long, mesh size = 6 mm, ring diameter = 0.5 m). Prior to the first operation
electric power was adjusted based on each individual lake´s conductivity to be as low as
possible but intense enough to stimulate the fish. Practical fishing was performed by rapidly
immersing the activated anode for ten seconds close to the specific microstructure. In
complex structures such as ADW, dense submerged and emerged macrophytes, electronic
flux between the poles was halted several times to provoke the anodic reaction of fish.
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The distance between the sampled points was kept large enough to be able to assume
independent samples (COPP 2010). Electrofishing started after sunrise in the morning for
daytime fishing and after sunset in complete darkness for nighttime fishing. To avoid potential
effects of previous fishing at specific microstructures, points for nighttime fishing were
randomly selected and marked using gaudy orange floating buoys that were easily detected
in the dark using a headlight. Fished points were equally distributed along each shoreline’s
cardinal direction within the lakes. For each fished point a geospatial data point was collected
using a GPS device (Garmin™, Olathe, Kansas, USA). All predominantly occurring
microhabitat structures present in the littoral zone of the study lakes were sampled at
random. The fish caught at each point were determined to species level, counted, measured
(total length, TL measured to the nearest mm) and promptly released. In cases of large
catches of similar sized young of the year cyprinids a sample of 200 individuals was
measured and the remaining individuals were counted. The number per unit effort (NPUE)
for all fish species individuals and size-class specific NPUE was calculated to enable
comparisons of relative abundance within different structures, seasons and daytime. Sizeclass determination based on predation vulnerability and different ontogenetic stages was
done according to MATERN et al.(in review) with an exception for pike, which were only
separated into two size-classes (≤ 200 mm TL small fish and 200 > mm TL large fish) due to
low numbers. The fish sampling complied with Lower Saxonian fisheries law and included
permission for electrofishing (# 34.2 – 65434 – IV, # 34.2 – 65434 – II).

2.4 Microhabitat assessment
The microhabitats in the study lakes were categorized into six divergent predefined habitat
categories that are dominantly found in gravel pit lakes: 1) open littoral (OL, unvegetated
littoral areas with no or low structural complexity), 2) artificial deadwood containing
introduced deadwood brush piles, 3) natural deadwood (NDW) composed of aggregation of
snags, branches or submerged trees, 4) overhanging trees (OHT, overhanging branches of
shoreline vegetation), often immersed into the waterbody, 5) emerged macrophytes mainly
reed stands (EM, common reed (Phragmites australis), cattail species (Typha spp.)) and
water mint (Mentha aquatica)) and 6) submerged macrophytes (SM, most dominantly Elodea
spp., Myriophylllum spp. and Stratiotes aloides). In addition to microhabitat types, site
specific depth at each individual fishing point was measured to the nearest 5 cm, using the
fishing anode shaft modified with a scale, up to a maximum depth of 4 m.
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2.5 Abiotic data
All lake morphology characteristics were estimated and published before by MATERN et al.
(2019) and are incorporated in this study. These data were sampled using an echosounder
(Simrad NSS evo 2, www.simrad.com, combined with a Lowrance TotalScan transducer).
Depth was measured and recorded in parallel transects about 30 m apart from another. The
raw data were afterwards processed using ordinary kriging in R (MONK and ARLINGHAUS
2017) to create lake specific depth contour maps. Based on these data, lake specific mean
and maximum depth, total area and depth strata percentages were estimated. For this study
the percentage of the littoral (stratum depth from 0 - 2.9 m) was of most interest. The
shoreline development/density factor (SDF), which is a parameter displaying the relationship
between shoreline length and lake surface, was estimated according to OSGOOD (2005)
using the shoreline density formula DSL = L(shoreline length) / A (lake surface area). For a
perfectly circumstanced lake shape the shoreline development factor is equal to one and it
increases with an increase of shoreline complexity.

2.6 Chemical-Physical Sampling
The chemical and physical properties of the study lakes were recorded following the same
sampling procedure in every fishing season (four samplings). Secchi depth was measured
using a Secchi disk at the deepest point of each lake. Conductivity and pH-value were
measured at the surface using a WTW Multi 350i sensor, 164 WTW GmbH™, Weilheim,
Germany device. An oxygen-depth-temperature profile was taken in 0.5 m steps towards the
lake´s maximum depth to identify patterns of mixing and stratification also using a WTW Multi
350i sensor. Water samples for chlorophyll a, total phosphorous (TP), soluble reactive
phosphorous, total carbon, dissolved carbon, nitrite and ammonia as well as calcium and
magnesia were taken in the epilimnion layer above the deepest area of each lake. Samples
for chlorophyll a were filtered through specific filter sheets with 2 μm pore size (Sartorius,
Göttingen™) and each volume taken was recorded for post hoc analysis in the lab using a
high-performance liquid chromatograph (MANTOURA and LLEWELLYN 1983; WRIGHT 1991).
Total phosphorous (TP) was measured following the molybdenum blue method (MURPHY
and RILEY 1962; ISO 2004). Mean values were estimated from all four samplings to generate
robust results for mean annual concentration. The trophic state index (TI) was estimated
based on data for each lake separately, following equations and lake type classifications
described by LAWA (RIEDMÜLLER et al. 2014).
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2.7 Statistics
2.7.1 Modelling fish abundance in the dominant habitats
Initial attempts modelling the seasonal and diurnal fish abundance in all six microhabitats by
applying generalized linear mixed models (GLMM), which are able to implement random
structures and handle non-normal data (BOLKER et al. 2009), led to convergence problems
based on the complexity of the interactions(e.g. HARRISON et al. 2018) and low observations
in the scarcer microhabitats (NDW, OHT, SM). Therefore, fish abundance was modelled
within the three most dominant littoral microhabitat structures (ADW, EM, OL).
Two model structures were defined a priori: (1) modelling the relative abundance (NPUE as
fish per point) as a function of the interaction between the categorical explanatory variables
of season (categorical, levels: spring, summer, autumn, winter) and microhabitat
(categorical, levels: ADW ,EM, OL) and a random intercept for “lake” (categorical, eight
levels) to identify season specific differences among the microhabitats, and a second model
structure (2) in which the species NPUE was modelled within a season specific data subset
as a function of interactions between daytime (categorical, two levels: day, night) and
microhabitat and including lake as a random intercept to identify potential diurnal patterns in
fish abundance within the microhabitats. In total, for each of the six dominant species (eel
(Anguilla anguilla), perch, pike, roach, rudd (Scardinius erythropthalmus), tench (Tinca
tinca)) five models were run. The random intercept for “lake” was included in the models to
account for independency of the samples within each lake. Each dataset included in the
analysis was adjusted for the species occupancy within the lakes.
(1)

Number of Individuals per point (NPUE) ~ Season*Microhabitat + (1|Lake)

(2)

Number of Individuals per point (NPUE) ~ Daytime*Microhabitat + (1|Lake).

The * represents an interaction and (1|Lake) describes, that lake was included as a random
intercept.
Initial modelling using GLMM with Poisson distribution and log link function, as typical for
count data, lead to estimates that were heavily overdispersed. Overdispersion leads to a
higher estimated variance based on the data than estimated by the models resulting in biased
parameters and wrong estimates of the standard errors (ZUUR et al. 2010; PERUMEANCHANEY et al. 2013). Therefore, models with negative binominal (NB) distribution with a log
link function were applied, which implement a dispersion parameter, allowing greater
variances compared to the mean, a ratio that is set to be zero in the Poisson distribution
(ZEILEIS et al. 2008). Nested models (e.g. Poisson model nested in negative binominal) with
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the same model structure were compared by applying a log likelihood ratio test (ZEILEIS et
al. 2008) and AIC values were estimated and compared to evaluate the models goodness of
fit with better models resulting in a lower AIC value (BURNHAM and ANDERSON 2004).
The model residuals were tested for overdispersion and heteroskedasticity using the
DHARMa package (HARTIG 2020). To account for heteroskedasticity based on greater
variability in relation to the mean by fixed effects, an adjustment of the dispersion parameter
was conducted by using a log link function (BROOKS et al. 2017). Further zero-inflation was
tested by using the zero-inflation test implemented in the DHARMa package (HARTIG 2020),
which compares the number of observed zeros in the data with the numbers of zeros
expected from model simulation outputs. In two cases (season*microhabitat interaction
model for perch and roach) overdispersion was detected after using negative binominal
distribution, however GLMMs are known to be robust against violations of assumptions
(SCHIELZETH et al. 2020) and for reasons of comparability the model structure was kept
simple.
Pairwise comparisons among interactions (Model I: season - microhabitat, Model II: daytime
- microhabitat) of estimated marginal means using the emmeans package (LENTH et al. 2018)
were applied as post hoc tests, using Tukey (HSD) p - value adjustment (ABDI and WILLIAMS
2010). This procedure allowed the direct comparisons among contrasts of the respective
model to identify differences in the microhabitat specific abundances respective to season
and daytime. As a robustness check, a second modelling approach using boosted regression
trees was used to assess the data (see below).

2.7.2 Modelling size-class specific fish abundance
To account for potential non-linear relationships between habitat and fish abundance and to
estimate the relative importance of lake, littoral and temporal factors on fish abundance,
boosted regression trees (BRT) were additionally used to model species and size-class
specific abundances in the littoral zone (ELITH et al. 2008). Boosted regression trees are a
non-parametric statistical method previously applied to model environmental patterns of fish
occurrence (LEATHWICK et al. 2008; LEWIN et al. 2014; MCCLURE et al. 2020; MATERN et al.
in review) combining classification and regression trees, a form of decision tree used to relate
one response variable based on one or multiple explanatory variables (DE´ATH and
FABRICIUS 2000). The main advantages of decision trees are that they able to handle
complex ecological data (DE´ATH and FABRICIUS 2000), are easy to visualize and interpret
and can handle missing data in explanatory variables as well as outliers in response variables
(ELITH et al. 2008). The construction of regression trees emerges from multiple repetitions of
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data splitting, which is defined by a single rule for each explanatory variable (DE´ATH and
FABRICIUS 2000).
Boosted regression trees additionaly use a gradient descent boosting algorithm to improve
model prediction by combining an ensemble of individual models (ELITH et al. 2008). During
the boosting process models are fitted iteratively on a training data set gradually increasing
the focus on observations within the dataset that are poorly described by the existing trees
(ELITH et al. 2008). By applying a numerical optimization technique aiming to minimalize a
loss function, here deviance, a new single tree is added that best reduces the loss function
(ELITH et al. 2008). The initial regression tree built in BRT is reducing the loss function to a
maximum for a predefined tree size. In the following steps, variation that has so far not been
explained by the proposed model, displayed in the residuals, is used for further modelling
steps (Elith et al., 2008). For example, after fitting the first regression tree, a second tree is
fitted to the residuals of the first, potentially containing different variables and splitting points
(ELITH et al. 2008). The model is subsequently updated incorporating residuals from further
trees that are fitted to the remaining residuals (ELITH et al. 2008). Existing models are left
unchanged (stagewise modelling) and only the fitted values are re-estimated in each step of
the boosting procedure. By the linear combination of all trees a final model is fitted (ELITH et
al. 2008). Boosted regression trees incorporate stochasticity, which improves the predictive
performance of the model by randomly picking data subsets defined by a “bag fraction ”at
each fitting of an additional tree (ELITH et al. 2008). A bag fraction of 0.5 for example means
that at each step 50% of the total data is randomly selected and used to fit a new tree (ELITH
et al. 2008).
Further parameters that need to be defined to fit a BRT are the learning rate or shrinkage
parameter and the bag fraction (ELITH et al. 2008). The learning rate determines the
contribution of each individual tree to the final model and is preferably small and the tree
complexity determines how many interactions are allowed (ELITH et al. 2008). The
combination of the learning rate and the tree complexity determines the total number of trees
that are fitted during the boosting process (ELITH et al. 2008). A tenfold cross validation is
typically applied to test the model on withheld data and to determine the optimal number of
trees (see ELITH et al. 2008). Boosted regression trees estimate the relative importance (RI)
of each individual predictor variable on the depended variable based on the frequency the
predictor variable was selected for splitting in each tree, weighted by the mean of the squared
improvement to the model and averaged over all trees implemented in the final model
outcome (ELITH et al. 2008). The relative importance of all model variables is scaled, thus
the values of all included variables are summing up to a total value of 100 with higher values
of relative importance implying a stronger impact on the depended variable (ELITH et al.
2008). Further, partial dependence plots from the fitted model can be created displaying the
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effect of each individual variable on the dependent variable while averaging effects of all
further independent variables in the model (ELITH et al. 2008).
In the present work, NPUE as a count variable was modelled with a Poisson error distribution
against a set of preselected littoral, lake-environmental and seasonal variables. Microhabitat
type including the implemented ADW habitats - and five characteristic, natural microhabitats
commonly found in gravel pit lakes (MATERN et al., in review) was included in the analysis as
a littoral variable. Depth [m], which is known to impact fish abundances and distribution in
the littoral zone (HALL and WERNER 1977; FISCHER and ECKMANN 1997a; PATERSON and
WHITFIELD 2000) was added as a second characteristic littoral variable. Among these
variables, important lake-environmental variables were added to the model. Conductivity [µS
cm-1] was included in the BRTs, as it is an important variable affecting electrofishing efficiency
(e.g. BOHLIN et al. 1989). The trophic state index, which reflects the lake productivity was
integrated in the analysis, which is recognized to drive biomass and species community
composition of fish in lakes (PERSSON et al. 1991; OLIN et al. 2002; MEHNER et al. 2005).
Mean lake depth [m] is also known to influence fish abundances and species composition in
lentic waterbodies (MEHNER et al. 2005; LEWIN et al. 2014), and hence was also incorporated
in the BRT analysis. As a variable representing the shoreline quantity, which affects fish
abundances (LEWIN et al. 2014), the shoreline development factor (SDI) was further added
to the model. Additionally, to identify seasonal (FISCHER and ECKMANN 1997a; LEWIN et al.
2004; e.g. BROSSE et al. 2007) and diel (e.g. BOHL 1980; LEWIN et al. 2004) patterns of fish
abundances, both temporal variables were included in the BRTs.
Partial dependence plots were created for all variables, displaying the mean and 95%
confidence interval, estimated by bootstrapping (N = 100 iterations). The learning rate was
adjusted ranging from 0.006 to 0.01, especially for scarcely occurring species/size-classes
to ensure that at least 1000 trees were fitted to create a final model as recommended by
ELITH et al. (2008). A bag fraction of 0.75 was applied to reach accurate results even in cases
of low species – size-class numbers. To compare the importance and their effects on the
size-class specific abundance, the cumulative sum of lake – level variables (trophic state
index, mean lake depth, conductivity, SDI), littoral variables (depth at the fished point,
microhabitat type) and temporal variables (season and daytime) was estimated. BRT
modelling was performed using the gbm package (GREENWELL et al. 2020) and the dismo
package (HIJMANS et al. 2017). Bootstrapping and visualization of boosted regression tree
objects were done by using modified commands in the ggBRT package written by JOUFFRAY
et al., (2019). All statistical analysis were done using R Studio 3.6.3 [www.r-project.org].
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3. Results
3.1 Overview of sampling effort
In total, 4097 points were fished (Nautumn = 943 (23%), Nwinter = 976 (24%), Nspring = 1020 (25%),
Nsummer = 1158 (28%), with an almost equal effort distribution between daytime (Nday = 2083
(51%)) and nighttime (Nnight = 2014 (49%)) (Table 3). The number of fished microhabitats
varied depending on their occurrence in the sampling lakes. Artificial deadwood structures
(N = 1206 (29%), open littoral (N = 1091 (27%)) and emerged macrophytes (N = 843 (21%))
were the most common structures found in the sampling lakes and thus, dominantly sampled
(Table 4), whereas overhanging trees (N = 349 (8%)), natural deadwood (N = 323 (8%)) and
submerged macrophytes (N = 285 (7%)) were less frequently fished as they were naturally
scarcer and thus more rarely encountered in the random sampling design.
Table 3 Summary of sampling effort (electrofishing points) spent within each habitat and daytime
during the seasons, numbers display number of fished points percentages in brackets display
percentage of fished point per season
Season
Microhabitat

Daytime

Total

Spring

Summer

Autumn

Winter

Day

622 (15.2%)

157 (15.4%)

172 (14.9%)

143 (15.2%)

150 (15.4%)

Night

584 (14.3%)

142 (13.9%)

165 (14.2%)

139 (14.7%)

138 (14.1%)

165 (4%)

46 (4.5%)

53 (4.6%)

31 (3.3%)

35 (3.6%)

Night

158 (3.9%)

48 (4.7%)

51 (4.4%)

30 (3.2%)

29 (3%)

Day

177 (4.3%)

42 (4.1%)

42 (3.6%)

46 (4.9%)

47 (4.8%)

Night

172 (4.2%)

41 (4%)

41 (3.5%)

43 (4.6%)

47 (4.8%)

Day

543 (13.3%)

125 (12.3%)

152 (13.1%)

126 (13.4%)

140 (14.3%)

Night

548 (13.4%)

133 (13%)

159 (13.7%)

122 (12.9%)

134 (13.7%)

Day

143 (3.5%)

32 (3.1%)

48 (4.1%)

34 (3.6%)

29 (3%)

Night

142 (3.5%)

29 (2.8%)

48 (4.1%)

36 (3.8%)

29 (3%)

Day

433 (10.6%)

114 (11.2%)

116 (10%)

102 (10.8%)

101 (10.3%)

410 (10%)

111 (10.9%)

111 (9.6%)

91 (9.7%)

97 (9.9%)

4097

1020

1158

943

976

Artificial deadwood

Day
Natural deadwood

Overhanging trees

Open littoral

Submerged macrophytes

Emerged macrophytes
Night

∑ (all microhabitats)

Day/Night
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Table 4 Summary of the most dominant fished microhabitats in the gravel pit lakes, percentages in
brackets display the microhabitat contribution towards total fished points of the dominant habitats in
each season
Season
Microhabitat

Daytime

Total

Spring

Summer

Autumn

Winter

Day

622

157 (20.1%)

172 (19.7%)

143 (19.8%)

150 (19.7%)

Night

584

142 (18.2%)

165 (18.9)

139 (19.2%)

138 (18.2%)

Day

543

125 (16%)

152 (17.4)

126 (17.4%)

140 (18.4%)

Night

548

133 (17%)

159 (18.2)

122 (16.9%)

134 (17.6%)

Day

433

114 (14.6%)

116 (13.3)

102 (14.1%)

101 (13.3%)

Night

410

111 (14.2%

111 (12.7%

91 (12.6%)

97 (12.8%)

3140

782 (24.9%)

875 (27.9%)

723 (23%)

760 (24.2%)

Artificial deadwood

Open littoral

Emerged macrophytes

∑ (all microhabitats)

Day/Night

3.2 Species composition
A total of 14458 individuals of 16 fish species were caught in eight lakes. Perch and roach
were the only species occurring in all eight lakes, whereas eel, pike and tench were each
missing in one lake (Table 5). Rudd and bream occurred in five sampling lakes, while most
other species where only detected in one single lake (Table 5). Pooled across all lakes, the
most abundant species was perch with 8268 individuals (57% of the total catch), followed by
roach with 2728 individuals (19% of the total catch) (Table 5, Appendix B). Perch was the
dominant species in almost all microhabitats, with emerged macrophytes as an exception,
where catches of cyprinid species (rudd and roach) contributed most to the total catch (Figure
3). Eel was caught in overall low numbers in all microhabitats. Pike was mainly caught in the
submerged and emerged macrophyte microhabitats, but in overall low abundances (Figure
3). Tench catches in relation to the total catch were the highest in the open littoral, under
overhanging trees and in artificial deadwood habitats (Figure 3).
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Table 5 Species specific catch characteristics: total abundance, percentage of total occurrence among
sampling lakes, average NPUE ± SD within all sampling lakes with species occurrence, lake specific
total numbers and NPUE (total N is presented on top, lake NPUE on the bottom of each line). Lakes
are abbreviated (COL = Collrunge, DK = Donner Kiesgrube, KTB = Kiesteich Brelingen, KOL =
Kolshorner Teich, LIN = Linner See, MEI = Meitzer See, SAA = Saalsdorf, WEK = Weidekampsee)
Gravel pit lakes
Total number and lake NPUE
Mean
Common
name

Scientific
name

Total
N

% of
occurrence

NPUE

COL

DK

KTB

0

0

KOL

LIN

MEI

SAA

20

9

41

28

0.04

0.01

0.08

0.05

0

0

WEK

± SD
Bream

Europ.
catfish

Common
carp

Cyprinid
hybrid

Europ. eel

Abramis brama
(L. 1758)

215

Silurus glanis
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Figure 3 Microhabitat specific seasonal and diurnal contribution (in %) of the most common fish
species to the total catch. Numbers above the bars display total number of caught fish individuals
within each daytime (D = day, N = night)
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3.3 Seasonal and diurnal microhabitat use of dominant fish species
Eel
Except for winter when catches were low (Figure 4, Figure 5), eel NPUE was significantly
higher in emerged macrophytes compared to the open littoral ( Figure 4) and compared to
ADW in summer (Figure 4).The number per unit effort captured in ADW habitats was only
significantly higher than NPUE in the open littoral in spring. In all seasons, no significant
differences between day and night NPUE of eel were observed (Appendix D, Figure 5).

Figure 4 Seasonal and diurnal NPUE of eel within the three dominating gravel pit microhabitats,
plotted points depict individual catch events, brackets above indicate statistical relationships estimated
by pairwise comparisons of estimated marginal means with Tukey HSD adjustment (ns = not
significantly different, asterisks = statistically different) between catches during day (red) and night
(blue) and among microhabitats
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For both eel size-classes the cumulative relative importance of littoral variables (RI small:
41.3%, RI large: 48.1%) was higher than the cumulative relative importance of lake-level
variables (RI small: 39.1%, RI large: 31.5%) (Table 6), which was primarily driven by depth
at the fished point (RI small: 31.2%, large: 23%) expressed by a linear positive relationship
of eel abundance up to depths of 2 m. Microhabitat structure was the single most important
variable for driving large eel abundance (RI: 25.1%) with positive effects of emerged
macrophytes and ADW habitats, and a strongly negative influence of the unstructured littoral
on the abundance (Figure 5). For small eel, microhabitat was also of importance (RI: 10.1%)
but no clear direction of a specific microhabitat type on the abundances was found.
Conductivity was the most important lake variable for both eel size-classes (RI small: 26.6%,
RI large: 16.7%).

Figure 5 Relative influence bar plot for both size-classes of eel displaying the relative influence of lake
(yellow bars), seasonal and diurnal (red bars) as well as microhabitat variables (blue bars) in
conjunction with partial dependence plots for all variables included in the model. Mean estimates are
represented by red lines, 95 % confidence intervals based on 100 bootstrap repetitions are shown in
grey markings. Rugs in the top of each plot represent the data distribution.
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Perch
Perch NPUE in open littoral microhabitats was significantly higher than NPUE in emerged
macrophytes in spring and summer (Appendix E). In winter, NPUE in ADW microhabitats
was significantly higher than in both other microhabitats (Appendix E). No differences in
microhabitat specific NPUE were found for autumn (Appendix E). In most cases NPUE of
perch was significantly higher during nighttime in all microhabitats except for ADW in spring
and summer (Figure 6; Appendix F, Figure 7).

Figure 6 Seasonal and diurnal NPUE of perch within the three dominating gravel pit microhabitats,
plotted points depict individual catch events, brackets above indicate statistical relationships estimated
by pairwise comparisons of estimated marginal means with Tukey HSD adjustment (ns = not
significantly different, asterisks = statistically different) between catches during day (red) and night
(blue) and among microhabitats
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In both perch size-classes, the cumulative importance of lake variables for abundance was
greater (RI small: 38.2%, RI large: 43.6%) than the cumulative importance of littoral variables
(RI small: 30%, RI large: 18.7%) (Table 6). For both size-classes, conductivity was the most
important predictor variable for perch abundance (RI small: 24.6%, RI large: 21%).
Microhabitat was the most important littoral variable for small perch (RI: 16.3%) but less
important for large perch abundances (8.5%) (Figure 7). ADW influenced perch abundances
positively, other microhabitats had no clear effect. Depth at the fished point was an important
variable for the abundance of both size-class (RI small: 13.7%, RI large: 10.2%), with depths
< 2m positively impacting perch abundances.

Figure 7 Relative influence bar plot for both size-classes of perch displaying the relative influence of
lake (yellow bars), seasonal and diurnal (red bars) as well as microhabitat variables (blue bars) in
conjunction with partial dependence plots for all variables included in the model. Mean estimates are
represented by red lines, 95 % confidence intervals based on 100 bootstrap repetitions are shown in
grey markings. Rugs in the top of each plot represent the data distribution.
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Pike
Pike NPUE in emerged macrophytes was significantly higher compared to both other
microhabitats. Only in winter, NPUE in ADW did not differ significantly (Figure 8, Appendix
G) from NPUE in emerged macrophytes. Significant differences between ADW and open
littoral were only evident in winter, with higher NPUE in ADW microhabitats. Further, no
significant diurnal pattern of NPUE values among any of the three microhabitats was
indicated by the season-specific models (Appendix H).

Figure 8 Seasonal and diurnal NPUE of pike within the three dominating gravel pit microhabitats,
plotted points depict individual catch events, brackets above indicate statistical relationships estimated
by pairwise comparisons of estimated marginal means with Tukey HSD adjustment (ns = not
significantly different, asterisks = statistically different) between catches during day (red) and night
(blue) and among microhabitats
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In both size-classes of pike, the cumulative relative importance of littoral environmental
variables was greater (RI small: 47.9%, RI large: 43%) than the cumulative relative
importance of lake variables (RI small: 44.6%, RI large: 31.7%) (Table 6). Depth at the fished
point was the most important influence for abundance of both size-classes of pike (RI small:
34.5%, RI large: 21.9%), with depths < 2 m having a positive influence on abundance (Figure
9). Microhabitat type was of great importance for pike (RI small: 13.4%, RI large: 21.1%),
macrophyte habitats had a positive, and woody habitats had negative influence on small pike
abundance. For large pike emerged and submerged macrophytes as well as natural and
ADW microhabitats had a positive influence on abundance, while the unstructured littoral had
a negative influence on abundance. Among the lake variables, conductivity had the largest
influence on small pike (RI: 27.9%) and for larger pike, mean lake depth was the most
important lake – level variable (RI: 13.7%).

Figure 9 Relative influence bar plot for both size-classes of pike displaying the relative influence of
lake (yellow bars), seasonal and diurnal (red bars) as well as microhabitat variables (blue bars) in
conjunction with partial dependence plots for all variables included in the model. Mean estimates are
represented by red lines, 95 % confidence intervals based on 100 bootstrap repetitions are shown in
grey markings. Rugs in the top of each plot represent the data distribution.
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Roach
In spring and summer roach NPUE was significantly higher in ADW habitats than in emerged
macrophytes (Appendix I, Figure 10). Differences in NPUE among the open littoral and both
other microhabitats were non - significant in spring and autumn (Appendix I). The NPUE in
both structured microhabitats was only significantly higher than in the open littoral in winter.
Diurnal differences with significantly higher NPUE during night were evident for open littoral
microhabitats (Appendix J). The NPUE in summer and winter during daytime was
significantly higher than during nighttime in physically more complex microhabitats (Figure
10).

Figure 10 Seasonal and diurnal NPUE of roach within the three dominating gravel pit microhabitats,
plotted points depict individual catch events, brackets above indicate statistical relationships estimated
by pairwise comparisons of estimated marginal means with Tukey HSD adjustment (ns = not
significantly different, asterisks = statistically different) between catches during day (red) and night
(blue) and among microhabitats
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The cumulative relative importance of littoral variables (RI small: 49.6%, RI large: 45.8%)
clearly outperformed lake variables in terms of cumulative relative importance (RI small:
19.8%, RI large: 23.3%) (Table 6). Microhabitat type was the most important variable for both
size-classes (RI small: 26.6%, RI large: 23.7%) but no clear pattern among the microhabitats
was obvious (Figure 11). Depth at the fished point was also highly important in explaining
roach abundances (RI small: 23%, RI large: 22.1%) with no clear pattern in small and a linear
relationship of depths < 2m for large roach. Conductivity was the most important lake variable
in explaining abundance for both roach size-classes (RI small: 15%, RI large: 10.5%).
Daytime was the most important variable for small roach (RI:28.4%), however no distinct
pattern was observed.

Figure 11 Relative influence bar plot for both size-classes of roach displaying the relative influence of
lake (yellow bars), seasonal and diurnal (red bars) as well as microhabitat variables (blue bars) in
conjunction with partial dependence plots for all variables included in the model. Mean estimates are
represented by red lines, 95 % confidence intervals based on 100 bootstrap repetitions are shown in
grey markings. Rugs in the top of each plot represent the data distribution.
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Rudd
Rudd NPUE in emerged macrophyte microhabitats was significantly higher compared to both
other structures in all seasons, with one exception in spring (ADW vs emerged macrophytes)
(Figure 12, Appendix K). Diurnal differences within each habitat were evident in spring for
ADW habitats and open littoral habitats with significantly higher catches in the night
compared to daytime (Appendix L). For all other seasons no diurnal pattern occurred (Figure
12).

Figure 12 Seasonal and diurnal NPUE of rudd within the three dominating gravel pit microhabitats,
plotted points depict individual catch events, brackets above indicate statistical relationships estimated
by pairwise comparisons of estimated marginal means with Tukey HSD adjustment (ns = not
significantly different, asterisks = statistically different) between catches during day (red) and night
(blue) and among microhabitats
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The cumulative relative importance of microhabitat variables (RI: 60.7%) was higher than the
cumulative relative importance of lake level variables (RI: 13.4%) for small rudd (Table 6).
For large rudd, a higher cumulative relative importance of lake level variables (RI: 51.9%)
compared to microhabitat (RI: 31.4%) was estimated (Figure 13). For small rudd, depth at
fished point was the most important variable (RI: 47.7%) without a clear distinct pattern.
Microhabitat was important in explaining small rudd abundance (RI: 13.3%) expressed by a
negative influence of open littoral microhabitat and a positive influence of both macrophyte
microhabitats. The most important lake variable for rudd was the trophic state index (RI small:
10.1%, RI large: 30.2%). Despite the high relative importance of depth (RI: 23%) and
microhabitat (RI: 10.6%) in explaining abundances with negative influence of the open littoral
microhabitat, no clear pattern of other microhabitats or depth was obvious for large rudd.

Figure 13 Relative influence bar plot for both size-classes of rudd displaying the relative influence of
lake (yellow bars), seasonal and diurnal (red bars) as well as microhabitat variables (blue bars) in
conjunction with partial dependence plots for all variables included in the model. Mean estimates are
represented by red lines, 95 % confidence intervals based on 100 bootstrap repetitions are shown in
grey markings. Rugs in the top of each plot represent the data distribution.
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Tench
Significant differences in microhabitat specific NPUE were only found in autumn, when NPUE
of tench in ADW microhabitats was significantly higher than in both other microhabitats
(Appendix M). No clear diurnal pattern in NPUE was evident for tench (Figure 14, Appendix
N).

Figure 14 Seasonal and diurnal NPUE of tench within the three dominating gravel pit microhabitats,
plotted points depict individual catch events, brackets above indicate statistical relationships estimated
by pairwise comparisons of estimated marginal means with Tukey HSD adjustment (ns = not
significantly different, asterisks = statistically different) between catches during day (red) and night
(blue) and among microhabitats
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In both size-classes of tench, the cumulative relative importance of littoral variables was
greater (RI small: 48.2%, RI large: 53.3%) than the cumulative relative importance of lake
variables (RI small: 31.1%, RI large: 33.9%) (Table 6). Depth at the fished point was an
important habitat variable in both size-classes (RI small: 23.3%, large: 34.1 %), with depths
up to 2 m positively influencing tench abundances (Figure 15). Microhabitat was an important
littoral variable for the abundance of both size-classes (RI small: 24.9%, RI large: 19.2%)
with a slightly positive influence of ADW. Conductivity was the most important lake level
variable for both tench size-classes (RI small: 15.7%, RI large: 17.3%).

Figure 15 Relative influence bar plot for both size-classes of tench displaying the relative influence of
lake (yellow bars), seasonal and diurnal (red bars) as well as microhabitat variables (blue bars) in
conjunction with partial dependence plots for all variables included in the model. Mean estimates are
represented by red lines, 95 % confidence intervals based on 100 bootstrap repetitions are shown in
grey markings. Rugs in the top of each plot represent the data distribution.
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Table 6 Species and size-class specific cumulative relative importance of littoral, temporal and lake
variables bold characters indicate higher cumulative relative importance compared to the other
cumulative variables

Species

Size-class*

Cumulative

Cumulative

Cumulative

Relative

relative

relative

importance of

importance of

importance of

littoral variables

diurnal and

lake variables

seasonal
variables

Eel

Perch

Pike

Roach

Rudd

Tench

Mean ± SD for all
species

small

41.3

19.6

39.1

large

48.1

20.4

31.5

small

30

31.8

38.2

large

18.7

37.6

43.6

small

47.9

7.5

44.6

large

43

25.3

31.7

small

49.6

30.6

19.8

large

45.8

30.9

23.3

small

60.7

25.9

13.4

large

31.4

17.1

51.9

small

48.2

20.7

31.1

large

53.3

12.7

33.9

44.1 ± 11.9

23.6± 8.8

33.2 ± 11

Small and large

*size class differentiation was chosen species specific; perch, roach, rudd and tench – small individuals ≤ 100
mm, large individuals 100 > mm, eel – small individuals ≤ 300 mm, large individuals 300 > mm, pike – small
individuals ≤ 200 mm, large individuals 200 > mm
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4. Discussion
In this work the spatio - temporal patterns in microhabitat use of fish in eight gravel pit lakes
were studied. The findings supported the first hypothesis (H1) by showing that perch, roach,
eel and tench were frequently caught in significantly higher proportions in the ADW
microhabitat compared to the other common pit lake littoral structures. Additionally, sizeclass specific differences in preferences for certain microhabitats were found; particularly,
larger individuals of piscivorous species favoured ADW structures. Supporting the second
hypothesis, relative abundances during winter were often significantly higher in the ADW
habitats compared to the unstructured littoral and for perch also higher than in emerged
macrophytes (H2). Generally, littoral variables were often key determinants of fish
abundances (e.g. tench or roach) in the littoral zone of gravel pit lakes (H3), often equally or
even more important than lake – level variables.

4.1 Community composition
The catch composition in the littoral structures of the studied, primarily mesotrophic, gravel
pit lakes was dominated by perch and roach, in line with findings reported for comparable
mesotrophic gravel pit lakes in the same ecoregion (SCHÄLICKE et al. 2012; EMMRICH et al.
2014; MATERN et al. 2019). Eel, tench and pike did either not occur in all sampling gravel pit
lakes or were caught in lower relative abundances compared to transect-based sampling
(MATERN et al. 2019). Rudd was less frequently detected across the gravel pit lakes similar
to EMMRICH et al. (2014) and MATERN et al.(2019). More general, the fish community
composition described in the present study can be regarded as typical for mesotrophic gravel
pit lakes.

4.2 General patterns of seasonal and daytime variation in littoral use by fish
In line with findings of other studies, the abundances of fish revealed by electrofishing during
nighttime were clearly higher than during daytime (DUMONT and DENNIS 1997; PIERCE et al.
2001; ROSS et al. 2016), which was particularly evident in the unstructured littoral
microhabitat. This effect might either represent habitat choices (e.g., due to diurnal horizontal
migration (LEWIN et al. 2004; GLIWICZ et al. 2006)) or reflect better catchability at night (e.g.
PARAGAMIAN 1989). However, this finding was not general across all the six investigated
species. Specifically, diurnal differences for perch, roach and rudd were identified, expressed
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by movements from the structured habitats into the open littoral during night (BOHL 1980;
COPP and JURAJDA 1993; LEWIN et al. 2004; GLIWICZ et al. 2006), but catches of eel, pike
and tench remained unaffected by diurnal effects, indicating that these species did not exhibit
relevant diel habitat shifts.
Among diurnal effects also seasonal changes in the use intensity of the different
microhabitats by fish were detected, most clearly expressed during winter, when many
species were rather structure-orientated and by far less frequently observed in the
unstructured habitats. Generally, across the year most fish species were strongly associated
with emerged macrophytes and deadwood structures (e.g. LEWIN et al. 2004; MATERN et al.,
in review). Against the general assumption that smaller individuals should show clear
preferences towards structurally complex habitats (WERNER et al. 1977; MITTELBACH 1981)
due to greater perceived predation risk (MITTELBACH and PERSSON 1998; GAETA et al. 2018),
this pattern was only identified for smaller individuals of pike, rudd, tench and perch.
Microhabitat preferences of larger individuals differed in a species specific fashion and could
be classified into two general patterns: larger cyprinids (roach and rudd) did not show clear
preferences towards specific microhabitat types, whereas large individuals of piscivorous
species (eel, perch and pike) were positively associated with structurally complex habitats
mainly emerged macrophytes and ADW. This pattern is probably due to improved abilities of
capturing accumulated small prey fish in the intermediate dense or often edge habitats
(SAVINO and STEIN 1982; CASSELMAN and LEWIS 1996; SASS et al. 2006).
In addition to the microhabitat type, littoral depth was found to be a key driver for fish
abundances of both size–classes with especially low water depths (<2 m), positively affecting
the relative frequencies of fish. Shallow areas are generally known to provide shelter from
larger bodied piscivores and better growing conditions in terms of water temperature, which
could explain these findings for smaller individuals (ALLEN 1982; PATERSON and WHITFIELD
2000). However, even larger individuals, such as large tench or eel, profit from shallow
nearshore areas by finding better foraging conditions or refuge from predation (KENNEDY and
FITZMAURICE 1970; e.g. BAŠIĆ et al. 2019). Hence, the cumulative importance of both littoral
variables was for most species and size-classes equal or even higher than the importance
of other environmental lake-level variables. Among these conductivity, which strongly affects
the electrofishing efficiency (e.g. BOHLIN et al. 1989), was generally the most important
variable in explaining fish abundances. Apart from the observed common seasonal and diel
patterns in microhabitat choice among the fish taxa, different size-class and autecological
patterns were revealed, which are discussed in detail below.
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4.3 Species and size specific patterns
Eel
In the sampling lakes eel were strongly associated with structured habitats, mainly emerged
macrophytes, as previously described by others (LAFFAILLE et al. 2001; OVIDIO et al. 2013).
Eel abundances were only low during winter, likely based on an avoidance of shallow zones
and a dormancy behavior expressed by low activity rates when temperatures decrease
(WALSH et al. 1983; WESTERBERG and SJÖBERG 2015). The highest eel catches of both sizeclasses were observed in spring and summer when water temperatures were higher and eel
activity is known to be peaking (OVIDIO et al. 2013; DEGERMAN et al. 2019). In contrast to the
seasonal patterns, no significant diel differences in the catches were detected, even though
eel, as a nocturnal species, are known to increase their movements into shallow areas in the
dark (BAŠIĆ et al. 2019), which could have potentially lead to higher catches due to elevated
encounter rates.
Different to findings by MATERN et al., (in review), a higher relative importance of littoral
variables in comparison to lake variables was found for both eel sizes-classes, which was
also reported for eel abundances in deep lakes by LEWIN et al., (2014). However, as
discussed by MATERN et al., (in review) eel occupancy in unconnected gravel pit lakes solely
relies on stocking, which may lead to biased results concerning species-lake distribution
patterns. Nevertheless, the present findings about the specific microhabitat and depth choice
of eel in gravel pit lakes remain unaffected by this distributional pattern and thus generally
show the high relevance of shallow zones and littoral microhabitats for eel.
Small eel (≤ 300 mm) are known to be found in dense structures such as macrophytes (e.g.
SCHULZE et al. 2004; DOMINGOS et al. 2006) and thus should find suitable conditions in the
supplemented ADW habitats (e.g. as a hiding place during daytime). However, even though
the overall importance of littoral habitats was high for small eel, no preference towards a
specific habitat type was found, which was also reported by MATERN et al., (in review) and
might be caused by different reasons. The ability of small eel to hide in a variety of coarse
substrates (e.g. FISCHER and ECKMANN 1997b; CHRISTOFFERSEN et al. 2018; NILSSON et al.
2020; STEENDAM et al. 2020) potentially explains their broad distribution among all
microhabitats, particularly in the unstructured littoral. Additionally, small eel are known to
favor shallow areas (e.g. FISCHER and ECKMANN 1997a; LAFFAILLE et al. 2003), which
indicates the low importance of deadwood microhabitats as these structures were often
situated in slightly deeper littoral areas compared to the other microstructures. The territorial
and agonistic behavior towards conspecifics, which is known for large eel (KNIGHTS 1987)
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could have also influenced habitat choice of smaller, less competitive eels as suitable
habitats might have been already occupied by larger individuals.
In line with MATERN et al. (in review) larger eels were dominantly found in greater abundances
within complex structures (emerged macrophytes and ADW) and their abundances were
negatively related to the unstructured littoral. Corresponding to this finding, larger eel often
sedentarily inhabit complex shelter and are reported to use woody structures (e.g. roots) as
residences during daytime (BARAS et al. 1998; OVIDIO et al. 2013). Additionally, large
individuals prefer intermediate depths (e.g. Laffaille et al., 2003) and are known for preying
on small sized fish (BARAK and MASON 1992; DÖRNER et al. 2009) that were frequently
observed in the habitat enhancement structures and emerged macrophytes. Thus, the
complex habitats offer optimal conditions as daytime shelter and hunting grounds. Generally,
eel abundances were most likely explained by littoral depth and larger specimen were also
dependent on well-structured habitats, hence this species profits by the implementation of
additional structural components, which may be particularly important when the littoral zone
is broadly unstructured.

Perch
Perch catches in the gravel pit lakes were higher in the night, and perch were generally
associated with deadwood structures especially during winter. Perch was found in the littoral
zone of gravel pit lakes throughout the whole year, however, abundances varied over the
seasons and peaked for both size-classes in summer and autumn (FISCHER and ECKMANN
1997a). Small perch abundances were low in spring, probably because the young of the year
fishes moved into the pelagic zone (TREASURER 1988) and also were yet too small to be
effectively captured. Among seasonal fluctuations, strong diurnal differences in the catches
were noticed. Smaller perch are often described to leave their groups and be more broadly
distributed in open habitats during nighttime (COPP and JURAJDA 1993; WANG and ECKMANN
1994; HAERTEL and ECKMANN 2002). Additionally, large perch in mesotrophic lakes have
been reported to move from the pelagic to the littoral where they remain during night
(JACOBSEN et al. 2015; NAKAYAMA et al. 2018). In addition to this habitat shift, an increased
catch efficiency towards resting inactive individuals during night as reported by OKUN and
MEHNER, (2002) may explain the observed diurnal pattern.
During daytime perch were more frequently associated with physically complex habitats, and
often showed preferences towards ADW structures compared to emerged macrophytes in
correspondence with findings by LEWIN et al., (2004). These preferences were expressed in
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both size-classes and were probably caused by different underlying mechanisms. Juvenile
perch, might have found food in form of invertebrates (PERSSON and GREENBERG 1990; OKUN
and MEHNER 2005; FRANKIEWICZ and WOJTAL-FRANKIEWICZ 2012) as well as shelter from
predation (OKUN and MEHNER 2002; MIKHEEV et al. 2005). Due to their increased abilities to
forage in complex habitats (WINFIELD 1986; DIEHL 1993; BEAN and WINFIELD 1995), juvenile
perch might particularly profit from the potentially elevated invertebrate quantities in the
woody habitats, when interspecific competition for zooplankton sources with juvenile roach,
as superior zooplanktivores, is high (PERSSON 1987; PERSSON and GREENBERG 1990) and
forces them to forage on benthic food sources.
Larger, piscivorous perch (EKLÖV and DIEHL 1994; EKLÖV 1997) could have found suitable
hunting grounds due to higher prey densities in the added microhabitats. Such an association
of adult perch with woody areas as revealed in this study has also been observed by other
authors in artificial waterbodies with reduced structural complexity (WESTRELIN et al. 2018;
MATERN et al. in review), which demonstrates that larger perch potentially benefit from the
added woody structures.
Additionally to habitat type, littoral depth (< 2 m) was found to have a positive impact on
perch abundances, which is in line with literature of especially smaller individuals, that are,
after returning from the open water column, commonly found in shallow littoral zones (COLES
1981; URHO 1996). The findings for larger perch can be explained by better foraging
conditions in the rather shallow areas, were juvenile fish and macroinvertebrates (JAMET
1994) accumulate. The described resting behavior of larger perch in shallow littoral zones
during night time (HAERTEL et al. 2002) and hence elevated catch rates, could further explain
the importance of rather lower water depths for larger individuals.
Apart from the observations about littoral properties impacting perch abundances, a greater
cumulative relative importance of lake variables than littoral variables was found, which was
strongly driven by conductivity, indicating that especially lake - specific effects are primarily
driving perch abundances and that littoral properties are of a lower importance as also shown
by others (e.g. LEWIN et al., 2014). However, perch generally preferred complex habitats,
primarily ADW structures, thus both size-classes of perch profit by the addition of woody
habitats, as the overall habitat quantity and hence the amount of feedings grounds increases.
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Pike
Throughout the seasons, with no diurnal differences, pike abundance was clearly associated
with emerged macrophytes, as pike only showed preferences for supplemented woody
habitats in winter. This close association of pike with emerged macrophytes in gravel pit lakes
is in line with general findings about pike habitats identifying submerged and emerged
macrophyte stands as most important habitats (COOK and BERGERSEN 1988; GRIMM and
BACKX 1990; GRIMM and KLINGE 1996; EKLÖV 1997; KOBLER et al. 2008a). Pike abundances
of smaller individuals were reduced in autumn and winter, either based on mortality (e.g.
GRØNKJÆR et al., 2004) or growth. Fish that reached a length > 200 mm (CASSELMAN 1996)
in autumn were classified as large fish, which also potentially explains, apart from ecological
changes, the positive influence of the latter seasons on large pike abundances.
Pike are known to be primarily active during daytime (e.g. DIANA 1980), however movements
during night have also been observed (JEPSEN et al., 2001; KOBLER et al., 2008b). In summer,
KOBLER et al., (2008b) found larger pike moving into the open littoral at night assumingly
following diurnal horizontal migrations of prey fishes, however, no diurnal pattern in
microhabitat specific catches of pike was observed, which indicates that they remained in
the structured habitats during both daytime and nighttime. These findings underpin a high
dependency of pike on littoral structures in gravel pit lakes that is reflected by a higher
cumulative relative importance of littoral variables compared to lake - environmental
variables. Similar to present findings, shoreline characteristics are shown to be of high
relevance for pike abundances in deep natural lakes (LEWIN et al. 2014) as well as gravel pit
waterbodies (MATERN et al., in review).
The littoral depth in particular, was of high relevance for both size categories of pike, where
a positive impact of shallow areas (< 2 m) on pike abundances was displayed. Smaller pike
are known to be dependent on well-structured macrophyte stands in shallow areas
(CHAPMAN and MACKAY 1984; BRY 1996; CASSELMAN and LEWIS 1996), which is in line with
present results about depth and habitat preferences for emerged and submerged
macrophytes. Littoral depth might also explain why the predominantly deeper situated
deadwood habitats had a rather negative influence on small pike catches. In contrast to
observations made in this study, SKOV & BERG, (1999) found small pike using supplemented
woody habitat (spruce trees) in a shallow lake, which underpins that woody structures in
general depict suitable habitats for small individuals.
Larger pike however are also found in deeper areas (e.g. CHAPMAN and MACKAY 1984;
KOBLER et al. 2008a) often at the edge to open habitats where they can find better hunting
conditions (CHAPMAN and MACKAY 1984; BEAN and WINFIELD 1995; EKLÖV 1997). The
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spatially confined ADW structures, often situated in unstructured littoral areas, offer such
edge habitats with aggregated prey fish abundances that are suitable for efficient predation,
which might explain the observed findings, especially in the colder season. Generally, both
size-classes of pike were associated with structurally complex habitats, and larger individuals
were also often found in ADW habitats in winter, hence the deadwood supplementation might
increase the carrying capacity for pike stocks within the lakes by increasing the number of
suitable habitats for pike.
Roach
Roach showed distinctive diel patterns in habitat use as indicated by higher catches in the
structured habitats during daytime and vice versa greater catches in the unstructured habitat
during the nighttime. This pattern of diurnal horizontal migrations has been previously
observed by many authors and is explained to be based on a higher predation risk for smaller
individuals by piscivores, but also a greater resource availability in terms of zooplankton
densities, in the open habitats (GLIWICZ and JACHNER 1992; OKUN and MEHNER 2002; LEWIN
et al. 2004; OKUN and MEHNER 2005; GLIWICZ et al. 2006). Hence, fish leave the safe
structured habitats during night, after the twilight period when predation pressure by visually
hunting predators (e.g. perch or pike) is reduced (PITCHER and TURNER 1986), which could
explain the higher roach abundances during night in the unstructured littoral. Additionally to
diurnal horizontal migrations of smaller specimen, inshore movements by larger individuals
(e.g. ŘÍHA et al. 2015) might have caused greater catches during the night.
In winter, roach were rarely found in the open littoral and remained in the structured habitats
(e.g. LEMMENS et al. 2016). During spring and summer woody habitats were selected over
emerged macrophytes in correspondance to findings by LEWIN et al. (2004), who explain this
preference by a greater three dimensional shelter of the deadwood structures. However, no
distinctive pattern of a specific microhabitat preference was obvious for both size-classes,
even though the relative importance of littoral microstructures was high. A rather broad
distribution of smaller primarly zooplanktivorous roach (PERSSON and GREENBERG 1990)
among all habitats possibly explains this finding for smaller individuals. Larger, rather
opportunistically feeding (e.g. ROSSIER et al. 1996) and less shelter dependent roach could
have found suitable foraging conditions among different microhabitats and thus have showed
a broader distribution among different littoral habitats (SCHULZE et al. 2006; ŘÍHA et al. 2015).
Apart from the microhabitat type, littoral depth was generally important in explaining roach
abundances, but contrary to general preferences of small roach towards shallow zones
(COPP 1990; GARNER 1995), no clear depth effect was detected for juvenile individuals. Large
roach abundance, however, was positively associated with shallow littoral areas possibly due
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to better foraging conditions of benthic organisms (e.g. SCHULZE et al. 2006). In line with
trends presented in LEWIN et al. (2014) littoral variables were of high importance for both
roach size-classes in the study lakes, which also corresponds to findings for small individuals
in other gravel pit lakes (MATERN et al., in review). Roach in the gravel pit lakes were at least
partially dependent on the different shoreline microhabitats, especially in shallow areas and
were also found in larger numbers in the supplemented habitats, which was often favoured
above stands of emerged macrophytes.
Rudd
Rudd as a phytophilic (BALON 1975) and partially herbivorous species (KENNEDY and
FITZMAURICE 1974; KAPUSCINSKI et al. 2012; KAPUSCINSKI et al. 2014) was strongly
associated with emerged macrophytes throughout the year. Similar to roach, rudd showed
at least partially diurnal migrations, expressed by higher catches during nighttime in the more
open habitats during spring. This pattern might be explained by diurnal migrations from
emerged macrophytes into the more profitable habitats as also reported for rudd by BOHL
(1980), however, in this study it was only significant in spring, potentially due to higher
zooplankton availabilities in mid-May (e.g. LAMPERT et al., 1986) or unsuitable foraging
conditions in the structured habitats. The general habitat preferences towards emerged
macrophytes, as observed in the sampling lakes, have been described by various authors
for other waterbodies (KENNEDY and FITZMAURICE 1974; EKLÖV and HAMRIN 1989; WOLTER
2001, LEWIN et al. 2014; MATERN et al., in review) . The observed higher rudd abundances
in ADW microhabitats compared to the unstructured littoral might be explained by the
provided physical complexity and potentially also by better foraging conditions due to algae
and invertebrates (KAPUSCINSKI et al. 2012) found on the deadwood structures.
In line with present findings, smaller rudd are especially known to use highly structurally
complex macrophyte stands and prefer shallow areas (KENNEDY and FITZMAURICE 1974),
which potentially explains why littoral variables were of greater significance in explaining
juvenile rudd abundances than lake variables. Even though depth and microhabitat were also
important in explaining large rudd abundances, lake variables, predominantly trophic state,
were key variables for abundances of larger rudd. This was expressed by a sharp increase
of large rudd abundances with an increasing productivity, which is line with common literature
about cyprinid abundances (PERSSON et al. 1991; JEPPESEN et al. 2000) and was also found
for typical gravel pit lakes (MATERN et al., in review). However, the here presented finding is
strongly impacted by a single eutrophic lake and should thus be carefully interpreted. LEWIN
et al. (2014), who sampled a larger productivity gradient, found a rather negative impact of
increasing trophic state on rudd abundances for deep lakes, which might also hold true for
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gravel pit lakes with elevated trophic state. Generally, both rudd size-classes showed an
avoidance of unstructured open littoral zones, hence supplementation of structural
components might improve the overall suitability of shoreline habitats for rudd, especially
when macrophyte densities are low.
Tench
Even though tench are known to be associated with structurally complex habitats consisting
of submerged and emerged macrophyte stands (PERROW et al. 1996; JÄRVALT et al. 2005;
LEWIN et al. 2014), no seasonal pattern or diurnal differences among the use of the three
dominant microhabitats were detected except for autumn. Tench as a primarily nocturnal
species (PERROW et al. 1996; HERRERO et al. 2003) could have expressed a diel habitat shift
e.g. by moving in shallower parts of the littoral zone, however no higher catch ratios during
nighttime or significantly higher catch rates in certain habitats were found, indicating that
tench did not proceed intensive diel habitat shifts.
Shallow lake zones play a key role in determining tench occurrences and biomass in natural
lakes (MAMCARZ and SKRZYPCZAK 2006; VIRBICKAS and STAK 2016) and have been shown
to be an important driver of tench abundances in deeper waterbodies (LEWIN et al., 2014;
MATERN et al., in review), which corresponds to present findings of littoral variables clearly
outperforming lake variables in explaining tench abundances. Tench were positively affected
by shallow areas in agreement to findings of KENNEDY and FITZMAURICE (1970) who
described preferred foraging and spawning habitats to be situated in lower water depths.
Concerning the size specific microhabitat choice, only ADW microhabitats had a positive
effect on both size-classes of tench, which might base on the cryptic, structurally orientated
behavior especially expressed in small individuals (KENNEDY and FITZMAURICE 1970). Small
tench are known to use offered shelter during daytime (HERRERO et al. 2003), which explains
the high abundances of tench individuals in deadwood microhabitats in autumn. The missing
association with other microhabitats such as emerged macrophytes might be explained by a
broader distribution among all habitats in the sampled lakes. As benthic feeders, tench are
known to favor soft substrates in foraging areas (WEATHERLEY 1959; KENNEDY and
FITZMAURICE 1970; MORENO et al. 2003), which are potentially available in all microhabitats
e.g. in emerged macrophytes (PETRIDIS 1990; PERROW et al. 1996). However, smaller
individuals in particular profit from the plentiful crevices of the deadwood structures where
the predation risk, for example by perch, might be lowered. Higher survival rates of juvenile,
predation-prone tench might lead to more stable tench populations especially in lakes with
structurally poor littoral zones.
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4.5 Use intensities in deadwood structures during winter
The use intensities of perch, roach and pike in the structured habitats were especially high
during winter compared to the unstructured littoral. The underlying mechanisms might have
differed according to species, but can be generally explained by a habitat shift into structures
where fish were able to reduce their metabolic costs and found shelter from predation
(SHUTER et al. 2012). Following the temperature and radiation based reduction of submerged
macrophyte stands, structural orientated fish (e.g. pike) are forced to use other available
structures (e.g. GRIMM and KLINGE 1996; BAADE and FREDRICH 1998). Pike as a structure
dependent sit-and-wait predator (GRIMM and KLINGE 1996) might have found better
conditions in terms of cover and prey availability around the constantly present woody
habitats.
Roach and perch, potential prey of pike, were found in increasing numbers in the ADW
microhabitats most likely to reduce their predation risk, which is known to be elevated during
winter e.g. by migrating piscivorous birds (ORPWOOD et al. 2010; LEMMENS et al. 2016) that
were frequently observed on the sampling lakes. As lower temperatures affect the physiology
of poikilothermic fish leading to a limitation of maximum swimming speed and general activity
(e.g. CLAIREAUX et al. 2006), the probabilities of evading attacks by piscivores are reduced,
hence remaining in the persistent structurally complex deadwood structures is likely to
reduce the predation risk and predation related stress during winter.
The general findings of fish aggregations in robust structures as a consequence to changing
conditions in winter as presented in this study are in agreement with previous research, which
showed that fish using supplemented woody habitats had a reduced predation risk and thus
greater survival chances (RUSSELL et al. 2008; ORPWOOD et al. 2010; LEMMENS et al. 2016).
Hence, an increase of long-lasting complex deadwood structures in gravel pit lakes that lack
structural complexity increases the availability of shelter to predation-prone fish potentially
leading to an increased winter survival and generally better conditioned fish.

4.6 Lake level vs. littoral level variables influence on fish abundances
Various studies have shown that lake productivity in particular, driven by nutrients, and lake
morphology act as main drivers concerning fish community composition and fish biomass in
natural lakes (LEACH et al. 1977; HANSON and LEGGETT 1982; PERSSON et al. 1991; MEHNER
et al. 2005; VIRBICKAS and STAK 2016). In this study, littoral variables were predominantly
equally or even more important in explaining fish abundances for most species in the
sampled gravel pit lakes when compared to lake variables. These findings are in line with
MATERN et al., (in review) who used a similar methodological approach (though sampling
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was conducted along transects) for a broader gradient of gravel pit lakes. For some species
however, primarily perch and rudd, productivity was an important lake variable for explaining
fish abundances. The availability of nutrients is known to drive biomasses and increase the
carrying capacity (HANSON and LEGGETT 1982; DOWNING et al. 1990), which potentially
causes this finding. However, in the present study, primarily mesotrophic lakes were
sampled, and thus no larger productivity gradient was covered, which could have impacted
the findings towards the influence of productivity measures.
Another important lake variable for explaining fish abundances of all species, was
conductivity; often with higher conductivity levels positively affecting the catch. An increase
in conductivity is known to improve the electronic flux and hence increasing the size of the
electric field generated by the electrofishing device, leading to a greater catchability (BOHLIN
et al. 1989; RÜMMLER 2015). The remaining lake variables, SDF and mean lake depth, which
are important variables for fish abundances in natural lakes (MEHNER et al. 2005; LEWIN et
al. 2014; VIRBICKAS and STAK 2016) had generally less impact on fish relative frequencies in
the sampling lakes. However, the shoreline development factor especially was found to be a
relevant variable for fish abundances in other gravel pit lakes (MATERN et al., in review) and
is also known to impact growth rates of perch populations in these artificial waterbodies
(HÖHNE et al. 2020).
This studies general findings of a relatively large importance of littoral structures, however,
can be explained by a limited extension of the littoral zone due to steep shores in artificial
gravel pit lakes (SCHURIG 1972; POWELL and SOUTH 1978; GEE 1978; EMMRICH et al. 2014;
MOLLEMA and ANTONELLINI 2016; SØNDERGAARD et al. 2018; VUCIC et al. 2019) and the
overall reduced availability of structural components such as macrophytes and deadwood
(e.g. EMMRICH et al., 2014, ROBICHON unpublished data). Hence, species that depend on
heterogenous littoral zones might have been more associated with the rarely abundant
structures in the artificial sampling lakes as compared to natural waterbodies with a greater
overall structure availability.
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4.7 Limitations
There are several limitations in the present findings that need to be mentioned. One limitation
is based on electrofishing as method to identify fish distributional patterns, which is described
to have different efficiencies among species and size-classes (DOLAN and MIRANDA 2003;
MENEZES et al. 2013; RÜMMLER 2015). Hence, certain species and size-classes might have
been underrepresented in the present dataset. Additionally, electrofishing is less effective in
deeper and unstructured habitats (BOHLIN et al. 1989), which could have resulted in lower
catches and hence biased the reported findings. Specifically, daytime-catches might have
been underrepresented when the approaching boat was easier to detect and vice versa,
catches during night fishing could have been higher due to a lower flight distance (e.g.
PARAGAMIAN 1989). However, electrofishing is widely used and results are robust concerning
species variety and abundances; especially when applied in complex habitats where other
methods are not applicable (JURAJDA et al. 2009; COPP 2010; MUELLER et al. 2017).
Furthermore, conductivity as an important electrofishing efficiency factor e.g. (BOHLIN et al.
1989; MCINERNY and CROSS 2000; SCHOLTEN 2003) was added to the analysis.
Another limitation is that the seasonal observations were based on single sampling visits,
hence, some findings might be impacted by sudden weather changes potentially affecting
fish behavior and generally do not provide information about consecutive patterns in fish
distribution among different habitats. However, by sampling multiple lakes and including both
daytimes the observed results got more robust in grasping the general fish distribution in
microhabitats, which were the main focus of this study. As reported observations cover a
narrow time frame after the deadwood implementation, only the immediate microstructure
use of fish in the novel habitat is presented, and thus no findings about long term effects (e.g.
an increase in fish abundances) can be discussed here. Furthermore, no data about
invertebrate and zooplankton densities among the different microhabitats were collected,
hence, potential trophic drivers affecting fish spatio-temporal distribution were not identified.
To account for gear based sampling biases due to electrofishing, additional data obtained by
scuba diving (e.g. BROSSE et al. 2001) or camera observations (ELLENDER et al. 2012) could
provide further knowledge about the microhabitat use of especially cautious, larger fish in
deeper littoral areas that were underrepresented in electrofishing observations. Hence, a
second study could improve our understanding about the seasonal microhabitat use of fish
in gravel pit lakes and show species and size specific fish responses towards supplemented
woody habitats among an ongoing succession of the deadwood material.
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5. Conclusion and implications
The present results show the general high relevance of the shallow littoral zone and its
structurally heterogenous microhabitats for common fish species in gravel pit lakes
throughout all seasons. Further, the efficiency of supplemental deadwood immediately after
implementation was demonstrated as seen from high fish abundances of different species
and size-classes within the long-lasting woody material, especially during winter. Hence, the
application of habitat enhancement measures by adding deadwood can increase the overall
habitat for structurally orientated fish and might lead to higher fish abundances especially in
gravel pit lakes and possibly other waterbodies with unstructured littoral zones. It is
recommended that fisheries managers should consider deadwood applications, especially in
shallow areas, as a suitable tool to improve the structural complexity of littoral zones in
aquatic systems with low habitat complexity and thereby support fish populations rather than
to solely rely on stocking or harvest regulations. Official authorities could support the creation
of shallow areas during excavation processes resulting in a greater littoral extent and hence
more suitable habitats for fish and other biota in new gravel pit lakes.
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Appendix A Gravel pit specific fishing club ownership, location with coordinates and amount
of supplemented deadwood
Amount of
Lake

Fishing club

Longitude

Latitude

deadwood
bundles

Collrunge

BVO

53°30'2.35"N

7°40'59.25"E

62

Donner Kiesgrube 3

AV Nienburg

52°25'54.45"N

9°10'41.81"E

30

Kiesteich Brelingen

AV Neustadt
a. Rbge.

52°33'43.03"N

9°41'18.78"E

136

Kolshorner Teich

FV Hannover

52°25'36.86"N

9°57'49.73"E

74

Linner See

NWA

52°15'33.28"N

8°13'47.61"E

190

Meitzer See

AV Neustadt
a. Rbge.

52°34'10.27"N

9°47'27.02"E

142

Saalsdorf

SFV
Helmstedt

52°21'44.48"N

11° 2'24.06"E

96

Weidekamp See

VFG
Schoenewoerde u.
Umgb.

52°36'56.65"N

10°33'58.77"E

70

70
Appendix
Appendix B Seasonal abundancies, size range and median size of the most frequent fish
species distinguished in two size classes
Season and diurnal total catch pooled for all microhabitats
Species

Size

Size

Median

range

size

(mm)

(mm)

class
All seasons

Spring

Summer

Autumn

Winter

(mm)

∑

Eel

Perch

Pike

Roach

Rudd

Tench

Small ≤

90 -

300

300

Large

305 -

> 300

967

Small ≤

27 –

100

100

Large

101 -

> 100

303

Small ≤

47 –

200

200

Large

202 –

> 200

665

Small ≤

20 -

100

100

Large

101 -

> 100

330

Small ≤

9–

100

100

Large

101 –

> 100

216

Small ≤

15 –

100

100

Large

103 –

> 100

476

198

437

77

121

111

320

56

147

52

138

53

174

D

N

∑

D

N

∑

D

N

∑

D

N

∑

D

N

143/74/69

49/27/22

66/29/37

24/17/7

4/1/3

295/128/167

95/42/53

103/46/57

78/36/42

19/4/15

6140/1705/4435

1010/418/592

2026/368/1658

1738/483/1255

1366/436/930

2128/582/1546

384/149/235

565/151/414

778/201/577

401/81/320

83/30/53

28/12/16

34/9/25

15/7/8

6/2/4

182/93/89

28/15/13

30/14/16

49/27/22

75/37/38

2332/1821/511

150/98/52

1471/1098/373

255/212/43

456/412/44

395/144/251

153/77/76

58/14/44

125/10/115

59/43/16

1456/818/638

380/170/210

430/275/155

556/360/206

80/13/67

343/132/211

145/69/76

32/19/13

113/32/81

53/12/41

371/174/197

13/6/7

35/11/24

216/103/113

107/54/53

78/38/40

17/7/10

17/10/7

26/11/15

18/10/8

Contrast
ADW / OL
ADW / EM
OL / EM
ADW / OL
ADW / EM
OL / EM
ADW / OL
ADW / EM
OL / EM
ADW / OL
ADW / EM
OL / EM

Incidence rate ratio
2.23
0.61
0.28
1.15
0.51
0.44
2.07
0.64
0.31
1.89
0.86
0.46
Std. Error
0.66
0.13
0.08
0.27
0.11
0.1
0.66
0.16
0.1
1.16
0.47
0.29

Degrees of Freedom
2665
2665
2665
2665
2665
2665
2665
2665
2665
2665
2665
2665
Lower CI
1.12
0.37
0.14
0.66
0.3
0.26
0.98
0.36
0.15
0.45
0.24
0.1
Upper CI
4.46
1.03
0.55
1.97
0.85
0.76
4.38
1.16
0.66
7.94
3.07
2.08

t-ratio
2.72
-2.23
-4.41
0.58
-3.07
-3.5
2.29
-1.75
-3.64
1.04
-0.27
-1.22

p-value
0.018*
0.067
<0.001*
0.828
0.006*
0.001*
0.058
0.188
<0.001*
0.551
0.959
0.444

Note: bold and with * marked values denote statistical significance at the p < 0.05 level, microhabitats are abbreviated: Artificial deadwood= ADW, Open littoral = OL,
Emerged macrophytes = EM

Season
Spring
Spring
Spring
Summer
Summer
Summer
Autumn
Autumn
Autumn
Winter
Winter
Winter

Eel
Tukey HSD test statistics

Appendix C Pairwise comparisons, averaged over daytime, of microhabitat specific eel NPUE for each season estimated by generalized linear
regression using estimated marginal means and Tukey HSD p value adjustment
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Note: bold and with * marked values denote statistical significance at the p < 0.05 level, microhabitats are abbreviated: Artificial deadwood= ADW, Open littoral = OL,
Emerged macrophytes = EM

Appendix D Pairwise comparisons of general daytime NPUE and daytime NPUE comparisons within each microhabitat of eel for each season
estimated by generalized linear regression using estimated marginal means and Tukey HSD p value adjustment
Eel
Tukey HSD test statistics
Season Contrast
Incidence rate ratio Std. Error Degrees of Freedom Lower CI Upper CI t-ratio p-value
1.47
0.47
0.59
3.65
1.21 0.8311
Spring
ADW,Day / ADW,Night
644
0.98
0.49
0.23
4.13
-0.05 0.9999
Spring
OL,Day / OL,Night
644
0.65
0.2
0.27
1.53
-1.44 0.7007
Spring
EM,Day / EM,Night
644
0.95
0.29
0.39
2.3
-0.16 0.9999
Summer ADW,Day / ADW,Night
709
Summer OL,Day / OL,Night
0.79
0.28
709
0.29
2.16
-0.67 0.9851
0.88
0.26
0.38
2.07
-0.42 0.9984
Summer EM,Day / EM,Night
709
0.85
0.28
0.33
2.2
-0.5 0.9962
Autumn ADW,Day / ADW,Night
641
2.74
1.6
0.52
14.53
1.72 0.5164
Autumn OL,Day / OL,Night
641
0.84
0.28
0.32
2.21
-0.52
0.9954
Autumn EM,Day / EM,Night
641
0.3
0.24
0.03
3.06
-1.49 0.6716
Winter
ADW,Day / ADW,Night
655
0.59
0.54
0.04
8
-0.58 0.9923
Winter
OL,Day / OL,Night
655
0
0
0
Inf
0
1
Winter
EM,Day / OL,Night
655
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Contrast
Incidence rate ratio
Std. Error
2.62
0.54
ADW,Day / ADW,Night
0.04
0.01
OL,Day / OL,Night
0.34
0.11
EM,Day / EM,Night
0.78
0.12
ADW,Day / ADW,Night
0.07
0.02
OL,Day / OL,Night
0.31
0.08
EM,Day / EM,Night
0.52
0.07
ADW,Day / ADW,Night
0.13
0.02
OL,Day / OL,Night
0.46
0.08
EM,Day / EM,Night
0.4
0.05
ADW,Day / ADW,Night
0.26
0.07
OL,Day / OL,Night
0.37
0.1
EM,Day / EM,Night

Note: bold and with * marked values denote statistical significance at the p < 0.05 level, microhabitats are abbreviated: Artificial deadwood= ADW, Open littoral = OL,
Emerged macrophytes = EM

Season
Spring
Spring
Spring
Summer
Summer
Summer
Autumn
Autumn
Autumn
Winter
Winter
Winter

Tukey HSD test statistics
Degrees of Freedom Lower CI Upper CI t-ratio p-value
772
1.46
4.7
4.69
<0.001*
772
0.02
0.1 -10.17
<0.001*
772
0.14
0.86
-3.34
0.0115*
862
0.49
1.23
-1.58
0.615
862
0.03
0.15
-9.62
<0.001*
862
0.15
0.65
-4.52
<0.001*
715
0.35
0.77
-4.69
<0.001*
715
0.08
0.22 -11.17
<0.001*
715
0.28
0.76
-4.41
<0.001*
752
0.28
0.58
-7.24
<0.001*
752
0.12
0.54
-5.28
<0.001*
752
0.17
0.77
-3.86
0.0017*

Pairwise comparisons of daytime NPUE within each microhabitat using estimated marginal means

Appendix E Pairwise comparisons, averaged over daytime, of microhabitat specific perch NPUE for each season estimated by generalized
linear regression using estimated marginal means and Tukey HSD p value adjustment
Perch
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Contrast
ADW / OL
ADW / EM
OL / EM
ADW / OL
ADW / EM
OL / EM
ADW / OL
ADW / EM
OL / EM
ADW / OL
ADW / EM
OL / EM

Incidence rate ratio
Std. Error
1.44
0.19
1.88
0.29
1.3
0.22
0.87
0.09
1.1
0.13
1.26
0.15
1.65
0.17
1.22
0.13
0.74
0.09
3.99
0.52
3.15
0.44
0.79
0.13

Note: bold and with * marked values denote statistical significance at the p < 0.05 level, microhabitats are abbreviated: Artificial deadwood= ADW, Open littoral = OL,
Emerged macrophytes = EM

Season
Spring
Spring
Spring
Summer
Summer
Summer
Autumn
Autumn
Autumn
Winter
Winter
Winter

Tukey HSD statistic
Degrees of Freedom
Lower CI
Upper CI
t-ratio
p-value
3126
1.06
1.98
2.75
0.017*
3126
1.31
2.69
4.13
<0.001*
3126
0.88
1.92
1.57
0.258
3126
0.69
1.1
-1.37
0.355
3126
0.84
1.45
0.83
0.682
3126
0.96
1.67
1.98
0.118
3126
1.29
2.11
4.79
<0.001*
3126
0.95
1.57
1.88
0.145
3126
0.56
0.99
-2.46
0.037*
3126
2.94
5.41
10.64
<0.001*
3126
2.28
4.36
8.28
<0.001*
3126
0.53
1.17
-1.41
0.338

Pairwise microhabitat comparisons averaged over daytime for all seasons using estimated marginal means

Appendix F Pairwise comparisons of general daytime NPUE and daytime NPUE comparisons within each microhabitat of eel for each season
estimated by generalized linear regression using estimated marginal means and Tukey HSD p value adjustment
Perch
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Contrast
ADW / OL
ADW / EM
OL / EM
ADW / OL
ADW / EM
OL / EM
ADW / OL
ADW / EM
OL / EM
ADW / OL
ADW / EM
OL / EM

Incidence rate ratio
Std. Error
3.07
2
0.32
0.11
0.11
0.06
1.79
0.75
0.99
0.34
0.56
0.24
2.24
1.06
0.46
0.14
0.21
0.09
8.43
5.16
0.73
0.2
0.09
0.05

Note: bold and with * marked values denote statistical significance at the p < 0.05 level, microhabitats are abbreviated: Artificial deadwood= ADW, Open littoral = OL,
Emerged macrophytes = EM

Season
Spring
Spring
Spring
Summer
Summer
Summer
Autumn
Autumn
Autumn
Winter
Winter
Winter

Tukey HSD statistic
Degrees of Freedom
Lower CI
Upper CI
t-ratio
p-value
2484
0.67
14.17
1.72
0.197
2484
0.14
0.74
-3.19
0.004*
2484
0.03
0.44
-3.72
<0.001*
2484
0.67
4.79
1.38
0.351
2484
0.45
2.22
-0.02
0.999
2484
0.2
1.52
-1.37
0.356
2484
0.73
6.83
1.69
0.209
2484
0.22
0.96
-2.48
0.035*
2484
0.07
0.59
-3.53
0.001*
2484
2
35.45
3.48
0.001*
2484
0.39
1.38
-1.16
0.477
2484
0.02
0.36
-4.05
<0.001*

Pairwise microhabitat comparisons averaged over daytime for all seasons using estimated marginal means

Appendix G Pairwise comparisons, averaged over daytime, of microhabitat specific pike NPUE for each season estimated by generalized
linear regression using estimated marginal means and Tukey HSD p value adjustment
Pike
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Tukey HSD test statistics
Contrast
Incidence rate ratio
Std. Error Degrees of Freedom Lower CI Upper CI t-ratio p-value
1.04
0.63
620
0.18
5.87
0.06
0.9999
ADW,Day / ADW,Night
0.61
0.75
620
0.02
20.34
-0.4
0.9987
OL,Day / OL,Night
1.03
0.36
620
0.38
2.8
0.09
0.9999
EM,Day / EM,Night
0.59
0.3
699
0.14
2.53
-1.03
0.9082
ADW,Day / ADW,Night
0.1
0.1
699
0
1.98
-2.21
0.2336
OL,Day / OL,Night
1.06
0.55
699
0.24
4.65
0.12
0.9999
EM,Day / EM,Night
1.32
0.65
558
0.32
5.42
0.56
0.9932
ADW,Day / ADW,Night
0.16
0.18
558
0.01
3.58
-1.68
0.5465
OL,Day / OL,Night
1.38
0.49
558
0.5
3.82
0.9
0.9474
EM,Day / EM,Night
0.52
0.21
591
0.16
1.68
-1.59
0.6076
ADW,Day / ADW,Night
0.48
0.59
591
0.01
16.35
-0.6
0.9912
OL,Day / OL,Night
1.65
0.65
591
0.53
5.08
1.27
0.8017
EM,Day / EM,Night

Note: bold and with * marked values denote statistical significance at the p < 0.05 level, microhabitats are abbreviated: Artificial deadwood= ADW, Open littoral = OL,
Emerged macrophytes = EM

Season
Spring
Spring
Spring
Summer
Summer
Summer
Autumn
Autumn
Autumn
Winter
Winter
Winter

Pairwise comparisons of daytime NPUE within each microhabitat using estimated marginal means

Appendix H Pairwise comparisons of general daytime NPUE and daytime NPUE comparisons within each microhabitat of pike for each
season estimated by generalized linear regression using estimated marginal means and Tukey HSD p value adjustment
Pike

Appendix
76

Contrast
ADW / OL
ADW / EM
OL / EM
ADW / OL
ADW / EM
OL / EM
ADW / OL
ADW / EM
OL / EM
ADW / OL
ADW / EM
OL / EM

Incidence rate ratio
Std. Error
0.63
0.26
0.58
0.43
0.92
0.63
2.25
0.67
1.92
0.7
0.85
0.26
0.37
0.13
0.62
0.26
1.65
0.78
16.05
9.65
0.71
0.44
0.04
0.03

Note: bold and with * marked values denote statistical significance at the p < 0.05 level, microhabitats are abbreviated: Artificial deadwood= ADW, Open littoral = OL,
Emerged macrophytes = EM

Season
Spring
Spring
Spring
Summer
Summer
Summer
Autumn
Autumn
Autumn
Winter
Winter
Winter

Tukey HSD statistic
Degrees of Freedom
Lower CI
Upper CI
t-ratio
p-value
3115
0.24
1.65
-1.13
0.494
3115
0.1
3.31
-0.73
0.744
3115
0.19
4.56
-0.11
0.993
3115
1.13
4.5
2.75
0.017*
3115
0.81
4.53
1.78
0.175
3115
0.41
1.75
-0.52
0.863
3115
0.17
0.82
-2.93
0.01*
3115
0.23
1.66
-1.15
0.486
3115
0.55
4.97
1.07
0.535
3115
3.92
65.75
4.62 <0.001*
3115
0.17
2.99
-0.56
0.842
3115
0.01
0.22
-4.56
<0.001*

Pairwise microhabitat comparisons averaged over daytime for all seasons using estimated marginal means

Appendix I Pairwise comparisons, averaged over daytime, of microhabitat specific pike NPUE for each season estimated by generalized linear
regression using estimated marginal means and Tukey HSD p value adjustment
Roach
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Contrast
Incidence rate ratio
Std. Error
ADW,Day / ADW,Night
2,13
1,38
OL,Day / OL,Night
0,35
0,26
EM,Day / EM,Night
3,44
2,76
5.9
2.03
ADW,Day / ADW,Night
0.45
0.19
OL,Day / OL,Night
11.61
4.48
EM,Day / EM,Night
0.41
0.15
ADW,Day / ADW,Night
0.02
0.02
OL,Day / OL,Night
0.56
0.27
EM,Day / EM,Night
ADW,Day / ADW,Night
11,53
6,31
OL,Day / OL,Night
1,67
1,92
EM,Day / EM,Night
9
5,55

Note: bold and with * marked values denote statistical significance at the p < 0.05 level, microhabitats are abbreviated: Artificial deadwood= ADW, Open littoral = OL,
Emerged macrophytes = EM

Season
Spring
Spring
Spring
Summer
Summer
Summer
Autumn
Autumn
Autumn
Winter
Winter
Winter

Tukey HSD test statistics
Degrees of Freedom Lower CI Upper CI t-ratio p-value
773
0,34
13,57
1,17
0.851
773
0,04
2,9
-1,42
0.717
773
0,35
33,99
1,54
0.637
866
2.21
15.75
5.17
<0.001*
866
0.13
1.52
-1.88
0.4139
866
3.86
34.93
6.36
<0.001*
715
0.14
1.19
-2.4
0.1568
715
0
0.43
-3.7
0.0032*
715
0.14
2.25
-1.18
0.8449
751
2,41
55,12
4,46
<0.001*
751
0,06
44,56
0,45
0.998
751
1,54
52,47
3,56
0.005*

Pairwise comparisons of daytime NPUE within each microhabitat using estimated marginal means

Appendix J Pairwise comparisons of general daytime NPUE and daytime NPUE comparisons within each microhabitat of roach for each
season estimated by generalized linear regression using estimated marginal means and Tukey HSD p value adjustment
Roach
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Contrast
ADW / OL
ADW / EM
OL / EM
ADW / OL
ADW / EM
OL / EM
ADW / OL
ADW / EM
OL / EM
ADW / OL
ADW / EM
OL / EM

Incidence rate ratio
Std. Error
2.48
0.87
0.98
0.3
0.39
0.14
2.67
1.01
0.32
0.1
0.12
0.04
2.83
1.05
0.24
0.08
0.08
0.03
7.23
5.31
0.2
0.09
0.03
0.02

Note: bold and with * marked values denote statistical significance at the p < 0.05 level, microhabitats are abbreviated: Artificial deadwood= ADW, Open littoral = OL,
Emerged macrophytes = EM

Season
Spring
Spring
Spring
Summer
Summer
Summer
Autumn
Autumn
Autumn
Winter
Winter
Winter

Tukey HSD statistic
Degrees of Freedom
Lower CI
Upper CI
t-ratio
p-value
1640
1.09
5.67
2.58
0.027*
1640
0.48
2.01
-0.07
0.997
1640
0.17
0.89
-2.68
0.02*
1640
1.1
6.46
2.61
0.025*
1640
0.15
0.65
-3.73
<0.001*
1640
0.05
0.29
-5.64
<0.001*
1640
1.18
6.76
2.8
0.014*
1640
0.11
0.52
-4.31
<0.001*
1640
0.03
0.2
-6.73
<0.001*
1640
1.29
40.57
2.69
0.02*
1640
0.07
0.58
-3.58
0.001*
1640
0.01
0.15
-5.09
<0.001*

Pairwise microhabitat comparisons averaged over daytime for all seasons using estimated marginal means

Appendix K Pairwise comparisons, averaged over daytime, of microhabitat specific pike NPUE for each season estimated by generalized
linear regression using estimated marginal means and Tukey HSD p value adjustment
Rudd
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Contrast
Incidence rate ratio
Std. Error
0.21
0.08
ADW,Day / ADW,Night
0.04
0.04
OL,Day / OL,Night
0.41
0.13
EM,Day / EM,Night
1.24
0.47
ADW,Day / ADW,Night
0.22
0.15
OL,Day / OL,Night
2.24
0.78
EM,Day / EM,Night
0.31
0.21
ADW,Day / ADW,Night
0.07
0.08
OL,Day / OL,Night
3.19
2
EM,Day / EM,Night
0.08
0.08
ADW,Day / ADW,Night
0
0
OL,Day / OL,Night
0.17
0.11
EM,Day / EM,Night

Note: bold and with * marked values denote statistical significance at the p < 0.05 level, microhabitats are abbreviated: Artificial deadwood= ADW, Open littoral = OL,
Emerged macrophytes = EM

Season
Spring
Spring
Spring
Summer
Summer
Summer
Autumn
Autumn
Autumn
Winter
Winter
Winter

Tukey HSD test statistics
Degrees of Freedom Lower CI Upper CI t-ratio p-value
417
0.07
0.63
-4.1
<0.001*
417
0
0.72
-3.19
0.0191*
417
0.16
1.04
-2.74
0.07
459
0.43
3.64
0.58
0.9921
459
0.03
1.58
-2.19
0.2444
459
0.83
6.03
2.34
0.1804
353
0.05
2.07
-1.77
0.4897
353
0
1.7
-2.38
0.1645
353
0.53
19.32
1.84
0.4396
387
0
1.38
-2.55
0.1129
387
0
Inf
0
1
387
0.03
1
-2.86
0.0502

Pairwise comparisons of daytime NPUE within each microhabitat using estimated marginal means

Appendix L Pairwise comparisons of general daytime NPUE and daytime NPUE comparisons within each microhabitat of rudd for each
season estimated by generalized linear regression using estimated marginal means and Tukey HSD p value adjustment
Rudd
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Contrast
ADW / OL
ADW / EM
OL / EM
ADW / OL
ADW / EM
OL / EM
ADW / OL
ADW / EM
OL / EM
ADW / OL
ADW / EM
OL / EM

Incidence rate ratio
Std. Error
4.36
2.88
1.02
0.63
0.23
0.19
2.06
0.97
0.74
0.42
0.36
0.23
2.17
0.53
4.03
1.7
1.86
0.82
1.68
0.5
1.2
0.51
0.72
0.32

Note: bold and with * marked values denote statistical significance at the p < 0.05 level, microhabitats are abbreviated: Artificial deadwood= ADW, Open littoral = OL,
Emerged macrophytes = EM

Season
Spring
Spring
Spring
Summer
Summer
Summer
Autumn
Autumn
Autumn
Winter
Winter
Winter

Tukey HSD statistic
Degrees of Freedom
Lower CI
Upper CI
t-ratio
p-value
2640
0.93
20.55
2.23
0.066
2640
0.24
4.32
0.04
0.999
2640
0.04
1.55
-1.8
0.17
2640
0.69
6.19
1.55
0.27
2640
0.19
2.83
-0.53
0.855
2640
0.08
1.57
-1.63
0.232
2640
1.22
3.85
3.14
0.005*
2640
1.5
10.85
3.3
0.003*
2640
0.67
5.21
1.42
0.332
2640
0.84
3.36
1.76
0.183
2640
0.45
3.24
0.43
0.901
2640
0.25
2.03
-0.75
0.733

Pairwise microhabitat comparisons averaged over daytime for all seasons using estimated marginal means

Appendix M Pairwise comparisons, averaged over daytime, of microhabitat specific tench NPUE for each season estimated by generalized
linear regression using estimated marginal means and Tukey HSD p value adjustment
Tench
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Tukey HSD test statistics
Contrast
Incidence rate ratio
Std. Error Degrees of Freedom Lower CI Upper CI t-ratio p-value
0.92
0.5
653
0.19
4.41
-0.15
0.9999
ADW,Day / ADW,Night
2.07
2.58
653
0.06
73.33
0.58
0.9923
OL,Day / OL,Night
0.31
0.37
653
0.01
9.14
-0.99
0.9216
EM,Day / EM,Night
1.33
0.76
735
0.26
6.76
0.51
0.9958
ADW,Day / ADW,Night
0
0
735
0
Inf
0
1
OL,Day / OL,Night
0.27
0.32
735
0.01
7.9
-1.11
0.8763
EM,Day / EM,Night
0.77
0.22
602
0.34
1.76
-0.91
0.9434
ADW,Day / ADW,Night
1.59
0.62
602
0.52
4.87
1.19
0.8426
OL,Day / OL,Night
0.43
0.34
602
0.04
4.12
-1.07
0.8936
EM,Day / EM,Night
0.96
0.37
632
0.32
2.88
-0.1
0.9999
ADW,Day / ADW,Night
1.09
0.52
632
0.28
4.28
0.18
0.9999
OL,Day / OL,Night
2.14
1.7
632
0.22
20.8
0.96
0.9314
EM,Day / EM,Night

Note: bold and with * marked values denote statistical significance at the p < 0.05 level, microhabitats are abbreviated: Artificial deadwood= ADW, Open littoral = OL,
Emerged macrophytes = EM

Season
Spring
Spring
Spring
Summer
Summer
Summer
Autumn
Autumn
Autumn
Winter
Winter
Winter

Pairwise comparisons of daytime NPUE within each microhabitat using estimated marginal means

Appendix N Pairwise comparisons of general daytime NPUE and daytime NPUE comparisons within each microhabitat of tench for each
season estimated by generalized linear regression using estimated marginal means and Tukey HSD p value adjustment
Tench
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Tench

Rudd

Roach

Pike

24.9

10.2

large

10.6

large

small

13.3

23.7

large

small

26.6

21.1

large

small

13.4

8.5

large

small

16.3

small

25.1

large

Perch

10.1

small

Eel

Microhabitat

Size
class

Species

34.1

23.3

20.4

47.4

22.1

23

21.9

34.5

10.2

13.7

23

31.2

Depth

44.3

48.2

31

60.7

45.8

49.6

43

47.9

18.7

30

48.1

41.3

Cumulative
importance

Microhabitat variables

10.7

19.1

6.1

1.6

16.6

2.2

19.3

6.1

18.3

16.1

13.4

16

Season

2

1.8

11

24.3

14.3

28.4

6

1.4

19.3

15.7

7

3

Daytime

12.7

20.7

17.1

25.9

30.9

30.6

25.3

7.5

37.6

31.8

20.4

19.6

Cumulative
importance

Seasonal and diurnal variables

17.3

15.7

21.5

3.2

10.9

15

12.4

27.9

21

24.6

16.7

26.6

Conductivity

Relative importance in %

0.3

0.1

30.2

10.1

6.3

2.7

4.2

9.5

19

6.2

1.7

3.6

Trophic
state index

6.2

1.4

4.7

8.8

1.3

10.9

0.1

0.2

0

3.4

1.8

13.7

Mean
lake
depth

Lake variables

Appendix O Detailed contribution of all single variable included in BRT modelling for each species and size class
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