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ABSTRACT
Matern S, Robichon C, Nikolaus R, Monk CT, Arlinghaus R. 2023. Environmental determinants
of coarse woody habitat in gravel pit lakes. Lake Reserv Manage. 39:259-272.

Coarse woody habitat (CWH) is an important structural habitat in freshwater ecosystems. In
natural lakes, CWH accumulates over centuries alongside the succession of littoral tree
communities. Newly created gravel pit lakes have difficulties in accumulating CWH due to
their young age. Additionally, CWH presence might be negatively affected by shoreline
development, where wood is removed to facilitate recreational activities such as angling. We
studied 26 gravel pit lakes with an age < 55yrs in Lower Saxony, Germany, to quantify CWH
density and to understand the impact of environmental factors, including lake morphology,
lake age, wind direction, abundance of riparian trees, and the presence or absence of fisheries
management, on CWH density. We sampled small and large CWH in the littoral zone of the
study lakes using a transect-based approach. Density of CWH was lower in German gravel pit
lakes than in North American natural lakes. In gravel pit lakes, we detected increasing
densities of small CWH with increasing numbers of large trees on the shore and with
increasing littoral slopes in lakes managed for recreational fisheries. Large CWH density was
positively affected by lake age, by the density of large trees on the shore and with wind from
land, and again by steep littoral slopes in lakes managed for recreational fisheries. We
recommend that recreational fisheries managers and individual anglers maintain CWH in
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shallow littoral zones to promote fish habitats in generally low-structured gravel pit lakes.

Littoral zones link terrestrial and aquatic ecosys-
tems (Naiman and Décamps 1997, Schindler and
Scheuerell 2002, Pusey and Arthington 2003) and
provide structural heterogeneity and habitat com-
plexity in aquatic ecosystems (Eadie and Keast
1984, Kovalenko et al. 2012). In addition to
emerged and submerged macrophytes, coarse
woody habitat (CWH) represents a third littoral
structure that can generate suitable habitats for
colonization by various species (Sass 2009,
Czarnecka  2016). Invertebrates, such as
Gammaridae and Chironomoidae, regularly use
CWH, with the highest diversity and biomasses
found on highly decayed dead wood (Benke and
Wallace 2003, Smokorowski et al. 2006, Dossi
et al. 2020). Lake fish also use CWH regularly
(Lewin et al. 2004, 2014, Matern et al. 2021,
Maday et al. 2023), for purposes such as

spawning (Nash et al. 1999, Lawson et al. 2011),
feeding (Czarnecka et al. 2014), and potentially
as refuge from predation (Newbrey et al. 2005,
Roth et al. 2007, Smokorowski and Pratt 2007,
Ahrenstorff et al. 2009). Hence, CWH abundance
and complexity in lentic waters impact fishes’
abundance, spatial distribution, and feeding ecol-
ogy (Newbrey et al. 2005, Ahrenstorff et al. 2009,
Sass et al. 2012, Radinger et al. 2023).

Gravel pit lakes, also known as quarry lakes,
are created through anthropogenic excavation of
littoral resources such as sand or gravel (Mollema
and Antonellini 2016, Blanchette and Lund 2016).
In regions with a sparse abundance of natural
lakes, gravel pit lakes dominate the lake land-
scape and can constitute the most frequent lentic
waterbody type (Sendergaard et al. 2018, Nikolaus
et al. 2020, Seelen et al. 2021). Gravel pit lakes
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are quickly colonized by organisms and can act
as important secondary habitats for biodiversity
conservation in agriculture-dominated landscapes
(Santoul et al. 2004, Rey-Boissezon and Joye
2012, Biggs et al. 2017, Nikolaus et al. 2021).
However, due to the young age of less than
100yrs (Sendergaard et al. 2018, Matern et al.
2019, Seelen et al. 2021), the colonization and
succession of the gravel pit lakes are ongoing
(Miillerova et al. 2022). The density and com-
plexity of CWH can thus be expected to be lower
than in natural lakes, because CWH in lakes is
known to accumulate over time, typically remain-
ing in lakes for several centuries, depending on
the type of tree and branch complexity and den-
sity (Guyette and Cole 1999).

CWH recruitment has already been studied in
natural lakes (e.g., Christensen et al. 1996,
Marburg et al. 2006), but no studies exist for
gravel pit lakes. Lake size, littoral water depth,
riparian tree density, wind intensity, beaver pres-
ence, and human-induced shoreline development
have all been identified as relevant factors impact-
ing CWH recruitment, abundance, and complex-
ity in lentic ecosystems (Christensen et al. 1996,
Mallory et al. 2000, Bozek 2001, Marburg et al.
2006, Sass 2009). In this context, residential
development and other human actions, such as
tishing site construction, have been reported to
reduce CWH density in North American lakes
(Christensen et al. 1996, Marburg et al. 2006). As
many gravel pit lakes in Germany are intensively
used by humans (Meyerhoff et al. 2019), it is
possible that CWH density is negatively affected
by both the young age of artificial lakes and
shoreline development actions.

Many gravel pit lakes in Europe are managed
by and for recreational fisheries (Arlinghaus et al.
2015, Zhao et al. 2016, Umweltbundesamt 2021,
Seelen et al. 2022). The intensive use of near-
shore habitats by anglers and other recreationists
can negatively affect littoral wildlife and change
the habitat quality of the littoral zone (O’Toole
et al. 2009, Kaufmann et al. 2014a, Schafft et al.
2021, Nikolaus et al. 2022). As angling activities
are often shore-bound, it is also possible that
anglers, or fishing clubs more generally, remove
CWH to clean shorelines in an attempt to reduce
the potential for snagging of fishing lines or

hooks (Arlinghaus et al. 2023). One indication
for such effects would be a greater accumulation
of CWH in steeper sloped shorelines where
shoreline anglers have less access to sunken CWH
than in shallower shorelines. CWH can also be
supplemented as management action to improve
habitat conditions. Anglers and managers also
believe in the functionality of habitat manage-
ment (Klefoth et al. 2023), but rather invest in
fish stocking (Arlinghaus et al. 2022).

We investigated the CWH recruitment in the
littoral zones of 26 gravel pit lakes in Lower
Saxony, Germany. We tested the following
hypotheses:

1. The CWH density in the littoral zone of
gravel pit lakes is positively influenced by lake
size, lake age, and riparian tree abundance, espe-
cially with wind exposure.

2. The presence of recreational-fisheries man-
agement negatively influences the amount of
CWH, especially in shallow areas due to CWH
removal as management action for improved
angling access.

3. Due to their young age, CWH density in
gravel pit lakes is lower than in natural lakes.

Methods
Study site and management of the lakes

All 26 sampled gravel pit lakes were located in
Lower Saxony, Germany (Fig. 1), with 16 gravel
pit lakes managed by angling clubs and 10
unmanaged gravel pit lakes owned by private
persons or nature conservation agencies (Table
§1). Angling clubs buy or rent the fishing rights
of gravel pit lakes, often during or shortly after
the excavation process. Subsequent utilization and
management encompass fish stocking with a
desired native species mix (Matern et al. 2019,
2022), recreational angling including harvest reg-
ulations (e.g., minimum-length and daily bag
limits; Arlinghaus et al. 2016), and habitat man-
agement (e.g., creating angling sites or dead wood
supplement for fish; Arlinghaus and Mehner
2005, Sass 2009). Importantly, no dead wood
supplementations as (fisheries) management
action were done in the studied lakes before sam-
pling. In the wunmanaged lakes recreational
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Figure 1. Map of all sampled gravel pit lakes in Lower Saxony, Germany.

tishing was prohibited and the lakes did not
receive initial fish stocking or shoreline develop-
ment to create fishing sites. However, most of our
gravel pit lakes were accessible to the public, and
recreational visitors (e.g., walkers and dog walk-
ers) were documented at all lakes.

Data collection

We sampled littoral CWH abundance and envi-
ronmental variables in each lake either during
June and July 2017 or August 2018 at multiple
transects per lake, following 2 approaches: (1)
For all lakes, prior to sampling, the location for
the first transect was chosen randomly, and sub-
sequently other transects were placed equidis-
tantly along the whole shoreline. Distances
between sampling points were constant within
each lake and varied between 100 and 200m
depending on lake size. (2) In 8 of the studied
lakes, additional transects were placed randomly
within the lake (6 to 9 per lake) based on

objectives in other studies not reported here.
Thus, mainly due to variation in lake size but
also due to the additional transects sampled, the
number of transects varied across lakes. We kept
the additionally sampled transects in the dataset
to increase the sample size of transects, while a
robustness analysis revealed similar results also
without these transects. We divided each transect
into a riparian zone plot and a littoral zone plot
(Fig. 2). The riparian plot measured 10x10m
and all wood was counted and classified into 3
height categories (small: <3m, medium: 3-10m,
and high: >10m). The littoral zone plot mea-
sured 6m in width and was investigated to a
maximum water depth of 3m; in cases of shal-
low zones, plot length was set to maximum 10 m.
In the 6 lakes investigated in August 2018 the
littoral zone plot measured only 2m in width
because of sampling time constraints. Water
depth after every meter was measured with a
tape measure attached to a stick to calculate the
littoral slope. The total length of the littoral plot
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Figure 2. Sampling design adapted and modified after Newbrey et al. (2005) and Kaufmann et al. (2014b). In 2018 the width of
the littoral zone plot was reduced to 2m due to time constraints.

Figure 3. Diversity of coarse woody habitat (CWH) structures in gravel pit lakes: Length, bole diameter, and complexity were cri-
teria used to define structures as either small CWH (A) and (B) or large CWH (C) and (D). CWH structures fulfilling at least 2 of the
following criteria were classified as large CWH: (1) CWH length =50cm; (2) CWH diameter =5cm, and (3) complexity >2. All other
CWH structures were classified as small CWH.

was noted to calculate the size of the littoral  (Fig. 3), by snorkeling. We defined 3 criteria for
plot. We assessed all CWH structures including =~ CWH classification: (1) CWH length > 50cm;
all sticks, even those less than 5cm in length  (2) CWH diameter > 5cm; and (3) complexity >



2. Complexity was determined according to the
maximum number of branch orders (1=main
trunk/1st order branch; 2=2nd order branch;
3=3rd order branch; 4=4th order branch; and
5=5th order branch; following Newbrey et al.
2005). Each CWH structure that fulfilled at least
2 of the 3 criteria was classified as large CWH
and measured in detail (length, diameter, com-
plexity, and percentage of submersion). All other
CWH structures were classified as small CWH
and their length was noted.

We measured lake area using QGIS (QGIS
Development Team 2019) and used contour maps
to extract information on mean and maximum
lake depth (compare Matern et al. 2019, Nikolaus
et al. 2021). At the water surface in the middle of
the lake we measured pH value and Secchi disk
transparency and took a water sample to ana-
lyze total phosphorus concentration in the lab
(ISO 2004). For this study, we used the end of
excavation to calculate gravel pit age (years).
The proportion of forest within 100m around
each lake (buffer zone) was calculated in QGIS
3.4.1 with GRASS 7.4.2 using ATKIS land use
data with a 10 x 10 m grid scale (© GeoBasis-DE/
BKG 2013; AdV 2006). We used the ATKIS
objects categorized as forest (economically) and
wood (naturally), which included "AX_Wald”
(ATKIS-ID 43002), “AX_Gehoelz” (ATKIS-ID
43003), “AX_Vegetationsmerkmal” with attribute
“Baumbestand, Laubholz” (ATKIS-ID 540011021),
“AX_Vegetationsmerkmal” with attribute “Baumbe
stand, Nadelholz” (ATKIS-ID 540011022), “AX_
Vegetationsmerkmal” with attribute “Baumbestand,
Laub- und Nadelholz” (ATKIS-ID 540011023),
and “AX_Vegetationsmerkmal” with attribute “Geholz”
(ATKIS-ID 540011050).

The general wind direction at each lake was
calculated wusing data from the Deutscher
Wetterdienst ([DWD] 2018), which provides
historical station observations at 10min inter-
vals for Germany. We used data running from
2015 to 2017 to have a measure of wind direc-
tion representing multiple years before this
study. For each lake, we used the data of the
nearest meteorological station (mean distance+SD:
22.1£10.3km). Wind directions were catego-
rized according to the 8 cardinal and ordinal
directions. To break branches off trees, a wind
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power of 8 Beaufort or higher is needed (DWD
2018), and we therefore considered the most
prevalent wind direction with a power of 8
Beaufort or higher as the general wind direction
for each lake. For each plot, the wind exposure
was assessed by calculating the angle (degrees)
between the general wind direction and the
shoreline of the plot (0°% 45°% 90° —45°% -90°).
Positive values indicate wind coming from land
(90° being orthogonal to the shoreline) and neg-
ative values indicate wind coming from water
(-90° being orthogonal to the shoreline). An
angle of 0° indicates wind parallel to the
shoreline.

Data analysis

We calculated the density of small and large
CWH per area (number [N]/m) of each littoral
plot. We tested all environmental variables (lake
area, lake age, wind direction, forest cover in the
100m buffer around the lake, littoral slope of the
plot, transect water depth, density of small ripar-
ian trees [<3m high], density of medium-sized
riparian trees [3-10m high], density of tall ripar-
ian trees [>10m high], and density of all riparian
trees) for collinearity using a stepwise variance
inflation factor (VIF) selection. We chose a strict
VIF cutoff value of 2.5 in line with literature
(Johnston et al. 2018), to reduce collinearity, but
kept important environmental variables. A robust-
ness check revealed that even a more liberal cut-
off value of 5 (Craney and Surles 2002) did not
change the results compared to the cutoff value of
2.5. Based on the results from the VIF analysis,
we removed the following variables: transect water
depth, density of small riparian trees, and density
of all riparian trees from the further analysis. We
ran 2 linear mixed-effects models to predict the
number of small and large CWH separately as a
function of lake age, wind direction, percentage
of forest cover in the 100m buffer around the
lake, density of medium-sized riparian trees,
density of tall riparian trees, littoral slope of the
plot, and fisheries management (present/absent;
see Fig. 3 for CWH classification). We integrated
the log-transformed littoral sampling area as off-
set to correct for different sampling efforts in
the linear mixed-effects models from the package
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glmmTMB with negative binomial distribution:
linear parameterization as family (version 1.0.1;
Brooks et al. 2017). We included interaction
effects between density of medium-sized riparian
trees and wind direction, density of tall riparian
trees and wind direction, and the littoral slope of
the plot and management in both models to test
hypotheses 1 and 2, and used lake as a random
factor to avoid the pseudoreplication of transects
within lakes. We used the “stepAIC” function
from the package MASS (version 7.3-51.4;
Venables and Ripley 2002) for model selection in
both directions and added the results to the
Supplement (Table S2, Table S3). The significance
level was set to an alpha value of 0.05. All statis-
tical analyses were conducted using the software
R 3.6.2 (R Core Team 2019).

No data on CWH densities were available from
German natural lakes. We therefore used data
from temperate, natural lakes in North America
as the best available surrogate. Coarse woody
habitat data were extracted from Christensen
et al. (1996) with a bole diameter > 5cm and
from Pearce et al. (2022) with a bole diameter >
10cm, and CWH densities were compared with
the sampled gravel pit lakes. We included all

Table 1. Environmental description of the studied gravel pit lakes.

large CWH structures from the sampled gravel
pit lakes with matching bole diameter definitions
to achieve comparable datasets and compared
CWH densities using a nonparametric Wilcoxon
test (Wilcoxon 1945).

Results
Lake environments and CWH abundance

The sampled gravel pit lakes varied in size between
0.9ha and 19.5ha (mean+SD: 6.5+5.2ha) with a
mean lake depth between 0.6 and 11.9m
(mean+SD: 4.6 £2.5m; Table 1). The gravel
pit lakes were on average mesotrophic with a
total phosphorus concentration of 29.9+30.6 ug/L
(mean+SD) and a Secchi disk transparency of
2.7+1.5m (mean*SD; Table S4). The age of the
gravel pit lakes ranged from 7 to 55yrs (mean+SD:
27.5+13.2yrs). The slope of the littoral plot varied
between 1.1° and 40.6° on transect level and 4.8°
and 27.2° on lake level. Between 0% and 72.6% of
the 100m buffer around the lakes was covered by
forest (mean+SD: 16.1+21.5%; Table 2). We
detected 12,160 small CWH structures distributed
over all gravel pit lakes, with 259 out of 291

Proportion of
forest in a 100

Number of m buffer
Lake size  Mean lake Lake age sampled Station wind around the

Lake name Management (ha) depth (m) (yrs) transects Station slope (°) exposure (°) lake (%)
Chodhemster Kolk  Managed 3.2 5.6 46 6 12.7+6.8 7.5+£66.2 0
Collrunge Managed 43 4 35 14 13.7+4.8 3.2+64.8 0
Donner Kiesgrube 3 Managed 1 33 17 13 233142 -6.9+48.1 0
Goldbeck Unmanaged 2.3 2.5 26 7 17.1+4.8 0+63.6 5.6
Handorf Unmanaged 13.6 9.6 14 10 22.2+59 0+56.1 0
Hanigsen Unmanaged 6.2 7.7 7 10 11.2+£57 4.5+495 55
HeeRel Unmanaged 0.9 3.8 55 4 27.2+11.3 0+735 154
Hopels Unmanaged 5.5 6.7 19 13 13.7+7.7 3.5+46.7 0
Kiesteich Brelingen  Managed 8.5 3.2 18 17 17.8+10.5 13.2+56.8 66.3
Kolshorner Teich Managed 43 6.4 37 12 23174 0+54.3 72.6
Linner See Managed 17.7 5.1 17 20 15.8+8.8 -6.8+46.8 11.2
Lohmoor Unmanaged 4.1 2.2 27 13 13171 -3.5+534 0
Meitzer See Managed 19.5 1.9 1 20 21.1+£6.5 -6.8+42 68.4
Neumanns Kuhle Managed 6.9 3.1 47 8 48+2 0+58.9 8.4
Pfutze Unmanaged 10.6 43 17 13 17.1+£34 13.8£49.9 8
Plockhorst Managed 14.3 3.2 19 12 144+84 -11.2+39 17.2
Saalsdorf Managed 9 53 22 1 20.5+8.6 8.2+56.3 5.9
Schleptruper See Managed 4 49 52 6 15.8+8.9 -7.5+52.6 243
Schwicheldt Unmanaged 1.7 4 1 7 13.8+7.7 19.3+62.9 243
Stedorfer Baggersee Managed 1.9 1.7 34 5 10+2.2 -18+40.2 11.9
Steinwedeler Teich  Managed 104 53 39 17 244+72 2.6+51.5 25.9
Tongrube Biilstedt ~ Unmanaged 24 0.6 27 9 6.2+1.6 -10+£70.4 0
Wahle Managed 8.1 59 27 13 19.7+£8 6.9+63.2 9.1
Weidekampsee Managed 29 23 23 13 12.8+3.2 10.4+55.6 1.7
Wiesedermeer Managed 29 37 27 11 13.6+6.6 —-4.1+51.1 29.7
Xella Unmanaged 2.1 3.1 42 7 18.8+7.7 6.4+48.1 6.3
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Table 2. Riparian wood and tree descriptors and coarse woody habitat (CWH) densities of the studied gravel pit lakes.

Medium-sized tree

Small CWH density Large CWH density Total CWH density

Lake name density (number [N]/m) Tall tree density (N/m) (N/m) (N/m) (N/m)
Chodhemster Kolk 0.02+0.02 0+0 0.16+0.16 0.01+0.01 0.17+0.16
Collrunge 0.03+0.03 0.02+0.03 1.01£0.82 0.03+0.05 1.05+£0.83
Donner Kiesgrube 3 0.08+0.08 0.03+£0.04 1.73+£1.98 0.07£0.09 1.8+2.05
Goldbeck 0.02+0.02 0.03+0.03 6.07£3.99 0.11+0.06 6.18+£4.01
Handorf 0.06+0.07 0.05+0.06 41427 0.09£0.13 419+273
Hénigsen 0.02+0.05 0.02+0.03 0.71+£1.24 0.07+£0.09 0.78+1.26
HeeRel 0.02+0.02 0.02+0.02 5.45+3.03 0.53+0.45 5.98+2.94
Hopels 0.15+0.13 0.07+£0.04 1.93+£1.42 0.05+0.03 1.98+1.41
Kiesteich Brelingen 0.05+0.05 0.07+£0.07 0.3+0.37 0.04+0.05 0.33+0.41
Kolshorner Teich 0.03+0.03 0.07+0.03 0.39+0.2 0.09+£0.09 0.48+0.27
Linner See 0.06£0.03 0.1£0.1 1.87+1.81 0.05+0.05 1.92+1.81
Lohmoor 0.25+0.12 0.02+0.02 0.78+1.4 0.02+0.02 0.79+1.4
Meitzer See 0.04+0.04 0.08+0.06 0.25+0.47 0.07 +£0.09 0.32+0.48
Neumanns Kuhle 0.04+0.03 0.02+0.02 0.21+0.27 0.03+0.04 0.24+0.26
Pfiitze 0.1+£0.04 0.21+0.09 0.43+0.34 0.05+0.05 0.48+0.37
Plockhorst 0.06+0.07 0.09+0.05 1.66+2.17 0.09+0.11 1.75+£2.27
Saalsdorf 0.03+0.05 0.06+0.06 0.98+1.75 0.08+0.08 1.06+1.8
Schleptruper See 0.04+0.03 0.05+0.03 0.61+0.33 0.11+0.06 0.72+0.29
Schwicheldt 0.03+0.06 0+0 1.32+35 0.01+0.04 1.34+3.53
Stedorfer Baggersee 0.11+0.06 0.01+0.01 0.2+0.17 0.02+0.02 0.23+0.16
Steinwedeler Teich 0.05+0.02 0.04+0.04 0.39+0.58 0.03+0.03 0.42+0.59
Tongrube Biilstedt 0.02+0.02 0.03+0.03 4.58+8.57 0.1+£0.12 4.68+8.55
Wahle 0.01£0.01 0.04+0.02 0.5+0.51 0.03+0.03 0.54+0.51
Weidekampsee 0.06+0.06 0.1+0.05 0.23+£0.38 0.03+0.05 0.26+0.43
Wiesedermeer 0.06+0.06 0.01+0.02 0.36+0.38 0+0.01 0.36+0.38
Xella 0.17+0.17 0.05+0.04 0.22+0.19 0.03+0.03 0.25+0.21
Mean 0.06+0.05 0.05+0.04 1.4+1.49 0.07+£0.07 14715

transects containing small CWH structures. In
total, 4012 of the small CWH structures (33.0%)
measured between 1 and 20cm, 4791 small CWH
structures (39.4%) measured between 21 and
50cm, and 3357 small CWH structures (27.6%)
were longer than 50cm. The density of small
CWH was 1.47+1.77N/m (mean+SD) and ranged
from 0.17 to 6.18 N/m in the gravel pit lakes. We
further found 620 large CWH structures distrib-
uted over all gravel pit lakes and in 193 out of 291
sampled transects. Large CWH structures mea-
sured 181+149cm (mean*SD) in length with a
bole diameter of 4.8+6.9cm (mean+SD). The
complexity of the large CWH structures was
2.5+1.3 (mean+SD) with 93.0+16.4% (mean+SD)
being submerged. The density of large CWH was
0.07+0.10N/m (mean+SD) and ranged from
0.004 to 0.53N/m in the gravel pit lakes.

Predictors of CWH recruitment

For both models no variables were dropped after
model selection (Tables 3 and 4). We detected large
CWH density in gravel pit lakes to be significantly
affected by lake age (P=0.049) and the interaction of
littoral slope and management (P<0.001; Table 3).
Densities of large CWH increased with lake age, and

Table 3. Model output from the linear mixed-effects model
predicting densities of large coarse woody habitat (CWH) in
gravel pit lakes.

Value Std. error  z Value P Value
(Intercept) —5.260 0.599 —-8.784 0.000
Medium-sized tree 0.016 1.181 0.014 0.989
density
Station wind exposure  —0.003 0.002 -1.529 0.126
Tall tree density 2.260 1.215 1.860 0.063
Lake size 0.035 0.030 1.163 0.245
Station slope 0.054 0.011 5.013 0.000*
Management 1.532 0.483 3.171 0.002*
Lake age 0.024 0.012 1.970 0.049*
Forest cover in a 0.000 0.006 -0.019 0.985
100m buffer
around the lake
Medium-sized tree 0.001 0.020 0.028 0.978
density: Station
wind exposure
Station wind 0.030 0.017 1.806 0.071
exposure: Tall
tree density
Station slope: -0.050 0.022 -2.230 0.026*

Management

Variables with a P value <0.1 are in bold, and variables with a P value
<0.05 are also marked with an asterisk.

in managed lakes large CWH densities increased
with increasing littoral slope, while large CWH den-
sities in unmanaged lakes were not affected by litto-
ral slope (Fig. 4). Furthermore, large CWH densities
were positively affected by tall trees on the shore
(P=0.06) and an interaction of tall trees on the
shore and wind direction (P=0.07, Table 3, Fig. 4);
however, effects were not significant at a significance
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Table 4. Model output from the linear mixed-effects model
predicting densities of small coarse woody habitat (CWH) in
gravel pit lakes.

Value Std. error  z Value P value
(Intercept) —2.483 0.679 -3.655 0.000
Medium-sized tree -0.718 0.984 —-0.729 0.466
density
Station wind exposure  —0.001 0.002 —-0.902 0.367
Tall tree density 4.556 0.978 4.659 0.000*
Lake size 0.035 0.037 0.947 0.344
Station slope 0.063 0.008 7.491 0.000*
Management 1.898 0.454 4.178 0.000*
Lake age 0.025 0.014 1.716 0.086
Forest cover in a -0.012 0.008 -1.563 0.118
100m buffer
around the lake
Medium-sized tree —0.002 0.016 —0.108 0.914
density: Station
wind exposure
Station wind 0.015 0.014 1.056 0.291
exposure: Tall tree
density
Station slope: -0.064 0.016 -3.913 0.000*
Management

Variables with a P value <0.1 are in bold, and variables with a P value
<0.05 are also marked with an asterisk.

level of 0.05. Small CWH density in gravel pit lakes
was significantly affected by tall trees on the shore
(P<0.001) and the interaction of littoral slope and
management (P<0.001; Table 4). Densities of small
CWH increased with the number of large trees on
the shore and similarly for large CWH, the density
of small CWH increased in managed lakes with
increasing littoral slope, and small CWH densities in
unmanaged lakes were not affected by littoral slope
(Fig. 5). Furthermore, and similar to large CWH
densities, small CWH densities were positively
affected by lake age, but the effect was not signifi-
cant (P=0.09; Table 4, Fig. 5).

We detected significantly lower densities of
CWH structures with a bole diameter > 5cm in
gravel pit lakes in Germany compared to natural
lakes in the United States (Wilcoxon test: W =126,
P=0.035) and significantly lower densities of
CWH structures with a bole diameter > 10cm
compared to natural lakes in Canada (Wilcoxon
test: W=9, P<0.001, Fig. 6).

Figure 4. Marginal effect plots for the densities of large, coarse woody habitat (CWH) in gravel pit lakes impacted by lake age (a),
the interaction of large tree density on the shore and wind direction (b), and the interaction of littoral slope and lake management

(c). The shaded region indicates the confidence intervals.

Figure 5. Marginal effect plots for the densities of small, coarse woody habitat (CWH) in gravel pit lakes impacted by large tree
density on the shore (a), lake age (b), and the interaction of littoral slope and lake management (c). The shaded region indicates

the confidence intervals.
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Figure 6. Comparison of coarse woody habitat (CWH) densities in gravel pit lakes in Lower Saxony, Germany, and (a) natural lakes
in northern Wisconsin and Upper Michigan, United States, with a bole diameter > 5cm (data extracted from Christensen et al.
1996) and (b) natural lakes in Ontario, Canada with a bole diameter > 10cm (data extracted from Pearce et al. 2022). Boxes rep-
resent the 25th to the 75th percentile, with the median represented by the thick horizontal line; whiskers display 1.5 times the
interquantile range and filled dots display outliers. Circles represent the observed data.

Discussion

We studied the recruitment of small and large
CWH in gravel pit lakes and found, in agreement
with hypothesis 1, that lake age and the number
of tall trees, especially with wind exposure,
affected CWH densities. We further detected, in
support of hypothesis 2, an influence of
recreational-fisheries management on CWH, with
lowest densities in shallow water areas of man-
aged lakes. Finally, and agreeing with hypothesis
3, CWH densities were significantly lower in
German gravel pit lakes compared to natural
lakes in Wisconsin and Ontario. Therefore, all 3
hypotheses received empirical support in
our work.

We detected tall trees on the shore as one of
the main drivers for CWH densities in gravel pit
lakes, especially in combination with wind direc-
tion (and power). Broken branches of riparian
trees and trees felled by wind are a key source of
littoral dead wood in littoral habitats of lakes
(Sass 2009), and expectedly, they also influence
CWH in gravel pit lakes. Relatedly, forest cover
and riparian coarse woody habitat have been
reported to positively affect CWH density in
lakes in Wisconsin, United States (Jennings et al.
2003, Marburg et al. 2006). However, our vari-
able of forest cover in a 100m buffer around the
lakes did not add significant information to the

model, most likely because only trees in the
immediate riparian zone contribute to littoral
CWH densities. Furthermore, the succession in
the riparian zone of gravel pit lakes is often still
in progress (Millerova et al. 2022), and poten-
tially outdated land use data are not useful as
descriptors of littoral CWH. In addition to ripar-
ian trees, beavers have been identified as a fur-
ther important source of littoral CWH in lakes
and rivers (Sass 2009). However, we only detected
beavers at a single gravel pit lake in our dataset
and therefore did not integrate this in our anal-
ysis. Lake shape has also been revealed as a good
predictor of littoral CWH (Marburg et al. 2006).
In our transect-based sampling design, we would
expect effects of lake shape only in certain tran-
sects (e.g., bays), but less on a whole-lake level.
We therefore integrated other environmental
variables (e.g., forest cover in the 100m buffer
and lake size) that appropriately describe data in
our analysis.

The gravel pit lakes in our study varied in age
between 7 and 55yrs, and, as expected, we found
increased CWH densities with increasing lake
age, most likely because an older age allows trees
to develop and branches and other structures to
occasionally die off and fall into the lake. In line
with this argument, CWH densities were signifi-
cantly higher in natural temperate lakes in North
America that have existed for more than 10,000 yrs
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(Mandrak and Crossman 1992) compared to the
relatively young gravel pit lakes in this study
(< 55yrs). Similar to the natural lakes from North
America, natural lakes in northern Germany are
remnants from the last ice age, while natural
lakes worldwide have also resulted from other
processes (e.g., tectonic shifts). Hence, the litera-
ture data used for comparison do not represent
natural lakes worldwide, but allow for an appro-
priate comparison. Our findings demonstrate the
effect of lake age on littoral CWH densities in
initially CWH-free waterbodies, while waterbod-
ies such as reservoirs might have high CWH
densities due to their genesis by flooding areas
that are potentially covered by trees. In gravel pit
lakes CWH must accumulate (over time) through
growth and decay of riparian vegetation. In North
American lakes wood input rates ranged from 0.5
to 1.9 logs/km/yr (Marburg et al. 2009) with
retention times of up to several centuries (Guyette
and Cole 1999). Hence, our findings are in line
with the literature and we can conclude that
CWH densities in gravel pit lakes are impacted
by lake age.

Course woody habitat densities in gravel pit
lakes managed for recreational fisheries were
strongly impacted by littoral slope, while no effect
of littoral slope on CWH densities was found in
unmanaged gravel pit lakes. In North American
lakes, shoreline development typically for housing
and to support boating has been detected as a
major factor influencing littoral CWH (Christensen
et al. 1996, Jennings et al. 2003, Marburg et al.
2006). Our gravel pit lakes were largely free from
boating and housing. However, in Germany,
angling clubs regularly meet to complete annual
clean-up activities on the shoreline, and in this
context very likely remove fallen trees and other
dead wood to improve access to anglers for
shoreline fishing. Moreover, individual anglers
likely remove wood that is entangled in the fish-
ing line during fishing operations or may other-
wise remove wood that is accessible in shallow
water through wading into the shallow littoral
(Arlinghaus et al. 2023). It is likely that these
actions explain the significant interaction term
we found among fisheries management and litto-
ral slope, as the clean-up activities are more eas-
ily completed in shallow nearshore areas, leaving

wood at steeply sloped shores but not in shallow
sloped ones. As a limitation, we only differenti-
ated between angler-managed and unmanaged
gravel pit lakes, but we cannot refer the lower
CWH densities in the shallow nearshore areas to
specific actions (e.g., CWH removal by individual
anglers or CWH removal as management mea-
sure). In line with our findings, Mallory et al.
(2000) also found higher CWH densities in
deeper areas of the littoral zone and human
impacts on CWH density and distribution. Our
findings support the assumption that the littoral
CWH densities were lowest in shallow and easily
reachable parts of the lake, while CWH densities
increased with steeper slopes of the banks.

Limitations

We sampled environmental data as representa-
tively as possible, but weather stations were some-
times several kilometers away from lakes (mean
distance +SD: 22.1+10.3km). However, our sam-
pling area was characterized by an overall wind
direction from the west, which was also true for
all weather stations. Accordingly, our wind data
should appropriately represent the wind condi-
tions at each lake (Christensen et al. 1996,
Marburg et al. 2006). Wind and wave action
could relocate tree-specific CWH after it enters
the lakes, but we were unable to measure these
details within our study lakes.

Our analysis revealed a significant effect of
lake age on densities of large CWH but not on
small CWH. By contrast, the effect of large trees
on the shoreline was only significant on small
CWH densities but not on large CWH densities.
Future research may improve upon this study by
including very old and highly vegetated gravel pit
lakes. Nevertheless, our study demonstrated that
lake age and trees on the shoreline affect CWH
recruitment in gravel pit lakes, supporting find-
ings from other studies (Christensen et al. 1996,
Marburg et al. 2006).

Conclusions and implications for management

We conclude that CWH densities in the littoral
zone of gravel pit lakes are mainly driven by
lake age and the number of tall trees on the



shore, especially with wind exposure. We further
conclude that CWH clearance in shallow lake
areas as a measure of recreational-fisheries man-
agement negatively affects CWH densities. CWH
in the littoral zone represents an important hab-
itat for fishes and other aquatic organisms in
gravel pit and natural lakes (Sass et al. 2012,
Czarnecka 2016, Matern et al. 2021, Maday
et al. 2023). CWH supplementations can also
promote abundance of certain fish species (Theis
et al. 2023), but do not necessarily promote
overall lake fish abundance (Sass et al. 2012,
Radinger et al. 2023). In certain situations, the
removal of littoral CWH has been found to
decrease the abundance of typical lake fish spe-
cies (Helmus and Sass 2008, Gaeta et al. 2014)
and can also negatively affect aquatic inverte-
brates (Benke and Wallace 2003, Czarnecka
2016), especially when alternative habitats are
missing (Smokorowski et al. 2021). We thus rec-
ommend that anglers and fisheries managers
retain CWH in the small and low structured lit-
toral zones of gravel pit lakes. Moreover, planting
of shorelines to increase the presence of trees and
fostering rehabilitation of beavers could increase
the CWH density in gravel pit lakes.
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