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A B S T R A C T   

Protected areas are a common management tool to conserve habitats and species by controlling access and 
disturbances by humans. Whenever protected areas result in restricting access to riparian zones in lakes, they 
may have positive effects on habitats and taxa beyond fish by lowering influences of trampling or boating on 
plants, by reducing the degree of human-induced disturbances to sensitive taxa such as birds, and by reducing 
fishing effort. However, especially in small freshwater systems knowledge about the functioning of protected 
areas that cover only parts of the lake shorelines is limited. We studied small gravel pit lakes in Germany where 
recreational fishing clubs have voluntarily assigned no-access riparian protected areas on parts of the lake 
shorelines and examined outcomes for habitat quality, plants, fish and bird populations. A total of 15 lakes were 
sampled, and we assessed habitat structure and abundance of plants, and fish within and outside protected areas 
and bird abundance at the lake scale, relying on standardized sampling methods. After controlling for con-
founding environmental factors related to lake morphology, age, nutrients, and land use, we detected positive 
contributions of small-scale riparian protected areas on habitat structure, riparian vegetation, local fish abun-
dance and abundance of sensitive songbirds at the lake-scale, but we found no effects on aquatic vegetation and 
on disturbance-sensitive waterfowl species. Scale-restricted riparian protected areas voluntarily assigned by 
recreational fishing clubs can have positive outcomes for habitat quality and biodiversity, particularly by 
reducing trampling and access to anglers and other recreationists. Moreover, through provision of key habitat for 
young fish, small-scale riparian protected areas can also benefit fish abundance and in turn recreational fisheries.   

1. Introduction 

Conservation management shares similarities with the objectives of 
fisheries management related to protecting and enhancing biodiversity 
and habitats (Sandbrook et al., 2019). For example, one key goal of 
fisheries management is to maintain and enhance exploited populations 
towards biomass levels that produce acceptable services to humans 
(Ahrens et al., 2020; FAO, 2012; Hilborn, 2010). Achieving such aims 
may involve protection of water and shoreline areas and where needed 
restoration of habitats to maintain productive fisheries (Arlinghaus 
et al., 2016; Roni et al., 2008; Sass et al., 2017). Habitat-oriented actions 
can affect taxa beyond fish and thereby benefit biodiversity more 

generally (Friberg et al., 1998; Iversen et al., 1993). The management 
tools available to conservation range from habitat protection or resto-
ration, to captive breeding (e.g. for species restoration), to (interna-
tional) trade and hunting/fishing regulations (Chandra and Idrisova, 
2011). Fisheries management is similarly concerned with a range of 
tools that involve protecting or enhancing habitats, stocking fish, or 
implementing harvest regulations that regulate access or removal rates 
by fishers and anglers (Arlinghaus et al., 2016). The difference between 
conservation and fisheries management is often the scope of the targeted 
taxa. Where conservation typically targets species of concern (e.g. 
threatened species) or protection of vulnerable habitats, fisheries man-
agement typically aims at exploited fish species, sometimes also 
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including “non-game” fishes (Arlinghaus et al., 2015) but rarely directs 
specific attention towards other taxa than those that are exploited or 
support the exploited species (e.g., prey fish for targeted predators). 
Therefore, fisheries management can be seen as specialized part of 
conservation management, preoccupied with fish and fisheries conser-
vation (Arlinghaus et al., 2017). Support for conservation by fisheries 
stakeholders is typically high as long as the chosen conservation actions 
involve the continued use of the species or population of interests. More 
conflicts exist when fisheries management actions constrain access to 
the resource (Dorow et al., 2010; Hilborn et al., 2021, 2005). 

Although seemingly related, conservation and fisheries stakeholders 
tend to intensively debate the proper tools to achieve their goals. Spe-
cifically, assigning protected areas with partial or full removal of capture 
fisheries from certain zones are a continuous source of conflict among 
conservation and fisheries (Hilborn et al., 2021). This is because a net 

benefit to fisheries stemming from no-take protected areas can only be 
expected if the catch of fish is increased outside the boundaries of pro-
tected areas relative to the situation before the implementation of the 
measure (Hilborn et al., 2004; Moland et al., 2013). There is abundant 
evidence that lasting spill-over effects of protected areas are either not 
present or difficult to detect because the fishing effort saved from pro-
tected areas is typically displayed beyond the protected area boundaries 
or because of ecological constraints preventing significant spill-over by 
species of relevance to fisheries (Fletcher et al., 2015; Hilborn and 
Sinclair, 2021; Ovando et al., 2021). The implementation of protected 
areas, especially marine protected areas, and their effectiveness con-
tinues to be controversial, specifically in commercial marine fisheries 
where often a central authority is the decision-maker (Edgar et al., 2007; 
Jameson et al., 2002; Sale et al., 2005). 

In other fishing rights systems, such as small-scale inland fisheries in 

Fig. 1. Conceptual representation of how humans interact with freshwater ecosystems over three pathways related to trampling, disturbance, and removal/harvest 
of fish. 

Fig. 2. Map of Lower Saxony, Germany, with positions of sampled gravel pit lakes for studying the influence of protected areas.  
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central Europe, protected areas are regularly installed and enforced by 
fisher communities who have the sovereignty to devise their own rules 
and regulations (Alcala et al., 2005; Galal et al., 2002; Gilchrist et al., 
2020; Hamilton et al., 2012). These self-imposed, often small-scale 
protection zones typically cover part of a fishery ecosystem or are 
aligned in a network of small protected patches (Koning et al., 2020; 
Hannah et al., 2019). These areas are typically installed to serve specific 
fisheries objectives, such as regaining catch rates in spear fished areas 
where fish have become timid (Feary et al., 2011; Januchowski-Hartley 
et al., 2013), or protect spawning sites of fish with a hope to increase 
recruitment (Suski et al., 2002; Zolderdo et al., 2019). Properly planned 
and executed, protected areas can serve conservation and fisheries goals 
by either excluding all human use or allowing for regulated exploitation 
within a confined spatial boundary (sometimes called partial protected 
areas, Smallhorn-West et al., 2022; Suski and Cooke, 2007). Beyond 
protection offered to fish, small-scale protected areas assigned to serve 
fisheries may have unintended effects on nontarget habitats and taxa of 
lower interest to fisheries and thereby indirectly contribute to conser-
vation more generally (Cucherousset et al., 2007; Langlois and Ballan-
tine, 2005). 

The key influence of protected areas, especially of no-take protected 
areas, is excluding fishing as a source of fish mortality as well as 
reducing disturbances of habitats from fishing gear and boating (Cam-
bray, 2002; Hilborn, 2016; Hilborn and Sinclair, 2021; Sanyanga et al., 
1995; Schram et al., 1995). Therefore, it can be expected that the fish 
biomass and the length of fish increase in protected areas relative to 
open areas if the size of the protected area is large enough relative to the 
movements of the fish beyond the protection borders (Lester and Hal-
pern, 2008; Ohayon et al., 2021). Indeed, major international syntheses 
of protected-area effectiveness have documented strong increases in fish 
biomass and size of fish within reserves (e.g. Edgar et al., 2014; Lester 
et al., 2009), where five key features seem to determine the performance 
of marine protected areas: reserve age, reserve size, degree of enforce-
ment, isolation of the protected area from adjacent fished areas and 
degree of protection from fishing (e.g. no-take relative to partial use; 
Edgar et al., 2014; Lester et al., 2009; Lester and Halpern, 2008). Similar 
features also seem important for the functioning of freshwater protected 
areas (Acreman et al., 2020), but research on protected areas is far less 
developed in freshwater compared to marine environments (Hermoso 

et al., 2016; Suski and Cooke, 2007). Yet, reserve size relative to 
ecosystem size must be of relevance and too small-scaled reserves will 
constrain the effectiveness of protected areas (Chu et al., 2018), espe-
cially in small freshwater lakes where moving fish may use the entire 
ecosystem (Nakayama et al., 2018; Vanovac et al., 2021) and thus use 
the unprotected areas over the course of a season and might then get 
captured despite the presence of scale-restricted protected areas (Cooke 
et al., 2017; Suski and Cooke, 2007; Zolderdo et al., 2019). However, in 
riverine systems spatially confined freshwater protected areas arranged 
as a network have shown positive effects for fish biomass (Koning et al., 
2020; Koning and McIntyre, 2021), such that small reserve sizes may 
still have positive effects for fisheries conservation. 

Effectiveness of protected areas requires regular enforcement of the 
regulations with adequate penalties, because in their absence human 
tend to not comply (Cripps and Gardner, 2016; Guidetti et al., 2008). In 
small-scale fisheries, enforcement by local stakeholders tends to be 
strong, especially if the protected areas are self-devised and 
self-enforced by local communities (Gilchrist et al., 2020). This situation 
is typical in many recreational fishing clubs of European countries (e.g., 
UK, Switzerland, Austria, Germany) where angling communities are not 
only users, but also fishing rights holders and fisheries managers who 
can self-determine to close off certain fractions of local fisheries and 
prohibit access to their membership (Daedlow et al., 2011). Here we use 
no-access riparian protected areas at small gravel pit lakes voluntarily 
implemented by recreational angling clubs to study their potential ef-
fects on freshwater fishes and non-target biodiversity and habitats 
within the aquatic and the adjacent terrestrial environment. 

There are several levels by which human recreational use of lake 
shorelines can affect habitats and wildlife (Francis and Schindler, 2009; 
Gaeta et al., 2011; Radomski and Goeman, 2001; Scheuerell and 
Schindler, 2004) but we focused on the following three (Fig. 1): tram-
pling, disturbance and removal of organisms. The meta-analysis of 
Schafft et al. (2021) showed a consistently negative effect of shore-based 
recreation (angling and non-angling) on habitat structure and quality, 
which mainly relates to trampling-effects of shoreline vegetation 
(Fig. 1). In addition, angling clubs regularly cut riparian structures to 
prepare or maintain access to angling sites, which may also reduce 
habitat quality (Dustin and Vondracek, 2017; O’Toole et al., 2009). Also, 
if walked regularly, shoreline vegetation has been found to increasingly 

Table 1 
General information about the studied gravel pit lakes.  

Lake Name Primary 
recreational use 

Lake 
size 
[ha] 

Islands 
present 
[yes/no] 

Year when excavation 
ended (lake age at 1st 
sampling) 

Year when 
recreational fishing 
started 

Protection 
established 
[year] 

Length of 
Protected area 
[m] 

Share of 
shoreline for 
protection 

Kiesteich 
Brelingen 

angling, walking 8.48 yes 1999 (17) 1997 2007 527 23.2% 

Linner See angling 17.68 no 2000 (16) 1975 2010 272 9.9% 
Meitzer See angling, swimming 19.49 no 2006 (10) 1982 2012 386 19.0% 
Plockhorst angling 14.33 yes 1998 (18) 1999 (unknown) 789 35.2% 
Saalsdorf angling 9.04 no 1995 (21) 1973 2000 360 25.5% 
Schleptruper See angling 3.97 yes 1965 (51) 1966 1995 197 20.6% 
Stedorfer 

Baggersee 
angling 1.89 no 1983 (33) 1983 1985 181 30.6% 

Wahle angling 8.10 yes 1990 (26) 1991 (unknown) 270 18.5% 
Wiesedermeer angling 2.93 yes 1990 (26) 1998 2001 242 22.9% 
Buschmühlenteich 

* 
angling 2.96 yes 1978 (41) 1978 1978 551 39.0% 

Mergelgrube* angling 0.74 yes 1982 (37) 1982 1982 325 58.2% 
Röhrsteich* angling 6.15 no 1969 (50) 1971 2000 631 41.2% 
Stockumer See* angling 10.35 yes 1986 (33) 1999 2010 1342 54.9% 
Tannenhausen* angling, swimming, 

water skiing, 
boating 

19.72 no 1978 (41) 1963 1995 419 13.5% 

Spadener See* angling, swimming, 
camping, boating 

19.85 no 1972 (47) 1971 (unknown) 344 14.7% 

Mean ( ± SD) – 9.71 
(6.9) 

– 31 (13) years old – – 456 (288) 28.5% (14.6)  

* Lake with only one electrofishing survey in 2019 
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consist of more trampling-resistant species (Fig. 1; Andrés-Abellán et al., 
2005). Studies of recreational activities affecting aquatic macrophytes 
are rare (Meyer et al., 2021), but boating and wading of vegetated 
shorelines can have strong negative influences (Ostendorp et al., 2009; 
O’Toole et al., 2009; Schafft et al., 2021; Willby and Eaton, 1996). Fishes 
are the main target of recreational angling and directly affected by 
harvest, which can reduce biomass, size structure, or both (Fig. 1; 
Ahrens et al., 2020; Lewin et al., 2006). Noise and human disturbances 
emerging from the visitation of shorelines in the process of angling or 
other recreational activities may also negatively affect bird breeding 
success (Fig. 1; Fernández and Azkona, 1993; Flemming et al., 1988; 
Guillemain et al., 2007; Yalden, 1992). Negative influences are espe-
cially true for disturbance-sensitive taxa with high flight initiation 

distances (FIDs; Blumstein et al., 2003; Braimoh et al., 2018; Krüger, 
2016). Thus, small-scale protected areas designed to reduce access by 
recreationists can have a range of (largely unintended) ecological effects 
from changes in habitat quality and reductions in vegetation to positive 
effects on fish and bird abundance. The objective of our study was to test 
whether such effects could be detected in gravel pit lakes managed by 
recreational fishing clubs in north-western Germany. 

We hypothesized that the lower use level of humans in no-access 
protected areas that cover part of the lake will locally lead to (H1) 
higher structural diversity and habitat quality, (H2) less trampling 
resistant species in terrestrial vegetation, and (H3) changes in cover of 
submerged and emergent aquatic macrophytes, because increased ri-
parian vegetation provides increased shading, particularly in lakes such 

Table 2 
Lake characteristics and environmental descriptors of the gravel pit lakes.  

Group Variable Meaning Scale 
level 

Range of 
values 

Mean 
( ± SD) 

Unit Determination 

Morphology lake area Surface area of lake lake 0.7 – 
19.9 

9.7 (6.9) ha QGIS 3.4 

shoreline 
development factor 
(SDF) 

Length of shoreline relative to lake 
area 

lake 1.2 – 2.3 1.7 (0.4)  shoreline length ∗ 100
2

̅̅̅̅̅̅̅̅̅̅
π ∗ a

√
rea 

maximum depth Maximum depth lake 1.1 – 
23.5 

10.2 
(6.6) 

m echo sounding 

bottom slope Slope of the lake bottom on average lake 1 – 5 3 (1) % maximum depth ∗
̅̅̅
π

√

2
̅̅̅̅̅̅̅̅̅
area

√

Nutrients chlorophyll a Proxy for biomass of phytoplankton lake 1.3 – 
138.1 

14.2 
(21.2) 

µg/l HPLC of spring samples 

total phosphorus Proxy for nutrient loading lake 3 – 235 23.5 
(32.1) 

µg/l chemical analysis of spring samples; see  
Nikolaus et al. (2021) for methods 

ammonium Proxies for nitrogen concentrations lake 0.02 – 
0.3 

0.1 (0.1) mg/l 

nitrate lake 0.01 – 
3.3 

0.4 (0.6) mg/l 

Habitat quality Lakeshore 
Anthropogenic 
Disturbance 

Index of human activities lake 0.1 – 0.9 0.4 (0.3) Index standardized sampling (Kaufmann et al., 
2014a) 

Riparian Vegetation 
Cover Complexity 

Index for terrestrial part of plots lake 0.2 – 0.7 0.3 (0.2) Index 

Littoral Cover 
Complexity 

Index for aquatic part of plots lake 0.3 – 0.8 0.5 (0.2) Index 

Littoral-Riparian 
Habitat Complexity 

Combined index for all structures lake 0.2 – 0.8 0.4 (0.2) Index 

Lakeshore Physical 
Habitat Quality 

Combined index for structures and 
disturbances 

lake 0.3 – 0.7 0.5 (0.1) Index 

Mesoscale 
structures 

riparian wood Share of woody structures transect 0 – 100 38 (33) % field sampling (Matern et al., 2021) 
riparian vegetation Share of plant structures transect 0 – 100 35 (34) % 
lack of riparian 
structure 

Share of structureless parts transect 0 – 100 27 (29) % 

riparian structure 
heterogeneity 

Diversity of riparian structures transect 0 – 1.4 0.6 (0.3)  Simpson index of riparian structures 

littoral wood Share of woody structures transect 0 – 100 30 (29) % field sampling (Matern et al., 2021) 
littoral vegetation Share of plant structures transect 0 – 100 35 (33) % 
lack of littoral 
structure 

Share of structureless parts transect 0 – 100 34 (29) % 

littoral structure 
heterogeneity 

Diversity of littoral structures transect 0 – 1.6 0.7 (0.4)  Simpson index of littoral structures 

Recreational 
use 

extent of angling sites Share of angling spots transect 0 – 100 17 (24) % field sampling (Nikolaus et al., 2021) 
angling garbage Number of litter items related to 

angling or not 
lake 0 – 0.2 0.1 (0.1) m− 1 

other garbage lake 0.2 – 3.4 1.1 (1) m− 1 

angling use Observed recreational activities during 
field samplings 

lake 0.2 – 5.8 1.8 (1.6) day− 1 visitor counts 
other use lake 0 – 74.7 9.2 

(21.5) 
day− 1 

Land use forest in 1 km-buffer Proportion of different land use 
categories in a buffer around the lake 

lake 1 – 50 17 (13) % QGIS 3.4 using ATKIS® land use data with 
a 10 × 10 m grid scale (© GeoBasis-DE/ 
BKG 2013) 

agriculture in 1 km- 
buffer 

lake 40 – 84 65 (14) % 

urbanization in 1 km- 
buffer 

lake 3 – 23 13 (6) % 

distance to next road Shortest-path distances of lakes to 
nearby roads, streets, cities, villages, 
lakes, canals and rivers 

lake 15 – 
1010 

195 
(298.2) 

m 

distance to next 
settlement 

lake 20 – 
1160 

337 
(355.2) 

m 

distance to next 
waterbody 

lake 1 – 250 62.5 
(82.1) 

m  
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as the one we sampled where boating is prohibited (only shoreline an-
gling use). In terms of fish, we expected (H4) higher (relative) abun-
dance within protected areas of small and larger fish as smaller fish 
benefit from the potentially higher structural diversity within protected 
areas or from assigning protected areas at known breeding grounds, 
whereas larger fish find refuge from fishing pressure in protected areas. 
For birds, we hypothesized that (H5) the average flight initiation dis-
tance (FID) of the community, as a measure of their sensitivity, would be 
positively related to the size of the protected area at the lake level. Such 
effects would indicate a spill-over of the impact of protected areas on 
community levels at the scale of the entire lakes. 

2. Material and methods 

2.1. Study site and lake selection 

The study was carried out in Lower Saxony, north-western Germany 
(Fig. 2). Data from 15 gravel pit lakes (also known as quarry lakes) 
managed for recreational fisheries were collected and analyzed. All lakes 
were created through mining of mineral resources and were owned or 
fishing rights leased by recreational angling clubs, as it is typical in 
Western Germany (Daedlow et al., 2011). The lakes were identified 
through a survey of all angling clubs organized in the Angler Association 
of Lower Saxony and selected according to the following criteria: First, 
the lake should be small (1–20 ha) without any dredging or excavation 
in the last ten years (“old age”) (see also Nikolaus et al., 2021). Second, 
the lake had to have a no-fishing zone assigned by the angling club with 
signs indicating the fishing ban and, in some cases, also a trespassing 
ban. The fishing clubs had to have voluntarily assigned parts of riparian 
zones at their lakes that are not allowed to be accessed from the bank or 
by boat to fish in or from outside the area. The protected areas were 
typically placed at known or suspected fish breeding grounds or were 
otherwise largely inaccessible to the public. The access restrictions 
typically also applied to other recreational users, which was indicated by 
signposts at the lake shoreline. Angling was predominantly conducted 
from shoreline in the lakes that we studied. The protected areas we 
studied have no legal protection status, though many recreationists 
might not have been able to distinguish voluntary and legal protected 

Table 3 
PC-Axes from environmental variables (Table 2) used in the analysis (see Ap-
pendix Tables A1 & A2 for details).  

Group PC-Axis Main contributor 

Morphology Lake depth (1st 
dimension) 

maximum depth, slope 

Lake size (2nd 
dimension) 

lake area, SDF 

Nutrients Chlorophyll a & total 
phosphorus (1st 
dimension) 

chlorophyll a, total phosphorus 

Nitrogen concentrations 
(2nd dimension) 

ammonium, nitrate 

Habitat quality Habitat complexity (1st 
dimension) 

Complexity indices of Riparian 
Vegetation Cover, Littoral Cover, 
and Littoral-Riparian Habitat 

Habitat disturbance (2nd 
dimension) 

Lakeshore Anthropogenic 
Disturbance index, [negatively] 
Lakeshore Physical Habitat Quality 

Mesoscale 
structures 

Vegetated structure (1st 
dimension) 

riparian and littoral vegetation 

No structure (2nd 
dimension) 

Lack of riparian and littoral 
structure, [negatively] riparian and 
littoral wood 

Structure heterogeneity 
(3rd dimension) 

riparian and littoral structure 
heterogeneity 

Recreational 
use 

Angling use (1st 
dimension) 

angling use, angling garbage 

Other recreation (2nd 
dimension) 

other use, other garbage 

Angling sites (3rd 
dimension) 

extent of angling sites, angling use 

Land use Rural area (1st 
dimension) 

agriculture, [negatively] 
urbanization, distance to next road, 
distance to next settlement 

Forest land use (2nd 
dimension) 

forest in 1 km-buffer 

Connectedness (3rd 
dimension) 

[negatively] distance to next road, 
[negatively] distance to next 
waterbody  

Fig. 3. Schematic outline of the survey methods used in our study on the influence of protected areas. Plots for assessment of habitat quality following Kaufmann and 
Whittier (1997) and transects for assessment of aquatic macrophytes were placed at almost every 100 m along the shoreline. Five 1-m2 Plots for assessment of ri-
parian vegetation were placed at 25-m distances from each other along the shore in each cardinal direction. Littoral electrofishing took place along the whole 
shoreline, divided into transects along continuous compositions of mesoscale structures. The position of plots and transects was random in relation to the position of 
the protected area. Positions for audio recording of songbirds were randomly but 200 m apart from each other distributed along the shoreline. Observations of 
waterfowl took place during all other sampling events. Further explanations of sampling details in the text and in Nikolaus et al. (2021). 
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areas because the signs are often comparable. The protected areas were 
specified in the club’s internal regulations and are not to be confused 
with officially designated nature conservation areas like Natura 2000 
sites or nature reserves; they thus have a status of being local rules 
decided within the fishing rights of the local fishing clubs. Although the 
fishing ban could be enforced by the regular patrols of the club’s own 
fisheries wardens, the full control of a trespassing ban by non-anglers 
was not considered possible for legal reasons, but many local recrea-
tionists still abide by the rules. Eight of the lakes also had islands that 
cannot be entered due to prohibition of boating in these study lakes. We 
also considered shorelines on these islands protected from access to 
humans. Most lakes (N = 13) were mainly used by anglers with some 
other recreational use (local walkers, dog owners, swimmers etc.), two 
lakes additionally had intensive other recreational uses (boating, diving, 
water skiing facilities, camping sites, public bathing including 
large-scale parking facilities and tourist infrastructure) (Table 1). The 
degree of recreational use by anglers and non-anglers was quantified and 
controlled in subsequent analyses (Nikolaus et al., 2021). 

2.2. Lake characteristics and environmental variables 

In addition to the gravel pit lake age, we collected data of 32 envi-
ronmental variables which can be grouped into morphology, nutrients, 
habitat quality, mesoscale habitat structures, recreational use, and land 
use. We assessed lake age through records in the angling clubs and by 
asking land owners. Bathymetry was mapped with an echo sounder, and 
the post-processed data was used to extract maximum depth, from which 
we calculated the lake bottom slope (Table 2). We estimated lake area 
and shoreline length in QGIS 3.4.1 and used them to calculate the 
shoreline development factor (Table 2). We collected epilimnic water 
samples during the full circulation in spring for lake nutrients analysis. 
Total phosphorus was determined using the ammonium molybdate 
spectrophotometric method, ammonium and nitrate were assessed using 
the spectrometric continuous flow analysis and chlorophyll a was 
quantified using high performance liquid chromatography (HPLC). We 
assessed habitat quality using the plot design and protocol of Kaufmann 
and Whittier (1997) and calculated the indices following Kaufmann 
et al. (2014a) for each plot (see also Section 2.3.1 below). The extent of 
different shoreline structures was visually determined for each electro-
fishing transect. We differentiated the extent (in percentage of transect 
length) of woody (e.g. branches, trees, roots, deadwood) and plant 
(reeds, submerged or floating aquatic macrophytes, shoreline herbal 

Fig. 4. Comparison of habitat quality indices for plots inside (“Protected”, N = 55) and outside (“Unprotected”, N = 146) protected areas at small gravel pit lakes in 
Lower Saxony, Germany. ⋄= Mean, —= Median, the upper and lower limits of the boxes represent the upper and lower quartile respectively, dots indicate statistical 
outliers, *** = very high significance (P < 0.001) and * = significant (P < 0.05). 

Table 4 
Estimated coefficients (with standard error) for modeled response variables of 
habitat structure as related to the presence of protected areas and other envi-
ronmental predictors. Parameter estimates in italics indicate strong trends (• =

P < 0.1). Parameter estimates in bold are significantly different from 0. Asterisks 
reflect the significance level: * = P < 0.05, ** = P < 0.01, *** = P < 0.001.  

Predictor variables 
(PC = scores from 
Principal 
Components) 

Lakeshore 
Anthropogenic 
Disturbance Index 

Riparian 
Vegetation 
Cover 
Complexity 
Index 

Lakeshore 
Physical 
Habitat 
Quality Index 

(Intercept) 0.454 *** (0.044) 0.311 *** 
(0.017) 

0.462 *** 
(0.015) 

Protected area -0.232 *** (0.054) 0.071 * (0.031) 0.107 *** 
(0.027) 

Lake age 0.005 (0.005) 0.004 * (0.002) -0.002 (0.001) 
Lake depth (PC) -0.041 (0.043) -0.019 (0.015) -0.011 (0.013) 
Lake size (PC) -0.051 (0.077) 0.020 (0.027) 0.001 (0.023) 
Angling use (PC) -0.044 (0.039) -0.022• (0.013) 0.003 (0.012) 
Other recreation (PC) 0.105 • (0.056) -0.061 *** 

(0.018) 
-0.043 ** 
(0.016) 

Angling sites (PC) -0.026 (0.061) -0.074 *** 
(0.021) 

-0.040 * 
(0.019) 

Rural area (PC) -0.059 (0.039) 0.0003 (0.013) 0.007 (0.012) 
Connectedness (PC) 0.083 (0.065) 0.142 *** 

(0.022) 
0.070 *** 
(0.019)  

Fig. 5. Comparison of trampling tolerance of terrestrial riparian vegetation 
communities inside (“Protected”, N = 92) and outside (“Unprotected”, 
N = 182) protected areas at small gravel pit lakes in Lower Saxony, Germany. ⋄ 
= Mean, — = Median, the upper and lower limits of the boxes represent the 
upper and lower quartile respectively, dots indicate statistical outliers, 
** = high significance (P < 0.01). 
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vegetation) structures in the littoral and the riparian part of the shore-
line (see also Matern et al., 2021). The lake-specific recreational use 
intensity was assessed by counting the type and number of recreationists 
during each site visit. We also measured the extent of angling spots and 
collected garbage at each site (Table 2; Nikolaus et al., 2021). We 
calculated the share of different land use categories within 1 km around 

each lake (buffer zone) in QGIS 3.4.1 with GRASS 7.4.2 using ATKIS® 
land use data with a 10 × 10 m grid scale (© GeoBasis-DE/BKG 2013; 
AdV, 2006), and we estimated the shortest-path distances of lakes to 
nearby roads, villages, lakes, canals and rivers in Google Maps (© 2017). 
The lakes were generally small (< 20 ha), on average 31 ± 13 years old 
and mesotrophic, embedded in an agricultural landscape and had a high 
proportion of natural, undisturbed shoreline (> 80% on average). The 
colonization with macrophytes was natural, but the lakes were initially 
and thereafter regularly stocked with different native fish species 
desired by anglers (Matern et al., 2019; Arlinghaus et al., 2022; Ap-
pendix species list). For each group of environmental variables 
(morphology, nutrients, habitat quality, mesoscale habitat structures of 
each transect, recreational use, and land use) a principal component 
analysis without rotations was carried out on a matrix of z-transformed 
indicator variables to reduce the dimensions (Mardia et al., 1979). The 
axes in Table 3 were identified and their values (PC-scores) used in 
further analyses to control for environmental variability among lakes 
(see also Appendix Tables A1, A2). To prevent covariance among the 
final set of environmental variables in the models, before each analysis 
the variance inflation factors (VIF) for all variables was calculated. If one 
or more variables had a VIF > 5, variables were removed stepwise ac-
cording to the following criteria: i) to retain most important PC axes 
following expected impacts on biodiversity variables, the 3rd or 2nd 
dimensions were removed first, ii) of the dimensions under consider-
ation, the variable with the highest variance inflation factor was 
removed, followed by a recalculation (Zuur et al., 2010). This was 
repeated until all environmental variables had VIFs < 5 (Appendix 
Tables A3-A8). 

2.3. Biodiversity and habitat sampling 

We used a stratified random sampling design to test for differences in 
habitat structure and selected biodiversity variables between protected 
areas and unprotected reference sites using a transect-based approach. 
Sampling points or transects for habitat structure, vegetation and fishes 
were randomly allocated either within or outside of riparian protected 
areas (Fig. 3). For birds, the extent of protection (share of the shoreline, 
Table 1) was used as explanatory variable, because the bird community 
data was assessed at the lake level (Fig. 3). The individual survey 
methods are explained below and in more detail in Nikolaus et al. 
(2021). 

2.3.1. Habitat Quality 
In each lake, sampling sites (following the protocol of Kaufmann and 

Whittier, 1997) were randomly located along the shoreline with a 

Table 5 
Estimated coefficients (with standard error) for modeled response variables of 
riparian and aquatic vegetation as related to the presence of protected areas and 
other environmental predictors. Parameter estimates in bold are significantly 
different from 0. Asterisks reflect the significance level: * = P < 0.05, 
** = P < 0.01, *** = P < 0.001.  

Predictor variables (PC 
= scores from Principal 
Components) 

Riparian plant 
trampling 
tolerance 

Submerged 
macrophytes 
cover 

Emergent 
macrophytes 
cover 

(Intercept) 4.302 *** 
(0.097) 

0.332 *** 
(0.036) 

0.233 *** 
(0.054) 

Protected area -0.503 ** 
(0.164) 

-0.025 
(0.029) 

0.005 
(0.038) 

Mean depth in transect Not tested -0.002 
(0.014) 

-0.015 
(0.022) 

Degree of shading: no Not tested -0.020 
(0.028) 

-0.0003 
(0.037) 

Degree of shading: full Not tested -0.078 * 
(0.033) 

-0.100 * 
(0.043) 

Lake age 0.008 
(0.011) 

-0.011 *** 
(0.002) 

0.006 * 
(0.003) 

Lake depth (PC) 0.200 * 
(0.086) 

-0.207 *** 
(0.017) 

-0.003 
(0.025) 

Lake size (PC) 0.100 
(0.127) 

0.075 * ** 
(0.021) 

-0.085 * 
(0.037) 

Chlorophyll a & total 
phosphorus (PC) 

Not tested -0.047 *** 
(0.014) 

-0.059 ** 
(0.022) 

Nitrogen concentrations 
(PC) 

Not tested -0.185 *** 
(0.018) 

-0.019 
(0.027) 

Habitat complexity (PC) 0.025 
(0.049) 

Not tested Not tested 

Habitat disturbance 
(PC) 

0.094 
(0.098) 

Not tested Not tested 

Angling use (PC) -0.028 
(0.067) 

-0.113 *** 
(0.017) 

0.033 
(0.027) 

Angling sites (PC) 0.026 
(0.164) 

0.103 *** 
(0.025) 

-0.117 ** 
(0.038) 

Rural area (PC) 0.168 * 
(0.075) 

0.060 *** 
(0.014) 

-0.002 
(0.024) 

Forest land use (PC) -0.066 
(0.106) 

Not tested Not tested 

Connectedness (PC) Not tested 0.016 
(0.021) 

0.110 *** 
(0.032)  

Fig. 6. Comparison of aquatic vegetation metrics for transects inside (“Protected”, N = 65) and outside (“Unprotected”, N = 171) protected areas at small gravel pit 
lakes in Lower Saxony, Germany. ⋄ = Mean, — = Median, the upper and lower limits of the boxes represent the upper and lower quartile respectively, dots indicate 
statistical outliers. n.s. = not significant (P ≥ 0.05). 
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minimum distance of 100 m between two sites. Some sampling sites 
were located in protected areas, others outside (i.e. unprotected). Each 
plot consisted of two subplots: a riparian plot with 15 × 4 m and a 
littoral plot with 10 × 4 m extent (Fig. 3). The Lakeshore Physical 
Habitat Quality Index was calculated, which is composed of several 
individual indices (Kaufmann et al., 2014b): the Lakeshore Anthropo-
genic Disturbance Index (based on 8 metrics representing human im-
pacts), the Riparian Vegetation Cover Complexity Index (based on 5 
metrics representing terrestrial habitat structures) and the Littoral Cover 
Complexity Index (based on 10 metrics representing aquatic habitat 

structures). To control for the lake environment in other analyses of our 
study, we calculated all indices including the Lakeshore Physical Habitat 
Quality Index on the lake level (Table 2). For the analysis of the impact 
of protected areas on habitat quality we focused on the Lakeshore 
Anthropogenic Disturbance Index, the Riparian Vegetation Cover 
Complexity Index, and the Lakeshore Physical Habitat Quality Index, 
which were then calculated separately for each plot. We expected the 
main impacts on terrestrial habitats emerging from recreational activ-
ities. The extent of submerged and emergent aquatic macrophytes was 
analyzed separately (see below), thus we did not analyze the aquatic 
components of the habitat quality index. 

All three indices were analyzed in linear mixed-effects models by 
using the package “glmmTMB” in R with lake identity as random effect 
(Brooks et al., 2017; R Core Team, 2021). We tested whether the indices 
were different between plots within protected areas and outside them, 
while controlling for the other lake environment using the PC-scores of 
following dimensions: lake age, lake size, angling use, other recreational 
use, angling sites, rural area, forest land use and connectedness. We 
chose these variables as the habitat quality could be affected by the age 
of the lake, the complexity of the shoreline (SDF), recreational intensity 
and land use around the lake. 

2.3.2. Riparian vegetation 
For each lake, 20 plots randomly placed along the shoreline were 

surveyed for terrestrial vegetation. Each plot had an area of one square 
meter and was at least 25 m away from neighboring plots. Some plots 
were located within protected areas, others outside (i.e. unprotected). 
Within each plot, the cover of each identified plant species was deter-
mined. Based on species-specific trampling tolerance (Briemle et al., 
2002; Ellenberg, 1952) ranging from 1 (intolerant to trampling) to 9 
(very tolerant to trampling), an abundance-weighted (i.e. 
coverage-weighted) sensitivity value (Sveg) of the community was 
determined for each plot by multiplying the trampling tolerance (t) of a 
species (s) by its share of the total cover in the plot (c), summed over the 
number of species (n) in the plot: 

Sveg =
∑sn

si=1
tsi ∗ csi .

The sensitivity value per plot was analyzed in a linear mixed-effects 
model using the package “glmmTMB” in R with lake identity as random 
effect (Brooks et al., 2017; R Core Team, 2021). We tested whether the 
indices were different between plots within and outside protected areas, 
while controlling for the environment using lake age and the PC-scores 
of following dimensions: lake depth, lake size, habitat complexity, 
habitat disturbance, angling use, angling sites, rural area, and forest land 

Fig. 7. Comparison of observed relative fish abundance for transects inside (“Protected”, N = 283) and outside (“Unprotected”, N = 651) protected areas for all 
fishes (a), small fishes (<10 cm, b) and large fishes (>20 cm, c) in small gravel pit lakes in Lower Saxony, Germany. ⋄ = Mean, — = Median, the upper and lower 
limits of the boxes represent the upper and lower quartile respectively, dots indicate statistical outliers. Circles represent the model mode for predicted unconditional 
counts (i.e., lake effect = 0) and error bars represent the 95% confidence interval. n.s. = not significant (P > 0.1), * * = high significance (P < 0.01), * ** = very high 
significance (P < 0.001). 

Table 6 
Estimated coefficients (with standard error) for modeled response variables of 
fishes as related to the presence of protected areas and other environmental 
predictors. Parameter estimates in italics indicate strong trends (• = P < 0.1). 
Parameter estimates in bold are significantly different from 0. Asterisks reflect 
the significance level: *= P < 0.05, ** = P < 0.01, *** = P < 0.001.  

Predictor variables (PC 
= scores from Principal 
Components) 

general fish 
abundance (per 
meter) 

small (< 10 cm) 
fish abundance 
(per meter) 

large (> 20 cm) 
fish abundance 
(per meter) 

(Intercept) 0.293 *** 
(0.050) 

0.154 *** 
(0.040) 

0.017 *** 
(0.004) 

Protected area 0.089 ** 
(0.034) 

0.078 *** 
(0.027) 

-0.001 
(0.002) 

Lake age -0.003 
(0.005) 

0.0004 
(0.004) 

-0.0004 
(0.0004) 

Chlorophyll a and 
Total Phosphorus 
(PC) 

0.095 * 
(0.048) 

0.085 * 
(0.046) 

0.003 
(0.002) 

Nitrogen 
concentrations (PC) 

0.011 
(0.041) 

0.023 
(0.037) 

-0.001 
(0.002) 

Vegetated Structure 
(PC) 

0.047 *** 
(0.009) 

0.032 *** 
(0.006) 

0.002 *** 
(0.001) 

No Structure (PC) -0.048 *** 
(0.007) 

-0.025 *** 
(0.005) 

-0.003 *** 
(0.0005) 

Structure 
Heterogeneity (PC) 

0.057 *** 
(0.010) 

0.027 *** 
(0.007) 

0.003 *** 
(0.001) 

Angling use (PC) -0.060 
(0.037) 

-0.050 
(0.027) •

-0.0004 
(0.003) 

Other recreation (PC) -0.050 
(0.032) 

-0.026 
(0.027) 

-0.004 * 
(0.002) 

Angling sites (PC) -0.005 
(0.018) 

-0.003 
(0.013) 

-0.001 
(0.001) 

Rural area (PC) 0.049 
(0.031) •

0.032 
(0.026) 

-0.002 
(0.002) 

Forest land use (PC) 0.005 
(0.036) 

0.053 
(0.038) •

-0.007 ** 
(0.002) 

Connectedness (PC) -0.060 
(0.040) 

-0.028 
(0.035) 

-0.002 
(0.004)  
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use. We chose these variables as the plant community could be affected 
by the age of the lake, the morphology of the lake, habitat quality, 
recreational intensity and land use around the lake. 

2.3.3. Aquatic vegetation 
For each lake, several transects with a minimum distance of 100 m 

distributed along the shore were examined by snorkeling for aquatic 
macrophytes (for details, see Nikolaus et al., 2021). The transects 
pointed to the lake center (Fig. 3), ranged from the shoreline (depth =
0 m) to the maximum depth of vegetation growth, and had a width of 
4 m. Some transects were within protected areas, others outside. 
Macrophyte coverage was determined for each species. From the data, 
two values were calculated based on the ecological potential and ac-
cording to Pottgiesser et al. (2008): cover of submerged macrophytes 
and cover of the reed zone (i.e. emergent macrophytes). 

We analyzed the effect of the transect protection status (protected or 
unprotected) on the two ecological potential values using linear mixed- 
effects models from the R package “glmmTMB” (Brooks et al., 2017; R 
Core Team, 2021). We further integrated the mean depth of the transects 
vegetated part and the degree of shading in the transect (tree-covered 
bank on the south shore -> fully shaded, tree-covered bank on the east or 
west shore -> half-shaded, north side shore or shore without trees -> no 
shade) as fixed effects in the model, and lake identity as random effect. 
We again controlled for the environment using lake age and the 

PC-scores of following dimensions: lake depth, lake size, chlorophyll a & 
total phosphorus, nitrogen concentrations, angling use, angling sites, 
rural area, and connectedness. We chose these variables as the cover of 
macrophytes could be affected by the age of the lake, lake morphology, 
nutrients, recreational intensity and land use around the lake. 

2.3.4. Fishes 
From 2016–2020, 9 lakes were sampled for fish annually by direct- 

current (DC) boat electrofishing (FEG 8000 electrofishing device; 
8 kW; 150–300 V/300–600 V; EFKO Fischfanggeräte GmbH; www.efko- 
gmbh.de) with one anodic hand net of near-shore transects in the littoral 
zone (Matern et al., 2021). For 6 lakes, the transect-wise electrofishing 
was done only once in 2019 (Table 1). Some transects were within 
protected areas, others outside (i.e. unprotected). In each transect, all 
fish caught were identified and their length was measured. The transect 
length varied according to habitat structures along the shoreline. 

Fig. 8. Correlations of extent of protected areas with bird sensitivity at small gravel pit lakes in Lower Saxony, Germany. The dots are weighted mean FIDs per lake 
for songbirds (a) and per lake and season for waterfowl (b) communities. 

Fig. 9. Comparison of effects of protected area on different biological elements 
at small gravel pit lakes in Lower Saxony, Germany. The estimated coefficients 
from Tables 4 to 7 are standardized by intercepts. 

Table 7 
Estimated coefficients (with standard error) for modeled response variables of 
bird communities as related to the share of protection and other environmental 
predictors. Parameter estimates in italics indicate strong trends (• = P < 0.1). 
Parameter estimates in bold are significantly different from 0. Asterisks reflect 
the significance level: * * = P < 0.01, * ** = P < 0.001.  

Predictor variables (PC = scores from 
Principal Components) 

Songbird 
weighted FID 

Waterfowl 
weighted FID 

(Intercept) 15.390 *** 
(2.823) 

89.063 *** 
(11.982) 

Share of protection 34.757 *** 
(9.543) 

55.416 
(41.192) 

Lake age 0.043 
(0.102) 

-1.567 *** 
(0.442) 

Lake size (PC) 3.930 ** 
(1.417) 

5.148 
(6.336) 

Habitat complexity (PC) -4.499 *** 
(0.829) 

-14.649 *** 
(3.621) 

Angling use (PC) 1.386 
(0.936) 

-5.467 
(4.043) 

Other recreation (PC) -3.526 *** 
(1.014) 

-14.609 ** 
(4.541) 

Angling sites (PC) -3.113 •
(1.675) 

-24.731 *** 
(7.310) 

Rural area (PC) -0.883 
(0.852) 

-4.467 
(3.555) 

Forest land use (PC) -2.537 ** 
(0.941) 

-10.597 ** 
(3.974) 

Connectedness (PC) 6.240 *** 
(1.659) 

21.606 ** 
(6.885)  
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Dividing the shoreline in transects of continuous habitat compositions 
allowed for the estimation of relative compositions of certain habitat 
types, e.g. the relative fraction of reed vs. woody habitat for a given 
transect. On average, each transect was 100 m long (unprotected: 
96.19 m ± 25.56 m; protected: 106.99 m ± 36.65 m). 

We analyzed the effects of transect protection status (protected or 
unprotected), on the relative abundance (number of individuals per 
meter transect) of all fish, small fish (length < 10 cm), and large fish 
using generalized linear mixed-effects models from the package 
“glmmTMB” in R (Brooks et al., 2017; R Core Team, 2021). For large fish 
we used data on fish with length > 20 cm except European eel (Anguilla 
anguilla, length > 35 cm), northern pike (Esox lucius, length > 40 cm), 
common carp (Cyprinus carpio, length > 35 cm), pikeperch (Sander 
lucioperca, length > 35 cm) and wels catfish (Silurus glanis, length >
50 cm). These thresholds were based on minimum-length regulations in 
Lower Saxony (Niedersächsisches Ministerium für Ernährung, Land-
wirtschaft und Forsten, 1989) or those in effect within the angling clubs. 
For small fish the threshold of 10 cm was supposed to reflect juvenile 
fishes. Lake identity and sampling year were integrated as (nested) 
random effects. We modeled a negative binomial distribution of the 
response variables (count data of fish abundance) to account for over-
dispersion and zero-inflation (revealed by preliminary tests using the 
DHARMa package; Harting, 2021). The length of each transect was 
considered as offset in the models to account for different fishing effort 
(i.e., relative abundance) and we again controlled for the environment 
using lake age and the PC-scores of following dimensions: chlorophyll a 
& total phosphorus, nitrogen concentrations, vegetated structure, no 
structure, structure heterogeneity, angling use, other recreation, angling 
sites, rural area, forest land use, and connectedness. We chose these 
variables as the abundance of fishes could be affected by the age of the 
lake, nutrients, mesohabitat structures, recreational intensity and land 
use around the lake. Lake morphology was highly correlated with other 
variables and could therefore not be considered (Appendix Table A6). 

2.3.5. Birds 
For the songbird survey, audio recordings (each two minutes long) 

were made once per lake at several points along the shore (200 m dis-
tance to each other). The audio files were analyzed and the abundance 
per species was noted for all identified songbirds and averaged per lake 
by dividing the total number per species and lake by the number of 
recording points per lake. For the waterfowl survey, the abundance per 
species was recorded for all observed waterfowl (birds associated with 
the aquatic environment as feeding or reproduction habitat) during 
several surveys in different seasons and years (5–6 surveys per lake). 
Using the species-specific flight initiation distances (FIDs, extracted 
from Garniel and Mierwald, 2010; and from Krüger, 2016), an 
abundance-weighted FID value was calculated for each lake and for each 
lake season combination for the community of songbirds and waterfowl, 
respectively. 

We analyzed the effect of the protected zone extension (as proportion 
of total shoreline, Table 1) on FID values using linear models from the R 
package “glmmTMB” (Brooks et al., 2017; R Core Team, 2021), while 
controlling for the environment using lake age and the PC-scores of 
following dimensions: lake size, habitat complexity, angling use, other 
recreation, angling sites, rural area, forest land use, and connectedness. 
We chose these variables as the communities of birds could be affected 
by the age of the lake, lake morphology, habitat quality, recreational 
intensity and land use around the lake. For waterfowl we included a 
random effect of season and lake in the model. 

3. Results 

3.1. Habitat quality 

Data from 201 sampling sites across 15 lakes having protected areas 
were analyzed, of which 55 sites were within protected areas and 146 

were unprotected. There was significantly less habitat disturbance 
(indexed by a lower Lakeshore Anthropogenic Disturbance Index value) 
suggesting less human influence within the protected areas (P < 0.001, 
Fig. 4a, Table 4). Also, the Riparian Vegetation Cover Complexity Index 
was significantly higher in protected areas compared to unprotected 
sites (P = 0.021, Fig. 4b, Table 4). Thus, driven by the anthropogenic 
disturbance on the shore and the riparian habitat quality, the Lakeshore 
Physical Habitat Quality Index showed significantly higher values inside 
protected areas compared to sites outside (P < 0.001, Fig. 4c, Table 4). 
Note that the protected area effect was significant, while controlling for 
a range of environmental variables that also correlated with the habitat 
quality indices, specifically lake age (positive relationship with riparian 
structure complexity), recreational use intensity at the lake-level 
(negative relationships), extent of angling sites at the lake-level (nega-
tive relationships), and connectedness (positive relationships; Table 4, 
Appendix Fig. A1 & A2). 

3.2. Riparian vegetation 

Data from 274 plots across 15 lakes were analyzed, of which 92 plots 
were within protected areas and 182 were unprotected. After controlling 
for the environment, the terrestrial vegetation communities inside pro-
tected areas showed significantly lower riparian plant trampling toler-
ance compared to the riparian community outside (P = 0.002, Fig. 5, 
Table 5), while lake age had no effect (P = 0.471). Lake depth and rural 
area were positively correlated with trampling tolerance (Table 5, Ap-
pendix Fig. A3). 

3.3. Aquatic vegetation 

Data from 263 sampling sites across 15 lakes were analyzed, of which 
65 plots were within protected areas and 171 were unprotected. After 
controlling for the environment, the cover of submerged macrophytes 
was not statistically different inside and outside protected areas 
(P = 0.380, Fig. 6a, Table 5). Also, the cover of emergent macrophytes 
(e.g. reed) was not statistically different inside and outside protected 
areas (P = 0.310, Fig. 6b, Table 5). The mean depth of the transect was 
not correlated with submerged or emergent macrophyte cover, but full 
shading of the transect correlated with a significantly lower cover of 
submerged and emergent macrophytes (Table 5, Appendix Fig. A4 & A5) 
compared to intermediate shading (half-shaded) conditions. Lake age 
was positively correlated with cover of emergent macrophytes, but 
negatively correlated with cover of submerged macrophytes (Table 5, 
Appendix Fig. A6 & A7). Lake size and extent of angling sites were 
positively correlated with submerged macrophyte cover, but negatively 
with emergent macrophyte cover (Table 5, Appendix Fig. A6 & A7). The 
trophic state (chlorophyll a and total phosphorus) was negatively 
correlated with submerged and emergent macrophyte cover (Table 5, 
Appendix Fig. A6 & A7). Lake depth, nitrogen concentrations and an-
gling use were only negatively correlated with submerged macrophyte 
cover (Table 5, Appendix Fig. A6 & A7). Rural area and connectedness 
were positively correlated with cover of submerged macrophytes and 
cover of emergent macrophytes, respectively (Table 5, Appendix Fig. A6 
& A7). 

3.4. Fishes 

Data from 934 transects across 15 lakes and 5 survey years (with 6 
lakes fished only once in 2019) were analyzed, of which 283 transects 
were within protected areas and 651 were unprotected. 

After controlling for the environmental variation among transects, 
the relative abundance of all fishes was significantly greater in transects 
within protected areas compared to those outside (Fig. 7a, Table 6, 
P = 0.002). Specifically, the relative abundance of small fishes (<
10 cm) was significantly greater in transects within protected areas 
compared to those outside (Fig. 7b, Table 6, P < 0.001). Larger fishes 
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were not more abundant in protected areas compared to areas outside 
(Fig. 7c, Table 6, P = 0.503). Chlorophyll a and total phosphorus were 
positively correlated with relative abundance of fish (Table 6, Appendix 
Fig. A8 & A9). All transect structure variables were significantly corre-
lated (woody structures and vegetation positively, lack of structure 
negatively) with the relative abundance of small and large fish (Table 6, 
Appendix Figs. A8 – A10). Non-angling recreation and forest land use 
were negatively correlated with relative abundances of large fishes 
(Table 6, Appendix Fig. A10). Angling intensity as well as extent of 
angling sites were not correlated with relative fish abundance. 

3.5. Birds 

The proportion of the protected area was positively correlated with 
the weighted FID of songbird communities in a model including all 
environmental variables (Fig. 8a, P < 0.001). This was the highest 
observed effect size relative to all other analyzed response variables 
(Fig. 9). By contrast, the proportion of the protected area was not 
correlated with the weighted FID of waterfowl communities (Fig. 8b, 
P = 0.179). The mean extent of protected areas at the 15 lakes was 
28.5% of the lake shoreline with a standard deviation of 14.6% 
(Table 1). Lake age was negatively correlated with waterfowl FID, while 
lake size was positively correlated with songbird FID (Table 7, Appendix 
Fig. A11 & A12). Habitat complexity, angling sites, non-angling related 
recreational activity (but not angling intensity), and forest land use were 
all negatively correlated with FID of songbird and waterfowl commu-
nities, while connectedness was positively correlated with both of them 
(Table 7, Appendix Fig. A11 & A12). 

4. Discussion 

The voluntary establishment of protected areas at angler-managed 
gravel pit lakes correlated positively with habitat quality and the pres-
ence of disturbance-sensitive biota. Importantly, the overall habitat 
quality was found improved at shorelines that were protected from ac-
cess to anglers, supporting H1. The data suggest that protected areas 
reduced trampling and other disturbances, to which plant species sen-
sitive to trampling responded by higher abundance, and generally 
habitat complexity and quality improved in the riparian zone (Fig. 1). 
This finding supported our second hypothesis (H2) of a generally higher 
trampling resistance of the plant community found outside protected 
areas. The negative effect of frequent recreational use on riparian plant 
trampling tolerance agreed with previous research (Andrés-Abellán 
et al., 2005; O’Toole et al., 2009). We found that the habitat quality 
indices responded positively and in expected ways to protected areas. 
Moreover, the riparian vegetation complexity was positively related to 
lake age, indicating that terrestrial vegetation responds positively to 
successional time (Margóczi, 1993; Pickett et al., 2013), in addition to 
benefiting from reduced anthropogenic disturbances through protected 
areas. 

We did not detect any effect of small-scale protected areas on the 
coverage of submerged or emergent macrophytes. However, in accor-
dance with other studies we found a negative correlation of angling 
intensity and the coverage of aquatic macrophytes (Andrés-Abellán 
et al., 2005; O’Toole et al., 2009; Schafft et al., 2021), perhaps because 
anglers clear the shorelines to facilitate angling. Although submerged 
macrophyte cover also benefited from clearance of the riparian zone for 
angling sites (as revealed by the positive effect of “angling sites”; see also 
Nikolaus et al., 2021), increased access to the lakes was negatively 
correlated with reed cover. Other environmental factors were also 
important for the extension of submerged and emergent macrophytes in 
our models. For example, lake bottom slope (i.e. lake depth) was 
negatively correlated with submerged macrophyte cover (due to the 
reduction of the photic zone), and nutrient content was strongly nega-
tively correlated with submerged and emergent macrophytes, in 
agreement with previous research (Duarte and Kalff, 1986; Hilt et al., 

2018; Phillips et al., 2016). In addition, the rather broad classification 
into three shading regimes enabled capturing the significant correlations 
between full shading and less macrophyte cover. In our study, 
completely shaded transects had significantly less plant cover, as ex-
pected. Thus, our hypotheses that protected areas would change the 
plant cover of submerged and emergent vegetation (H3) in protected 
zones was not supported, likely because of the benefits of reduced access 
were counteracted by increased shading effects (also shown by Willby 
and Eaton, 1996) from terrestrial vegetation. 

In line with other research in this field (Koning et al., 2020; Koning 
and McIntyre, 2021), we showed that protected areas established pri-
marily for fish have indeed higher relative abundance of fish within 
protected zones relative to sites outside, after controlling for environ-
mental effects. This supported our fourth hypothesis (H4). In particular, 
smaller fish (< 10 cm) were significantly more abundant inside the 
protected areas than outside. Therefore, the protected areas fulfilled the 
roles sought by the fishing clubs who often design protected areas to 
serve as spawning habitats where fish can recruit without disturbances 
by anglers. As protected areas were not randomly allocated across the 
shorelines, it is possible that the angling clubs positioned the sites in 
areas known to be good breeding or nursery sites. Our research is 
correlational and does not imply that the reduced access per se was 
mechanistically responsible for enhanced recruitment. 

We found no difference in relative abundance of larger fish (>
20 cm) in protected areas, suggesting that the small-scale areas were not 
sufficient to protect the relative abundance of large fish from harvest or 
refuge effects were nullified through movement of fish beyond protected 
area boundaries across the year. However, we cannot rule out method-
ological issues because the electrofishing gear might have undersampled 
the presence of large fish in the study area, as it is confined to the 
shallow littoral and large bodied individuals may show fleeing reactions 
to the approaching boat (Chick et al., 1999; Erős et al., 2009; Matern 
et al., 2021). In addition to the level of protection, for all fish as well as 
for small and large fish separately, the mesohabitat structure signifi-
cantly predicted relative fish abundance. Vegetated habitats were 
positively, no structure negatively associated with relative abundance, 
indicating the function of structured habitats as refuge and food source 
for fish, also shown by previous research in small lakes and gravel pit 
lakes (e.g. Lewin et al., 2004; Matern et al., 2021). Therefore, if pro-
tected areas also increase or maintain vegetation under water, indirect 
effects on fish abundance can result from protected areas. However, in 
our work, the cover of submerged macrophytes was not altered by the 
protected areas. 

The results on songbirds and waterfowl were not consistent. There-
fore, our last hypothesis (H5) only received partial support. In the case of 
songbirds, a higher proportion of shore with protected areas from an-
gling was associated with the presence of a significantly more 
disturbance-sensitive (in terms of flight initiation distances) species 
community at the lake-level. This finding suggested the songbird com-
munity responded to reduced disturbance (e.g. noise) by higher abun-
dances of disturbance sensitive taxa (indicated by their FID), which is 
also shown in other research (Bötsch et al., 2018, 2017). Also the size of 
the lake was strongly positively associated with the sensitivity of the 
songbird community, which could be the result of larger distances be-
tween birds and recreational visitors at larger lakes compared to smaller 
lakes. By contrast, for waterfowl the share of protected area or the lake 
size was not correlated with the community’s sensitivity to disturbances. 
We did not measure flight initiation distances in our study but used 
values from the literature with high between-study variability in FID 
(Tablado and Jenni, 2017; Weston et al., 2012). Therefore, the actual 
bird community at the lakes might have different sensitivities than our 
analyses implied. Perhaps the lakes in our study were also too small (<
20 ha) to allow for differences in the influence of disturbance at the 
community level for waterfowl. Most important for waterfowl sensi-
tivity was the proportion of open shoreline, the non-angling recreational 
intensity and the distance to other waterbodies (and/or roads), which 
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could be interpreted as refuge availability for sensitive taxa. Such 
findings were also reported by other studies (Cryer et al., 1987; Tuite 
et al., 1984, 1983). Schafft et al. (2021) revealed that influences of an-
gling use on bird populations were on average not significant, while 
influences of other recreationists were more consistent and significantly 
negative in the published records. Similarly, in our research it was the 
non-angling recreational intensity, but not the angling intensity, that 
correlated negatively with presence of disturbance-sensitive songbird 
and waterfowl species, perhaps as a result of walkers with dogs or other 
noisy recreation. Overall, the impact of angling on waterfowl specif-
ically was not supported by our research. Other studies at gravel pit 
lakes similarly failed to identify negative influences of angling-based 
recreation on waterfowl communities and species richness (e.g. Bell 
et al., 1997; Nikolaus et al., 2021), suggesting context-dependent effects 
and a greater influence of general environmental factors than those 
related to protected areas and angling use (Schafft et al., 2021). 

Our research broadly supported the study concept (Fig. 1) in terms of 
showcasing influences of trampling on shoreline habitat quality and 
terrestrial vegetation, a correlation of protected area presence and 
relative abundance of small fish and influences of disturbances (reduced 
in intensity by protected areas) on shorebird communities. However, a 
refuge effect on large fish suggestive of reduced exploitation was not 
supported, most likely due to the small-scale nature of the protected 
areas relative to the movement of the fish targeted by anglers (Kramer 
and Chapman, 1999; Vanovac et al., 2021; Zolderdo et al., 2019). We 
conclude that implementation of “no-access” protection can strongly 
affect local habitat quality, terrestrial vegetation and may benefit small 
fish and some bird populations. 

There are several limitations to our study. Most importantly, we 
analyzed observational data of already established systems. The con-
clusions drawn are based on a paired control-impact design, which is not 
as robust as a before-after-control-impact-paired-series design (BACIPS: 
Osenberg et al., 2006; Stewart-Oaten et al., 1986). Especially the higher 
relative abundance of fish inside protected areas could be either a 
recruitment effect or an attraction effect, which can only be clarified 
through a rigorous before-after-impact design. 

Fish stocking has a long tradition in recreational-fisheries manage-
ment (Arlinghaus et al., 2016). Relatedly, also the lakes we examined 
were subjected to stocking in the past (Matern et al., 2019). Although we 
cannot rule out that stocking affected the results of our study, we do not 
think the effect is ecologically relevant. Introductory fish stocking has 
been documented to facilitate the establishment of species in gravel pit 
lakes (Zhao et al., 2016), and the lakes we studied are no exception 
(Matern et al., 2019). However, once the fish community is developed 
and naturally reproducing, further fish stocking with native species 
already present in the lake has not been found to increase the abundance 
of the stocked fish, suggesting that most enhancement stocking activities 
with naturally reproducing fish in gravel pit and other lakes fail 
(Arlinghaus et al., 2015, Hühn et al., 2014, Li et al., 1996, Guillerault 
et al., 2018; Daupagne et al., 2021, Cyrus et al., 2022). Therefore, we 
find it implausible that stocking differentially affected the ecological 
outcomes of our work, but we lack detailed stocking records and our 
conclusion thus remains speculative. 

We had different sample sizes per year (some lakes sampled only 
once) which was partially controlled for by including year as random 
effect in the models. But there might still be year effects influencing the 
results. We also had different sample sizes from protected areas and 
reference sites because at most lakes, the proportion of protected 
shoreline was less than the rest of the shoreline (i.e., the references; 
Table 1). We still used all data per lake to capture all variability and all 
environmental influences within our models. This might have increased 
uncertainty in the estimated coefficients (larger confidence intervals for 
protected areas than for unprotected areas) but should not affect the 
conclusions drawn from significant differences. We controlled for the 
most obvious environmental variables, but there might still be variables 
that remained uncontrolled, such as differences in microclimate, 

behavioral differences of recreational users, or geological differences. 
Further research experimentally allocating sites to either protection or 
controls and long-term monitoring is needed to better understand the 
remaining uncertainties. We also recommend the use of statistical 
matching tools such as propensity scores for observational data 
(Chessman, 2013; Rosenbaum and Rubin, 1983). 

4.1. Conclusion 

We conclude that protected areas, voluntarily established by fishing 
clubs at gravel pit lakes, can achieve positive effects on habitat and 
biodiversity, some of which are not intended by design of the measure. 
Importantly, for the target organisms, our study showed higher relative 
abundance of fish within protected areas, in line with other small-scale 
freshwater protection studies from rivers (Koning et al., 2020). More-
over, we found these areas also positively affected habitat quality and 
riparian vegetation. To let protected areas generate additional benefits 
for other taxa, we recommend developing specific management plans, 
which should assess the possible benefits of protection zone in light of 
other environmental factors at a given lake. Any non-access rule should 
be strictly enforced and include anglers and non-anglers to achieve 
positive effects on sensitive bird species as we found non-recreational 
influences to be perhaps even more consequential than angling-related 
shoreline use, specifically on birds (in line with Schafft et al., 2021). 
Overall, the design and implementation of protected areas of riparian 
zones by angling clubs can contribute to conservation beyond the 
intended target organisms. Building on the potential of angling clubs to 
benefit conservation more broadly through fisheries-management ac-
tions is therefore recommended, and even small-scale protection can 
generate relevant conservation outcomes. 
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Appendix 

See Tables A1–A8 and Figs. A1–A12 here. 

Table A1 
PCA-axes and their interpretation for groups of environmental variables. Only the first four axes are shown. Other axes had eigenvalues < 1. For negative [-] 
interpreted axes, the negated (inverse) PC-scores were used in further analyses.  

Group Variable Dim 1 Dim 2 Dim 3 Dim 4 

Morphology Eigenvalue 2.45 1.05 0.48 0.02 
Proportion of explained variance in % 61 26 12 1 
Maximum depth 0.62 0.19 -0.04 -0.76 
Lake area 0.50 0.52 0.46 0.52 
SDF -0.30 0.78 -0.55 -0.02 
slope 0.53 -0.28 -0.70 0.40 
Interpretation of axes Lake deepness Lake size (not used) (not used) 

Nutrients Eigenvalue 1.99 1.66 0.30 0.04 
Proportion of explained variance in % 50 42 7 1 
Chlorophyll a (Chl a) 0.63 -0.20 0.27 -0.06 
Total phosphorus (TP) 0.66 -0.20 0.13 0.33 
Ammonium -0.02 -0.75 -0.29 -0.24 
Nitrate -0.40 -0.60 -0.01 -0.40 
Interpretation of axes Chlorophyll a & total phosphorus [-] Nitrogen concentrations (not used) (not used) 

Habitat quality Eigenvalue 3.15 1.53 0.33 < 0.01 
Proportion of explained variance in % 63 31 6 < 0.01 
Lakeshore Anthropogenic Disturbance -0.14 0.78 0.02 -0.60 
Riparian Vegetation Cover Complexity -0.51 0.08 -0.72 0.18 
Littoral Cover Complexity -0.52 0.06 0.69 0.19 
Littoral-Riparian Habitat Complexity -0.56 0.08 0.02 0.28 
Lakeshore Physical Habitat Quality -0.37 -0.61 0.002 -0.70 
Interpretation of axes [-] Habitat complexity Habitat disturbance (not used) (not used)  

Table A2 
PCA-axes and their interpretation for groups of environmental variables. Only the first four axes are shown. Other axes had eigenvalues < 1. For negative [-] 
interpreted axes, the negated (inverse) PC-scores were used in further analyses.  

Characteristic Variable Dim 1 Dim 2 Dim 3 Dim 4 

Mesoscale structures Eigenvalue 3.30 2.23 1.32 0.69 
Proportion of explained variance in % 41 28 16 9 
riparian wood -0.36 -0.47 -0.03 0.31 
riparian vegetation 0.52 0.14 0.01 -0.11 
no riparian structure -0.33 0.44 0.03 -0.26 
riparian structure heterogeneity 0.18 -0.35 0.55 0.43 
littoral wood -0.33 -0.44 -0.29 -0.31 
littoral vegetation 0.51 -0.06 -0.23 0.03 
no littoral structure -0.29 0.40 0.48 0.21 
littoral structure heterogeneity 0.09 -0.30 0.57 0.66 
Interpretation of axes Vegetated structure No structure Structure heterogeneity (not used) 

Recreational use Eigenvalue 2.01 1.61 0.81 0.49 
Proportion of explained variance in % 40 32 16 10 
extent of angling sites 0.46 -0.10 -0.77 0.10 
angling garbage -0.57 -0.31 -0.11 -0.46 
other garbage -0.18 -0.74 0.11 -0.23 
angling use -0.51 0.05 -0.61 -0.69 
other use 0.42 -0.58 0.001 0.19 
Interpretation of axes [-] Angling use [-] Other recreation [-] Angling sites (not used) 

Land use Eigenvalue 2.24 2.09 0.87 0.60 
Proportion of explained variance in % 37 35 15 10 

(continued on next page) 

R. Nikolaus et al.                                                                                                                                                                                                                               



Fisheries Research 256 (2022) 106476

14

Table A2 (continued ) 

Characteristic Variable Dim 1 Dim 2 Dim 3 Dim 4 

forest in 1 km-buffer -0.18 0.63 -0.15 -0.08 
agriculture in 1 km-buffer 0.49 -0.43 -0.01 -0.61 
urbanization in 1 km-buffer -0.56 -0.21 0.32 -0.46 
distance to next road 0.47 -0.02 0.51 -0.65 
distance to next settlement 0.43 0.44 -0.30 -0.46 
distance to next waterbody 0.07 0.41 0.73 -0.65 
Interpretation of axes Rural area Forest land use [-] Connectedness (not used)  

Table A3 
Variance inflation factors of variables for analyzing Habitat Quality Indices.  

Initial variables 1st calculation final set 

Protected area  1.16 1.15 
Lake age  3.25 3.25 
Lake deepness (PC)  6.95 removed 
Lake size (PC)  3.82 3.76 
Angling (PC)  3.46 2.04 
Other recreation (PC)  5.91 2.70 
Angling sites (PC)  5.64 2.93 
Rural area (PC)  3.48 3.13 
Forest land use (PC)  6.79 2.91 
Connectedness (PC)  2.60 2.31  

Table A4 
Variance inflation factors of variables for analyzing riparian plant trampling 
tolerance.  

Initial variables 1st calculation 2nd calculation final set 

Protected area  1.08 1.08 1.07 
Lake age  3.82 3.52 3.47 
Lake deepness (PC)  6.52 3.49 2.92 
Lake size (PC)  4.45 2.74 2.56 
Habitat complexity (PC)  4.23 1.94 1.26 
Habitat disturbance (PC)  3.48 3.25 1.94 
Angling (PC)  4.12 3.09 1.46 
Other recreation (PC)  6.35 5.89 removed 
Angling sites (PC)  4.40 3.70 3.62 
Rural area (PC)  2.17 2.01 1.83 
Forest land use (PC)  5.70 5.26 4.31 
Connectedness (PC)  7.06 removed removed  

Table A5 
Variance inflation factors of variables for analyzing aquatic vegetation.  

Initial variables 1st 

calculation 
2nd 

calculation 
final set 

Protected area 1.16 1.16 1.16 
Degree of shading 1.19 1.18 1.15 
Mean depth in transect 1.65 1.64 1.52 
Lake age 5.24 5.24 3.65 
Lake deepness (PC) 12.26 5.86 4.31 
Lake size (PC) 5.48 4.06 2.61 
Chlorophyll a & total phosphorus 

(PC) 
5.59 3.03 2.76 

Nitrogen concentrations (PC) 3.41 3.31 3.31 
Angling (PC) 5.70 5.69 4.86 
Other recreation (PC) 10.63 removed removed 
Angling sites (PC) 7.04 6.63 2.92 
Rural area (PC) 4.72 4.60 3.29 
Forest land use (PC) 8.36 6.71 removed 
Connectedness (PC) 3.15 3.00 2.98  

Table A6 
Variance inflation factors of variables for analyzing fish densities.  

Initial variables 1st 

calculation 
2nd 

calculation 
final set 

Protected area  1.49 1.47 1.47 
Lake age  5.42 2.67 2.67 
Lake deepness (PC)  6.52 5.45 removed 
Lake size (PC)  6.79 removed removed 
Chlorophyll a & total phosphorus 

(PC)  
2.71 2.69 2.03 

Nitrogen concentrations (PC)  1.69 1.68 1.67 
Vegetated structure (PC)  1.51 1.50 1.49 
No structure (PC)  1.65 1.62 1.62 
Structure heterogeneity (PC)  1.13 1.13 1.12 
Angling (PC)  3.14 2.86 2.70 
Other recreation (PC)  3.83 1.93 1.60 
Angling sites (PC)  1.70 1.70 1.70 
Rural area (PC)  2.19 1.55 1.44 
Forest land use (PC)  3.75 3.70 3.13 
Connectedness (PC)  5.89 4.89 2.46  

Table A7 
Variance inflation factors of variables for analyzing songbird community FID.  

Initial variables 1st calculation 2nd calculation final set 

Share of protection 7.42 3.53 3.04 
Lake age 4.35 2.84 2.83 
Lake deepness (PC) 10.13 7.73 removed 
Lake size (PC) 8.04 4.55 3.29 
Habitat complexity (PC) 4.65 3.96 3.39 
Habitat disturbance (PC) 8.94 removed removed 
Angling (PC) 4.83 3.03 2.76 
Other recreation (PC) 5.70 4.51 2.60 
Angling sites (PC) 4.86 3.85 3.55 
Rural area (PC) 3.71 2.60 2.54 
Forest land use (PC) 5.10 5.01 2.90 
Connectedness (PC) 6.66 5.48* 3.77  

* when removed next, lake deepness was the only variable left with VIF > 5. 

Table A8 
Variance inflation factors of variables for analyzing waterfowl community FID.  

Initial variables 1st calculation 2nd calculation final set 

Share of protection  5.98 3.11 3.04 
Lake age  5.51 2.99 2.83 
Lake deepness (PC)  9.56 8.34 removed 
Lake size (PC)  9.09 4.73 3.29 
Habitat complexity (PC)  3.77 3.57 3.39 
Habitat disturbance (PC)  9.31 removed removed 
Angling (PC)  4.72 2.76 2.76 
Other recreation (PC)  5.70 4.30 2.60 
Angling sites (PC)  5.80 3.83 3.55 
Rural area (PC)  4.01 2.57 2.54 
Forest land use (PC)  6.48 5.91 2.90 
Connectedness (PC)  6.83 5.99* 3.77  

* when removed next, lake deepness was still the variable with highest VIF 
(5.23; Forest land use 5.17). When connectedness and forest land use both were 
removed, the resulting model had lower AIC and BIC than the presented one. 
Therefor we stayed with removing lake deepness, although it was not according 
to the criteria mentioned. 
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Fig. A1. Significant correlations between the Riparian Vegetation Cover Complexity Index and environmental predictors. Dots are observations, solid lines are the 
predicted model fit, and vertical bars are the 95% confidence intervals. 

Fig. A2. Significant correlations between the Lakeshore Physical Habitat Quality Index and environmental predictors. Dots are observations, solid lines are the 
predicted model fit, and vertical bars are the 95% confidence intervals. 
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Fig. A4. Comparison of submerged macrophytes cover for 
transects with different shading by trees. Fully shaded 
transects (N = 54) are significantly (Wilcoxon test, 
P = 0.003) less covered by submerged macrophytes than 
half shaded transects (N = 90). Transects with no shade 
(N = 92) are statistically not different from the other 
transects. ⋄ = Mean, — = Median, the upper and lower 
limits of the boxes represent the upper and lower quartile 
respectively, dots indicate statistical outliers. n.s. = not 
significant (P ≥ 0.05), * * = high significance (P < 0.01).   

Fig. A5. Comparison of emerged macrophytes cover for 
transects with different shading by trees. Fully shaded 
transects (N = 54) are significantly (Wilcoxon test, 
P = 0.025) less covered by emerged macrophytes than half 
shaded transects (N = 90). Transects with no shade 
(N = 92) are statistically not different from half shaded 
transects but have significantly more emerged macrophytes 
than fully shaded transects (Wilcoxon test, P = 0.004). ⋄ 
= Mean, — = Median, the upper and lower limits of the 
boxes represent the upper and lower quartile respectively, 
dots indicate statistical outliers. n.s. = not significant 
(P ≥ 0.05), * = significant (P < 0.05), * * = high signifi-
cance (P < 0.01).   

Fig. A3. Selected significant correlations between the Lakeshore Physical Habitat Quality Index and environmental predictors. Dots are observations, solid lines are 
the predicted model fit, and vertical bars are the 95% confidence intervals. 
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Fig. A6. Significant correlations between submerged macrophyte cover and environmental predictors. Dots are observations, solid lines are the predicted model fit, 
and vertical bars are the 95% confidence intervals. 
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Fig. A7. Significant correlations between emerged macrophyte cover and environmental predictors. Dots are observations, solid lines are the predicted model fit, and 
vertical bars are the 95% confidence intervals. 
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Fig. A8. Significant correlations between fish density and environmental predictors. Green and red lines are the predicted model fits for protected and unprotected 
areas, respectively. Vertical bars are the 95% confidence intervals. 
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Fig. A9. Significant correlations between small fish (< 10 cm) density and environmental predictors. Green and red lines are the predicted model fits for protected 
and unprotected areas, respectively. Vertical bars are the 95% confidence intervals. 
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Fig. A10. Significant correlations between large fish (> 20 cm) density and environmental predictors. Green and red lines are the predicted model fits for protected 
and unprotected areas, respectively. Vertical bars are the 95% confidence intervals. 
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Fig. A11. Significant correlations between weighted FID of songbird communities and environmental predictors. Dots are observations, solid lines are the predicted 
model fit for lakes with 28.5% of shoreline protected, and vertical bars are the 95% confidence intervals. 
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Appendix B. Supporting information 

Supplementary data associated with this article can be found in the 
online version at doi:10.1016/j.fishres.2022.106476. 
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Köhler, J., Lauridsen, T.L., Mooij, W.M., Noordhuis, R., Phillips, G., Rücker, J., 
Schuster, H.-H., Søndergaard, M., Teurlincx, S., van de Weyer, K., van Donk, E., 
Waterstraat, A., Willby, N., Sayer, C.D., 2018. Response of submerged macrophyte 
communities to external and internal restoration measures in North Temperate 
shallow lakes. Front. Plant Sci. 9, 194. https://doi.org/10.3389/fpls.2018.00194. 

Hühn, D., Lübke, K., Skov, C., Arlinghaus, R., 2014. Natural recruitment, density- 
dependent juvenile survival, and the potential for additive effects of stock 
enhancement: an experimental evaluation of stocking northern pike (Esox lucius) fry. 
Can. J. Fish. Aquat. Sci. 71, 1508–1519. https://doi.org/10.1139/cjfas-2013-0636. 

Iversen, T.M., Kronvang, B., Madsen, B.L., Markmann, P., Nielsen, M.B., 1993. Re- 
establishment of Danish streams: restoration and maintenance measures. Aquat. 
Conserv.: Mar. Freshw. Ecosyst. 3, 73–92. https://doi.org/10.1002/ 
aqc.3270030203. 

Jameson, S.C., Tupper, M.H., Ridley, J.M., 2002. The three screen doors: can marine 
“protected” areas be effective? Mar. Pollut. Bull. 44, 1177–1183. https://doi.org/ 
10.1016/S0025-326X(02)00258-8. 

Januchowski-Hartley, F.A., Graham, N.A.J., Cinner, J.E., Russ, G.R., 2013. Spillover of 
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