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Abstract 
 

Dynamics of fish populations in structure-poor gravel-pit lakes are strongly affected by anthropo-

genic management activities and increasing environmental impacts through global change. Growth is 

one fundamental aspect of population dynamics that directly corresponds to fish biomass production 

in lakes. A profound understanding of the linkage between growth patterns and environmental 

conditions is crucial to enable predictions about the impact of management actions (e.g., stocking or 

habitat modification) or changing environments on fish production. This is not least important to 

satisfy anglers, the stakeholder group that commonly manages and harvests small gravel-pits. Beside 

the necessity of a good ecological understanding of the processes involved in growth, simplified 

approaches are required to enable application in recreational fisheries management, where sampling 

means are usually restricted. This particularly holds true for small gravel-pit lakes, which are largely 

overlooked by nature conservation efforts and information is poor. Within this study, I aimed to 

address these demands by compiling integrated growth models for several populations of Eurasian 

perch (Perca fluviatilis), a targeted angling species inhabiting gravel-pits. For this purpose, length-at-

age estimates were gathered from annual marks on the opercular bones of perch from 13 gravel-pit 

lakes across Lower Saxony, Germany. A large set of biotic and abiotic predictor variables was 

subjected to a model selection process to ultimately identify the combination of factors that 

performs best in predicting growth parameters. Additionally, the selection procedure was repeated 

considering only those variables that are obtainable within the means of angling clubs. I found the 

largest effect on growth patterns to be induced by the biomass of potential predators. Growth 

effects were moreover assigned to shoreline development factor, which is a common index of littoral 

habitat heterogeneity. A recommended model for application by angling clubs without access to 

complex variables consisted of shoreline development factor and maximum depth. The potential 

ecological mechanisms behind the observed patterns are discussed in detail. In sum, it is concluded 

that gravel-pits with the potential to produce large-growing perch provide certain structural features 

(regarding shoreline extension and depth), but growth is still strongly driven by population-intrinsic 

effects through predation and cannibalism. 
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1. Introduction 
 

Identifying and understanding environmental drivers of variation in growth is fundamental to fish 

conservation and successful fisheries management (Campana & Thorrold, 2001; Conover & Munch, 

2002). As growth is one of the primary mechanisms regulating fish population dynamics (Ricker, 

1975), shifts in growth rates have direct implications for fish biomass production and thus yield. 

Growth is a function of consumption and metabolism, two processes that are prone to environ-

mental influences (Clarke & Johnston, 1999; van Poorten & Walters, 2016). Thus, understanding 

which external factors affect consumption and metabolism is crucial to predict temporal changes in 

populations with changing environmental conditions (e.g., Brandt et al., 1992). Furthermore, under-

standing growth is beneficial to the wellbeing of recreational anglers, because indices of growth 

describe the time required to grow to harvestable size and the maximum size that is attainable by a 

fish. Catch rates and fish size are among the main motivations in recreational angling (Arlinghaus et 

al., 2014; Dabrowska et al., 2017). Investigating environmental dependencies of growth thus allows 

conclusions about how and when these desires are met in freshwater systems that are harvested and 

managed by anglers. 

Among the freshwater systems mare man-made gravel-pits, a small type of waterbody that is not 

(yet) considered by nature conservation efforts (i.e., Water Framework Directive), thus few infor-

mation is available. However, gravel-pit lakes are consistently increasing in numbers throughout 

central Europe and, when properly managed, may constitute valuable systems for biodiversity and 

recreation (Strayer & Dudgeon, 2010; Søndergaard et al., 2018; Matern et al., 2019). In Lower Saxony 

(Germany), more than 30,000 gravel-pit lakes smaller than 20 ha exist, making up 70% of all lentic 

habitats in this region (Manfrin, unpublished data). This type of waterbodies is mostly characterized 

by a steep shore (Gee, 1978), which constrains the amount of shallow, littoral zones and physical 

habitat such as submerged macrophytes (Duarte & Kalff, 1986; Strayer & Findlay, 2010; Emmrich et 

al., 2014). Structural complexity in lakes, however, plays a crucial role in providing refuge and 

spawning sites (e.g., Carpenter & Lodge, 1986; Winfield, 2004), and in shaping food availability (e.g., 

Schramm & Jirka, 1989). Therefore, the lack of structural complexity, typical for gravel-pit lakes, has a 

large potential to affect fish communities with particular emphasis on its potential to constrain 

production prospects. 

Through extensive engagement in fish stocking, recreational anglers may severely alter composition 

and size-structure fish communities in gravel-pits, with the potential to affect other taxa via top-

down effects (Allendorf, 1991; Cowx, 1994; Arlinghaus, 2006; Arlinghaus et al., 2015; Zhao et al., 

2016; Matern et al., 2019). Habitat management with the aim to enhance a lake’s carrying capacity 

(e.g., through the addition of physical structures) is one popular alternative management approach 

(Arlinghaus & Mehner, 2003; Bolding et al., 2004; Hickley et al., 2004; Arlinghaus et al., 2016). These 

direct modifications of lake ecosystems through management add to a long list of external effects 

that accompany global change. Such external effects include changing and increasingly unpredictable 

thermal conditions through climate change (Ficke et al., 2007), eutrophication through external 

nutrient inputs, or the spread of non-native species (Brönmark & Hansson, 2002). All of these mecha-

nisms act together on the environmental conditions that are experienced by a fish population, with 

the potential to shape population dynamics of a fish stock. 

Within this study, environmental influences on growth patterns in gravel-pits were surveyed with 

respect to Eurasian perch (Perca fluviatilis), which is a targeted game species in recreational fisheries 

(Vainikka et al., 2012; Ensinger, 2015). Being a common and often abundant species that occurs over 

a large gradient of environmental conditions throughout Europe (Thorpe, 1977; Tammi et al., 2003; 
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Lehtonen et al., 2008) makes Eurasian perch particularly suitable for studying environmental 

impacts. Through its complex ontogeny and dominant occurrence under many conditions (e.g., 

Jeppesen et al., 2000; Olin et al., 2002; Mehner et al., 2005), perch can exert a great impact on lake 

food webs (Persson et al., 2003; Brönmark, 2004; Eriksson et al., 2009). Hence, the key ecological 

role of perch in many systems adds further relevance to attaining a solid understanding of the 

mechanisms involved in shaping their population dynamics. 

Under most conditions, perch perform two shifts in diet preference throughout their lifespan 

(termed “ontogenetic niche shifts”; Allen, 1935). After hatching, perch larvae dwell in the pelagic 

habitat and feed on rotifers and other small zooplankton. As planktivorous perch grow, their 

preferred prey size spectrum moves towards larger zooplankton, and later to benthic invertebrates, 

which they find in the littoral zone. This first diet shift to benthivorous feeding normally takes place 

at some point during the first year-of-life. In a second ontogenetic niche shift, perch switch from 

benthos-feeding to piscivory, usually at an age of > 2 years and lengths of 110–160 mm (Mittelbach & 

Persson, 1998; Hjelm et al., 2000; Amundsen et al., 2003). The occurrence and timing of ontogenetic 

niche shifts, however, depends on a number of environmental conditions and habitat availability 

(Hjelm et al., 2000). In some lakes, perch become piscivorous already early in their first year and skip 

the zoobenthivorous niche entirely (Beeck et al., 2002). Under controlled conditions, for instance, 

piscivory through intra-cohort cannibalism has been reported to occur as early as at lengths of 10.5 

mm (Brabrand, 1995). In other systems, however, perch may never show a clear transition to 

piscivory, but a slow and continuous increase of fish diet throughout ontogeny (Trudeau, 2018). 

The ontogenetic complexity and its plasticity implies that growth of perch may be affected by a broad 

range of environmental mechanisms. These mechanisms can be biotically or abiotically driven. Water 

temperature is one of the most broadly recognized abiotic factors with the potential to account for 

large amounts of variation in growth (Brander, 1992; Angilletta et al., 2004). As fish are ectothermic 

organisms, metabolism in terms of enzyme activity adapts to the ambient water temperature. Within 

limits, higher ambient temperatures result in higher enzymatic reaction rates that may optimize 

growth up to a certain threshold (Paloheimo & Dickie, 1966; Fry, 1971). The exact interaction of 

temperature and growth patterns of fish within natural (or man-made, near-natural) ecosystems are, 

however, much more complex (e.g., De Stasio et al., 1996). Beside its direct physiological effects, 

temperature is able to strongly drive patterns of prey availability, e.g. through lower trophic level 

responses (Ficke et al., 2007; Yvon-Durocher et al., 2010). In a simulation model, Kitchell et al. (1977) 

demonstrated that fluctuations in summer temperature alone are able to account for a zero to 

twofold variation of annual growth increments in percid species. For Eurasian perch in particular, Le 

Cren (1958) observed a positive relationship between adult perch growth and summer water 

temperatures. However, more directly corresponding to growth rates are measurements of time 

spent at temperatures within the range where metabolic reaction rates are near-linear functions of 

temperature (= “growing-degree-days”; Neuheimer & Taggart, 2007). The growing degree-day metric 

is utilized in this study to examine whether temperature affects perch growth already across a 

narrow geographic range. 

Food availability and quality is also among the most apparent mechanisms to explain differences in 

fish growth. The amount and size structure of food available to consumers such as perch is shaped by 

lower trophic levels. Generally, increasing nutrient availability may benefit nutrient-limited primary 

producers (e.g., Ask et al., 2009). This brings about the potential to increase the amount and alter 

size-structures of food available to higher trophic levels (Carr & Hiltunen ,1965; Cook & Johnson, 

1974; Leach et al., 1977). However, accompanying increasing nutrient loads and thus higher 

phytoplankton biomasses is a reduced water transparency. Poor water clarity, by contrast, has 

implications for reducing feeding efficiency of visual predators such as perch, moreover altering prey 
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and structural habitat choice, thus potentially affecting growth (Diehl, 1988; De Robertis, 2003; 

Bartels et al., 2012). This assumption has been corroborated by studies of Horppila et al. (2010) and 

Estlander et al. (2012) who observed perch growth rates to shrink with decreasing water 

transparency. An empirically based response curve of percid species in relation to lake trophic state, 

presented by Leach et al., 1977, undermines the above described assumptions. They find growth and 

biomass of percids to increase with increases in trophic stage, up to a certain optimum, whereupon 

further eutrophication has negative implications for percid production. Further, indirect effects of 

lake productivity are conceivable through impacts on aquatic macrophytes. As lake trophic status 

increases, water transparency is diminished through phytoplankton blooms, hindering light from 

penetrating to regions where macrophytes grow and reducing their abundance and thus habitat 

complexity (e.g., Blindow et al., 1993). In the present analysis, I used indices of lake productivity 

(chlorophyll-a and phosphorous concentrations) as surrogate variables for general food availability, 

and Secchi depth to moreover represent water transparency. 

Physical structures of the littoral zone of lakes are a versatile habitat for feeding, predator-prey 

interactions and reproduction (reviewed in Carpenter & Lodge, 1986 and Winfield, 2004). Since perch 

are dependent on such structured habitats at least temporarily throughout ontogeny, their 

availability has the potential to affect growth. Physical structures can be directly quantified as the 

density of coarse woody debris or the percentage of macrophyte cover, for instance. Another option 

to quantify physical structures is to measure the amount of littoral area per se or as a ratio of 

shoreline length to lake surface area (i.e. “shoreline development”), both of which are supposed to 

align with the amount of physical habitat available. Over time, any physical structure in a lake 

accumulates biofilm on their surfaces, serving as nutritional habitat for macroinvertebrates (Hax & 

Golladay, 1993). Consequently, the density of physical habitat has been repeatedly shown to 

correlate with the amount and diversity of zoobenthic organisms, an important food source for 

young perch (Heck & Wetstone, 1977; Schramm & Jirka, 1989; Benke & Wallace, 2003; Smokorowski 

et al., 2006; Matias et al., 2010). Moreover, juvenile perch are known to be competitively superior to 

other (cyprinid) species in lakes with dense macrophytes, since they are the more efficient feeders in 

physical structures, while sufficient food and refuge from predation is provided (Winfield, 1986; 

Diehl, 1988; Persson & Eklöv, 1995). Hence, the role of physical habitat is likely particularly relevant 

for the benthivorous life-stage of perch. However, good feeding conditions within early life-stages 

are fundamental for a timely shift into the piscivorous stage, where growth is particularly accelerated 

(Persson & Greenberg ,1990b). In line with these assumptions is a study by Hargeby et al. (2005) that 

finds increased growth and increased piscivory in perch after five years of expanding macrophyte 

cover following natural regrowth. Likewise, Sass et al. (2012) found increased piscivory rates in 

largemouth bass (Micropterus salmoides) following experimental whole-lake addition of coarse 

wood. However, the ultimate effects on growth rates and other population dynamic traits appeared 

negligible. 

It is a common pattern in ecology that larger ecosystems usually provide a greater diversity of 

habitats and thus species (Williams, 1964; MacArthur & Wilson, 1967). For lakes in particular, surface 

area and shoreline development are common indicators of resource heterogeneity and positively 

correlated with the species richness of zooplankton families, macrophytes (Dodson et al., 2000), 

macroinvertebrates (Heino, 2000), and fish (Barbour & Brown, 1974; Eadie & Keast, 1984; Eckmann, 

1995). A good availability of diverse food sources and physical habitat might be of particular 

relevance for species with a complex ontogeny such as perch. Accordingly, a meta-analysis of 

Swedish lakes revealed that a larger lake area was not only associated with a higher species diversity, 

but also a higher frequency of large fish (Holmgren & Appelberg, 2000). A former comparison of 

perch growth across forest lakes, revealed no significant effect of surface area on annual length 
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increments (Horppila et al., 2010). However, the role of lake dimension for growth capacities of 

perch remains unclear in particular regard to small, man-made systems such as gravel-pits. 

Beside the described abiotic impacts, competitive and predatory interactions are likewise known to 

elicit growth responses in perch (e.g., Henderson, 1985; Le Cren, 1992; Persson et al., 2000, 2003), 

and their relative importance over abiotic factors has been stressed (Holmgren and Appelberg, 2001; 

Dembkowski et al., 2017). It has been shown repeatedly that the presence and density of 

interspecific competitors such as roach (Rutilus rutilus) strongly affects the type of prey that is 

consumed by perch and ultimately perch growth (Persson, 1986; Persson, 1987; Persson & 

Greenberg, 1990a; Persson & Greenberg, 1990b). This holds particularly true for juvenile life-stages. 

For example, Persson (1987) observed that juvenile perch were forced to switch diets from 

zooplankton to macroinvertebrates when exposed to competition with roach, resulting in reduced 

growth rates. In their “competitive bottleneck” hypothesis, Persson & Greenberg (1990b) likewise 

assigned shrinking growth rates of juvenile perch to the competitive inferiority over roach on 

zooplankton. This likely forces perch to shift to macroinvertebrates earlier in life, resulting in 

increased competition with older age classes. Since this phenomenon was present in open water 

habitats, but not in the littoral, perch were concluded to be competitively superior when feeding in 

vegetated habitats of the littoral (Winfield 1986; Diehl, 1988; Persson & Eklöv, 1995). Hjelm et al. 

(2000) confirm these assumptions, finding perch growth during the juvenile stage to be negatively 

related to planktivorous fish biomass. In the piscivorous niche, however, perch seemed to profit from 

increased biomasses of zooplanktivores. Besides, Munter et al. (2019) found that Yellow Perch (Perca 

flavescens) grew to a certain quality size threshold much faster in lakes where no other species 

occurred, compared to multispecies lakes. 

The relevance of density-dependent, intraspecific mechanisms in shaping perch growth especially for 

juvenile stages has been stressed by Byström and Garcia-Berthou (1999). Moreover, the potential for 

density-dependent impacts on somatic growth has also been recognized in the recruited phase of 

fish (Lorenzen & Enberg, 2002; Arranz et al., 2015). Predation pressure is known to negatively affect 

feeding activity and risk-taking in a perch prey population (Magnhagen & Borcherding, 2008), and 

might thus ultimately result in diminished growth. In a different scenario presented by Biro et al 

(2005), prey species increased risk-taking and thus accelerate growth when predation is high. The 

aim of this increasing risk-taking is presumably to outgrow vulnerability to predation as fast as 

possible. 

In addition, the role of early piscivory in shaping structure and dynamics of perch populations has 

been stressed in the literature (Beeck, 2003). Early piscivorous individuals have been repeatedly 

observed to show faster growth than other individuals of the same population, potentially causing 

bimodality in growth speed (Buijse & Houthuijzen, 1992; Borcherding et al., 2000; Beeck et al., 2002). 

All of the above described mechanisms were represented by measurable lake- and fish community 

variables that were implemented as covariates to describe variation in growth of gravel-pit dwelling 

perch. 

The analyses of environmental influences on fish growth have a long and still progressing history. For 

every growth analysis, fish are aged and age information is related to their body size at capture (if no 

direct observation on growth is feasible, e.g., through mark-recapture studies). Commonly, estimates 

of body lengths at former ages are additionally gathered from radius measurements of annual marks 

on calcified structures of the fish. Radius measurements are scaled to body lengths via a ratio of scale 

to fish size, and then back-calculated using specific formulas (Francis, 1990). The most traditional 

approach to comparing fish growth across populations considers differences in mean sizes at a 

certain age (e.g., Mooij et al., 1994; Carlander, 1997; Keskinen & Marjomäki, 2003). Any population-

specific mean size at a reference age is hereby related to the environmental conditions this 
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population is exposed to. Such an approach seems useful if the objective is to investigate ecological 

relationships at a certain, potentially critical, stage in fish’s life (e.g., Dembkowski et al., 2017). 

However, within this study, I aimed to investigate growth trajectories throughout the lifetime of fish. 

For that purpose, the use of a generic growth model is a more promising approach. Hereby, length-

at-age observations are fitted to a defined growth function that is known to describe the typical 

trajectory in fish growth well. Broadly applied throughout fisheries science in this context is the von 

Bertalanffy growth model (von Bertalanffy, 1938). Moreover, this model has been recognized to fit 

observed data of Perca spp. species best, as compared to other available growth models (Chen et al., 

1992). Instead of a certain reference size-at-age, the parameter estimates of the fitted growth curve 

are compared across populations, and subsequently related to environmental conditions. Past 

studies linking environmental variation to the growth of perch are largely constrained to the 

examination of a single or very few environmental mechanisms (e.g., Le Cren, 1958; Hayward & 

Margraf, 1987; Diehl, 1993). Likewise, studies that considered a wider range of factors used simple 

linear regression models to explore every factor independently (e.g., Horppila et al., 2010; Linløkken 

& Hesthagen, 2011). However, it has been broadly recognized that environmental effects on growth 

are often an interplay of multiple factors (e.g., Hanks & Secor, 2011; van Dorst et al., 2019). In regard 

to all these aspects, I decided to use an integrated mixed-effect model of Bertalanffy growth that is 

able to track direct- and interaction effects of environmental variation (reviewed in Weisberg et al., 

2010). Since the von Bertalanffy model is derived from physiological principles, its parameter 

estimates have meanings related to catabolism and anabolism, thus this model can be interpreted 

mechanistically (van Poorten & Walters, 2016). This approach of a mechanistic interpretation of an 

integrated model is followed in the most recently published studies on fish growth as a function of 

environmental variation across systems (Matthias et al., 2018; Varkey et al., 2018). 

In addition to a comprehensive exploration of all available environmental covariates, I made efforts 

to explore the power of “simple” variables, obtainable by local angling clubs, for predicting growth 

patterns. This was meant as an attempt to overcome the issue that sampling methods for complex 

environmental variables or even population age-structures are beyond the means of angling clubs. 

The exploration of a simplified approach moreover aims at an integration of basic ecological research 

and its application, which is one of the current, but often neglected, priorities in landscape 

management (Wu & Hobbs, 2002). To date, the popularity of reference-point based management, as 

broadly applied in the marine, is still small within freshwater fisheries management. However, 

recently published studies indicate that this is a promising management path for the future, including 

age-length based approaches (Lorenzen, 2016; Fitzgerald et al., 2018). 

To summarize, there is a high complexity of environmental mechanisms that have the potential to 

affect growth of Eurasian perch across gravel-pits. The objective of this study was to gain a thorough 

understanding of the biotic and abiotic impacts on perch growth, from a mechanistic basis - relating 

the environmental factors to metabolism and consumption. In particular, the research questions 

addressed within this study are the following: 

1. Which biotic and abiotic environmental factors of and their combinations serve best in predicting 

growth variation of perch across gravel-pit lakes? 

2. How is the relative performance of a model consisting of only simple variables as obtainable by 

local angling clubs? 

3. What does a typical growth curve of perch in German gravel-pits look like and what are the 

corresponding estimates of maximum attainable length and growth speed? 

4. Which biotic and abiotic factors predominantly shape environmental variation across gravel-pits 

and how do they interact? 
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2. Methods 
 

2.1 Study lakes and age data collection 

Fish communities and environmental lake descriptors of 13 gravel pit lakes (<20 ha) located in the 

lowlands of Lower Saxony, north-western Germany, were surveyed in autumn 2016 (Fig. 1; Tables 

1 & 2). Fish community surveys comprised the use of benthic multi-mesh gillnets and day-time 

electrofishing. Following the method of Appelberg (2000), the number of gillnets and the additional 

application of pelagic nets was adapted to the size and maximum depth of the respective lake. 

Gillnets of 40 m length with mesh sizes of 5 – 135 mm were deployed overnight for approximately 12 

hours following CEN (2015). Benthic nets were randomly distributed over the whole lake within fixed 

depth strata (0-2.9, 3-5.9, 6-11.9, and >12 m). Electrofishing was conducted along the entire 

shoreline of each lake from a boat using an 8 kW fuel-driven generator (EFKO Fischfanggeräte GmbH 

Leutkirch “FEG 8000”) and an anode diameter of 40cm. The total length of each fish was measured to 

the nearest millimeter, and weight was recorded for a subsample of 20 fish per 20 mm length-class, 

measured to the nearest 100 mg. 

 

2.1.1 Age data collection 

Ten individual perch per 20 mm length-class were sampled for the growth analysis (fewer individuals 

if fewer than ten perch were caught in a length-class). Opercular bones were chosen for age and 

growth determination, as these structures may allow more precise and reliable growth estimations 

compared to other hard structures of perciid species (Le Cren, 1947; Baker and McComish, 1998). 

Both opercula were removed from the previously killed fish using scissors. Sampled opercula were 

Fig. 1 Location of surveyed gravel pit lakes in Lower Saxony, Germany (modified from Matern et al., 2019). 
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stored in small plastic bags and maintained at -20°C as soon as possible after collection. After 

thawing, the opercular bones were cleaned and freed from skin by soaking them for 1–2 minutes in 

boiling water. The skin could then be easily removed with a cloth between the fingers. Subsequently, 

the samples were air-dried for at least one minute to optimize visibility of annual marks (“annuli”; Le 

Cren, 1947). 

One operculum was prepared and analyzed for each individual. In addition, for all perch >250 mm, 

but at least the five largest individuals per lake, both opercula were prepared. For those fish, both 

opercula were analyzed and radius measurements averaged. The aim of this was to analyze growth 

of the (presumably) oldest individuals as accurately as possible, since these fish are usually less 

frequent in a population, but have a substantial impact on the population growth function (Quist et 

al., 2012). 

To gather length-at-age data, annuli were identified 

through careful inspection of the opercula. Their 

radius was then measured as the distance from a 

‘focus’ located on the inner part of the structure to 

the outer edge of the annulus. The total operculum 

radius was recorded as the distance from the focus 

to the outer edge of the structure. These 

measurements were taken along a consistent 

measurement axis aligned through the centermost 

part of the operculum (see Fig. 2). The described 

measurements were taken using a digital 

microscope and image analysis software (Quick 

Scope vision measurement device; QSPAK 

software; www.mitutoyo.co.jp/eng). Age-0 fish and 

individuals where the opercula showed no 

discernible annuli formation at all were excluded 

from the analysis. Moreover, the growth increment 

of the year-of-capture was omitted from latter 

analyses, since this year was not completed. 

The opercula size-at-age data did not exhibit the Rosa Lee phenomenon (Lee, 1920) after an initial 

inspection following the approach put forward by Duncan (1980). 

 

2.2 Environmental variables 

I herein examined a broad range of environmental variables, characterized as biotic or abiotic 

processes, to enable an accurate description of the relationships between perch growth and 

environment in gravel-pits. 

2.2.1 Abiotic variables 

Measures of lake morphometry are represented by lake area, mean depth, maximum depth, and the 

extension of littoral zone (area with water depth <3 m). This information was derived from 

bathymetric charts crafted for all lakes by means of echosounder- and GPS surveys. A shoreline 

development factor was calculated as the ratio of a lake’s shoreline length to the circumference of a 

circle of equal area to the lake (Hutchinson, 1957). Indicators of lake trophic status were measured as 

chlorophyll-a, total phosphorous, and Secchi-depth. Since these measures are known to highly 

fluctuate across seasons and potentially years, I averaged observations from autumn 2016, spring, 

Fig. 2 Operculum of a 4-year old individual. 
Depicted are location of the “focus” (origin of 
measurements) as suggested by Le Cren (1947) 
and measurement axis for radius determination. 
Picture modified from Kokkin et al. (2017). 
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summer, and autumn 2017 to get measures of mean chlorophyll-a and mean total phosphorous. 

Secchi-depth data additionally comprises observations from spring, summer, and autumn 2018. 

The percentage of macrophyte coverage was calculated from echosounder surveys by kriging using 

commercial software (Winfield et al., 2015; Valley, 2016; www.gofreemarine.com/biobase/). 

Coarse woody structures were surveyed along equidistant transects of 10 m length from the shore 

(or to 3m water depth). From those transect counts, the number of coarse woody objects per m² was 

calculated for each lake (further details in Robichon, 2017). 

As a measure of the temperature experienced by the perch, I calculated the cumulative growing 

degree-days as derived from temperature logger data (Onset “HOBO Pendant Temp” dataloggers). 

Two loggers were fixed at 0.5 m water depth in each lake respectively, usually on shore sites on 

opposite sides of the lake. These loggers measure and internally save ambient water temperature 

every two hours. First, daily degree-days were calculated as the integral of mean daily temperature 

above a threshold of T0 = 10 °C (Chezik et al., 2014). These daily values were then summed per year 

to yield the cumulative growing degree-days. Temperature data from 2016 – 2018 were analyzed, 

averaging repeated observations of daily degree-days across years. A T0 of 10 °C was chosen, since 

this is known as the threshold where somatic growth becomes apparent in perch (Karaås, 1990), 

and has been used in former growth analyses of this species (Mooji et al., 1994). 

2.2.2 Biotic variables 

Community mechanisms expected to impact growth comprised inter- and intraspecific competition, 

predation pressure, and overall perch density. These variables were calculated as the “metabolic 

biomass”, since it has been suggested that raw CPUE measures do not appropriately account for the 

disproportionally higher consumption by large individuals (Walters & Post, 1993; Post et al., 1999). 

Metabolic biomass is calculated as the sum of squared fish lengths per unit fishing effort (hereafter 

abbreviated as “length²”). Intraspecific competition measures comprised length² estimates of small 

perch (<120 mm) and perch of all sizes. Interspecific competition was measured as the length² of all 

non-perch species <120 mm. Predation pressure was represented by the length² estimate of 

potential predatory species (Pike Esox lucius, Zander Sander lucioperca, and perch > 120 mm). The 

named measures were derived using only gillnet catch data, computed as the sum of squared fish 

lengths (cm²) per 100 m² of net. 

As an indicator of how early perch switch to piscivorous feeding in a given lake, I calculated a 

piscivory index as the mean trophic level of age-2 and age-3 perch. Mean trophic level was derived 

from a previously conducted stable isotope analysis of the same individuals as were sampled for 

growth (Trudeau, 2018). 

 

2.3 Modeling growth 

Growth models were based on operculum length-at-age instead of fish length-at-age data to 

minimize uncertainty. This is because the derivation of fish length-at-age data requires back-

calculation formulas where unknowns are derived from a regression of operculum radius against fish 

total length (Francis, 1990). 

I fitted a von Bertalanffy growth function (von Bertalanffy, 1938) to the combined length-at-age data 

from both gears using a Bayesian hierarchical mixed-effects model. Length 𝐿 at a given age 𝑡 is 

therefore predicted by 

𝐿𝑡,𝑙,𝑖 =  𝐿∞𝑙,𝑖 (1 − 𝑒(−𝐾𝑙,𝑖(𝑡𝑙,𝑖−𝑡0)) 
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where 𝐿𝑡,𝑙,𝑖 is the predicted length of fish i in lake l at time 𝑡, 𝐿∞𝑙,𝑖 is the theoretical maximum length 

of fish I in lake l, 𝐾𝑙,𝑖 is the Brody growth coefficient of fish I in lake l, and 𝑡𝑙,𝑖 is the estimated age of 

fish 𝑖 in lake 𝑙. The parameter 𝑡0, the theoretical age at length zero, was averaged and fixed across all 

observations. The aim of this strategy was to ensure best possible comparability of the growth 

parameters of interest, 𝐿∞ and 𝐾, and to facilitate model convergence. 

The data structuring followed a hierarchical approach (reviewed in Quist & Isermann, 2017). Hereby, 

repeated measurements of annulus-specific growth (in mm) were nested within individual fish, 

individual fish were nested within lakes, and each lake was associated with a unique set of 

environmental characteristics. 

In the interest of reporting predictions of size-at-age at the body length scale, I initially regressed 

opercula radii on fish’s total length. Moreover, I checked homoscedasticity in residuals to be sure 

that all model assumptions are met (Appendix 1). 

 

 

Lake Lake area [ha] Mean depth 
[m] 

Max. depth 
[m] 

SDF Chlorophyll-a 
[µg/l] 

Secchi-depth 
[m] 

Chodhemster Kolk 3.26 5.55 10.1 1.10 4.25 ± 1.61 1.41 ± 0.7 

Collrunge 4.71 3.95 8.61 1.09 4.57 ± 1.51 2.81 ± 0.65 

Donner Kiesgrube 0.97 3.32 5.16 1.19 8.86 ± 5.33 1.46 ± 0.62 

Kiesteich Brelingen 9.36 3.21 8.71 1.85 6.5 ± 2.27 1.23 ± 0.31 

Kolshorner Teich 4.75 6.38 16.1 1.09 4.8 ± 3.54 3.41 ± 1.39 

Meitzer See 19.6 11.9 23.5 1.31 2.05 ± 0.4 4.24 ± 0.53 

Pfütze 11.4 4.26 7.35 1.72 5.71 ± 4.31 2.74 ± 0.84 

Plockhorst 15.1 3.18 8.19 1.6 34.5 ± 10.9 0.85 ± 0.3 

Saalsdorf 9.03 5.33 9.21 1.28 15 ± 4 1.57 ± 0.66 

Stedorfer Baggersee 2.12 1.67 2.81 1.2 10.2 ± 1.7 1.1 ± 0.65 

Steinwedeler Teich 11 5.29 9.06 1.72 5.78 ± 3.28 3 ± 1.06 

Weidekampsee 3.23 2.25 4.29 1.57 3 ± 0.59 3.31 ± 0.86 

Wiesedermeer 3.27 3.73 9.23 1.67 6.67 ± 1.51 1.89 ± 0.64 

Mean 7.52 ± 5.62 4.62 ± 2.57 9.41 ± 5.31 1.41 ± 0.28 8.6 ± 8.47 2.23 ± 1.07 

 Total phosphorous 
[µg/l] 

Macrophyte coverage 
[%] 

CWS density 
[N/m²] 

Littoral area 
[%] 

GDD  
[°C*day] 

Chodhemster Kolk 14.7 ± 3.8 22.9 0.01 26.4 1531 

Collrunge 13.2 ± 3.6 45.4 0.035 32.7 1807 

Donner Kiesgrube 39.8 ± 22 11.3 0.087 36.2 1818 

Kiesteich Brelingen 31.3 ± 22 4.21 0.031 48.9 1671 

Kolshorner Teich 10.5 ± 6.3 19 0.082 20.4 1954 

Meitzer See 6 ± 3.56 5.22 0.061 8.8 1616 

Pfütze 13.5 ± 2.4 62.9 0.049 32.8 1913 

Plockhorst 42.8 ± 9.7 19.9 0.08 52.1 1841 

Saalsdorf 20.3 ± 7.8 22.4 0.071 15.6 1664 

Stedorfer Baggersee 28 ± 9.1 59.8 0.024 100 1700 

Steinwedeler Teich 10.3 ± 4 16.7 0.029 17.5 1820 

Weidekampsee 9.3 ± 4.92 72.7 0.026 58.3 1837 

Wiesedermeer 16.3 ± 5.6 17.8 0.005 42.9 1707 

Mean 19.7 ± 12 26.1 ± 25.1 0.045 ± 0.028 37.9 ± 23.9 1760 ± 122 

Tab. 1 Overview of sampled lake descriptors and their mean across all lakes. Standard deviation is given for 
variables with repeated measurements and cross-lake means. GDD = Growing degree-days, CWS = Coarse 
Woody Structure, SDF = Shoreline development factor. 

 



Leander Höhne – Growth of Eurasian perch across small gravel-pit lakes 

13 

 

 

 

2.3.1 Explaining growth variation along environmental gradients 

To identify key mechanisms shaping perch growth, lake-specific 𝐿∞𝑙 and 𝐾𝑙 estimates were modeled 

as a function of different combinations of environmental variables. Following the arguments of van 

Poorten and Walters (2016), it is possible to predict how these mechanisms affect von Bertalanffy 

growth parameters. Hereby, asymptotic length 𝐿∞ is assumed to be a ratio of anabolism 𝑞 

(approximately proportional to consumption) and standard metabolic rate 𝐾 per body length (
𝑞𝐿

𝐾𝐿
). 

This suggests that external factors that affect consumption alone, either directly through foraging 

rate or -efficiency, or indirectly through food availability, will impact 𝐿∞. In contrast, mechanisms 

affecting consumption and metabolism simultaneously, will cancel out of this fraction. Consequently, 

I decided to model covariates affecting consumption on 𝐿∞𝑙, while covariates affecting both 

consumption and metabolism were modeled on 𝐾𝑙.  

An overview of lake- and community-specific variables that were examined in the analysis is given in 

Table 1 and Table 2. Their assignment to von Bertalanffy parameters is shown in Tab. 3. Variables 

that were modeled on 𝐿∞𝑙 were assumed to mainly operate through effects on prey availability or 

foraging efficiency. These include measures of lake productivity, such as chlorophyll-a-, total 

phosphorous concentration, and Secchi depth. Structural variables such as the proportion of littoral 

zone, shoreline development factor, macrophyte- and dead wood density, may be related to 

macroinvertebrate abundance and diversity, thereby impacting consumption (Heck & Wetstone, 

1977; Schramm & Jirka, 1989; Benke & Wallace, 2003; Smokorowski et al., 2006; Matias et al., 2010). 

Competitive measures, i.e., metabolic biomass of intra- and interspecific competitors (< 120 mm), 

and perch of all sizes, were modeled on 𝐿∞𝑙  as they ultimately affect the per capita consumption. 

Water temperature, herein measured as the annual growing degree-days, affects consumption 

through activity and energy demands, and metabolism through enzyme activity (Paloheimo & Dickie, 

1966; Fry, 1971; Kitchell et al., 1977). Hence, it was modeled using 𝐾𝑙 as response variable. Mean 

depth, max depth, and lake area were also modeled on 𝐾𝑙, since former studies indicate a correlation 

between these lake morphometry measures and water temperature (e.g., Arai, 1981). Piscivory was 

Lake Length² Perch 
[cm²/100 m²] 

Length² Predators 
[cm²/100 m²] 

Length² Intraspecific 
[cm²/100 m²] 

Length² Interspecific 
[cm²/100 m²] 

Piscivory 

Chodhemster Kolk 2558 1887 1339 2600 3.51 

Collrunge 9386 3900 5486 4086 3.20 

Donner Kiesgrube 12418 7076 5342 9704 3.98 

Kiesteich Brelingen 11908 7952 4788 9935 3.96 

Kolshorner Teich 3218 3485 632 1086 2.97 

Meitzer See 2598 2481 293 1577 3.70 

Pfütze 6001 2979 3021 2404 3.71 

Plockhorst 6886 7355 2789 12737 3.50 

Saalsdorf 4138 1478 3349 11302 4.62 

Stedorfer Baggersee 7717 3273 4443 6796 3.46 

Steinwedeler Teich 7558 6501 1102 7233 2.63 

Weidekampsee 5161 4942 349 6246 2.91 

Wiesedermeer 2494 3536 589 10706 3.70 

Mean 6311 ± 3416 4373 ± 2177 2579 ± 1978 6648 ± 4015 3.53 ± 0.52 

Table 2 Overview of sampled community descriptors and their mean across all lakes. 
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assumed to influence consumption through the consumed prey type, and metabolism through 

increased activity when chasing highly mobile prey fish. Finally, predator biomass was modeled on 

𝐾𝑙, as high predation pressure may induce shier behavior, thus reducing activity and food uptake of 

prey individuals (Magnhagen, 1988a; Magnhagen, 1988b; Magnhagen & Borcherding, 2008). In 

addition, predator biomass may affect consumption of piscivorous perch through competition 

processes. 

A principal component analysis was conducted to identify main sources of environmental variation 

between lakes and to recognize potentially confounded variables (Table 3). All principal component 

axes where the eigenvalue was higher than values produced by a broken-stick model, were 

interpreted (Jackson, 1993). The interpretation of loadings was subjective and variables with high 

loadings on the same axis were never used together in one model to avoid multicollinearity issues. 

I computed multiple nested models using stepwise, forward variable selection to ultimately find a 

combination of predictor variables that performs best in describing growth of perch. Forward 

variable selection was chosen after an initial comparison of the base model with a complex model 

including the maximum number of uncorrelated variables. This comparison showed only a slight 

improvement in model goodness of fit for the complex model. It was thus likely that the best-

performing model would consist of rather few variables and for efficiency reasons, forward selection 

was conducted. The forward variable selection began from a base model that estimates population-

specific von Bertalanffy growth parameters across the study lakes without any covariates. Initially, 

each of the considered covariates (Table 1) was modeled one at a time on the response variable (𝐿∞𝑙 

or 𝐾𝑙) the covariate was previously assigned to. This step led to the identification of significant and 

non-significant factors (Table 4, models #1 – #16). Note that I use the term significant to allow 

comparability with a frequentist context, but the strict meaning here is that the 95% credibility 

interval of any posterior distribution does not include zero (Royle et al., 2013). 

Next, significant factors were paired among each other (models #17 – #19). To the best performing 

two-variable model, I included a third predictor from all variables, also non-significant ones, that 

performed better in a single-variable model than the base model (see model evaluation methods in 

section 2.3). This step was repeated until model goodness was not improved anymore by inclusion of 

further variables. The best-ranked model was then retained as the most suitable one to explain 

growth of perch in gravel-pit lakes (Table 4). 

After having identified the best available model to describe perch growth, the set of covariates was 

reduced to only those that were assumed to be readily obtainable by fisheries managers (Table 5). 

The previously described variable selection process was then repeated in the same way to find the 

“best applicable” model, additional to the overall best available growth model. Finally, the relative 

performance of this “applicable” model was visually examined by plotting von Bertalanffy predictions 

derived from both models in one plot (Fig. 6; Appendix 2). 

To assure positive values for the growth coefficient 𝐾𝑙, all covariates affecting consumption and 

metabolism were implemented in the following linear form using a log-link function (suggested by 

Pilling et al., 2002) 

𝐾𝑙,𝑖 =  𝐾𝑙  𝑒 ∑ 𝛼𝑗 𝑋(𝐶𝑀)𝑗 

where 𝑋(𝐶𝑀)𝑗 is an observed covariate affecting consumption and metabolism (𝐶𝑀), and 𝛼𝑗 

represents the estimated variable-specific effect size. 
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The same applied for covariates that were assumed to affect consumption exclusively and were thus 

modeled on 𝐿∞𝑙 

𝐿∞𝑙,𝑖 =  𝐿∞𝑙  𝑒 ∑ 𝛽𝑗 𝑋(𝐶)𝑗 

with 𝑋(𝐶)𝑗 being a covariate that affects consumption (𝐶), and 𝛽𝑗 being the corresponding effect size. 

All covariates were z-transformed (mean-subtracted and divided by standard deviation) prior to 

application of the model. 

Concerning the stochastic components of the hierarchical model, up to four levels were considered. 

For the lowest level, size-at-age observations were assumed to be normally distributed around the 

expected value (𝐿𝑡,𝑙,𝑖 ) with a common (within and across fish) standard deviation (σobs). At the 

between-fish level of the same lake, the three parameters of the von Bertalanffy model were 

assumed to be gamma distributed with a lake-specific mean and standard deviation. Note that these 

gamma distributions were parameterized by a rate and a scale, the latter being the product of the 

expected mean and the rate. The lake-specific values of the von Bertalanffy parameters were in turn 

assumed to be gamma distributed with a mean given by a lake-specific expected value and with a 

between-lake standard deviation. For 𝐿∞ and 𝐾, the lake-specific expected values were given by the 

linear combination of environmental variables described above. Conversely, the expected value for 

the theoretical age at length zero, 𝑡0, was assumed to be environmentally independent and the same 

across lakes. 

The priors for the scale and rate of the gamma distributions at the upper hierarchical level were in 

turn assumed to be gamma distributed with nearly non-informative parameters (rate = 0.001 and 

scale = 0.001). Some preliminary trials suggested that this setting ensures reasonable convergence. 

The posterior probability distribution for each model was inferred using Markov Chain Monte Carlo 

(MCMC) simulation. The sampling algorithm used was Gibbs sampling, as implemented in JAGS 4.3.0 

(Plummer, 2003). The model, data and MCMC settings were implemented with an ad-hoc R routine 

(R 3.5.2; R Core Team, 2018) that used the “R2Jags” package (Su & Yajima, 2012). Posterior 

probability distributions were estimated from 100,000 iterations, a burn-in period of 50,000 

iterations, a thinning factor of 10, and three Markov chains. Convergence was then evaluated 

through visual examination of trace plots of MCMC chains. Moreover, when the estimated R.hat 

value (a statistic that compares within- and between chain variability) of any covariate in a model 

exceeded 1.1, additional sets of 50,000 iterations each were run until all R.hat values were < 1.1 

(Gelman & Shirley, 2011). In doing so, former iterations were burnt-in. This step was meant to ensure 

comparability of model goodness measures (section 2.3) across models. 

 

2.4 Model evaluation 

Following Quince et al. (2008), the deviance information criterion (DIC; Spiegelhalter et al., 2002) was 

used to assess and compare all tested models (Tables 3 & 4). This measure evaluates the quality of a 

model based on its explanatory power, while rewarding lower numbers of effective parameters (= 

„law of parsimony“). A smaller value of DIC thus corresponds to a more parsimonious model and 

increased prediction power. Consequently, the model with the lowest DIC was retained as the most 

suitable model to describe perch growth in gravel-pits based on environmental and demographic 

covariates. 
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3. Results 
 

In total, N = 787 perch were collected throughout the sampling campaign and contributed to the 

cross-lake growth analysis. Total length and weight of the observed fish ranged from 48 – 434 mm, 

and 1.2 – 1380.5 g. The estimated age of the oldest individual in the sample was 10 years. 66% of 

sampled perch were captured by gillnet, whereas electrofishing made up 34% of the perch catch. 

 

3.1 Sources of environmental variation in gravel pits 

According to the principal component analysis (Table 3), most variation in environmental- and 

community characteristics across gravel-pits could be attributed to variables describing lake 

morphometry (mean depth, max. depth, proportion of littoral), and trophic status (Secchi depth and 

total phosphorous). Related with these variables was the metabolic biomass of non-perch species 

(see “PC 1” of the Principal Component Analysis; Table 3). The second principal component was 

mainly composed of macrophyte coverage and piscivory, loading inversely on this axis. Metabolic 

biomasses of predators, perch, and small perch (<120 mm) loaded highest on PC-3. Shoreline 

development factor contributed high loadings to both PC-4 and PC-5, while shaping PC-4 together 

with small perch biomass, and PC-5 together with coarse wood density. Loadings of lake area, 

chlorophyll-a, and Growing degree-days were more or less evenly distributed across all axes. 

Therefore, they were considered independent, uncorrelated factors in the subsequent growth 

modeling procedure. 

 

 

 

 
PC1 – 

„Morphometry“ 
PC2 – 

„Macrophytes“ 
PC3 – 

„Perch density“ 
PC4 – „Shoreline 

development“ 
PC5 – 

„Wood“ 

Eigenvalue 5.034 3.047 2.521 1.831 1.417 

Variance explained [%] 25.6 21.0 16.8 14.2 11.7       

Lake area [ha] -0.168 0.316 -0.166 -0.343 0.222 

Mean depth [m] -0.397 0.236 -0.042 -0.003 0.033 

Max. depth [m] -0.377 0.229 -0.074 -0.052 0.023 

Shoreline development factor 0.134 0.015 -0.031 -0.449 0.560 

Mean Chlorophyll-a [µg/l] 0.260 0.308 -0.112 -0.174 -0.164 

Mean Secchi depth [m] -0.369 -0.186 -0.200 -0.149 0.004 

Mean total phosphorous [µg/l] 0.372 0.249 -0.087 0.045 -0.126 

Macrophyte coverage [%] 0.107 -0.431 0.085 -0.281 -0.183 

CWS density [N/m²] -0.001 0.312 -0.220 -0.189 -0.568 

Proportion littoral zone [%] 0.323 0.223 -0.142 -0.001 0.024 

Growing degree-days [°C*day] 0.043 -0.217 -0.365 -0.360 -0.359 

Length² perch [cm²/100 m²] 0.099 -0.088 -0.523 0.320 0.152 

Length² predators [cm²/100 m²] 0.231 0.019 -0.413 -0.158 0.238 

Length² intraspecific [cm²/100 m²] 0.047 -0.059 -0.459 0.435 0.076 

Length² interspecific [cm²/100 m²] 0.343 0.250 0.085 -0.111 0.139 

Piscivory [MTL at age 2, 3] 0.103 0.382 0.184 0.226 -0.041 

Table 3 Results of the Principal Component Analysis. Five axes were interpreted, explaining 89.3% of variance in 
total. Variables considered loading together on an axis are highlighted in bold letters. 



Leander Höhne – Growth of Eurasian perch across small gravel-pit lakes 

17 

3.2 Growth models without covariates 

The fitted von Bertalanffy growth curves for all lakes on the basis of length-at-age data without any 

covariates are shown in Fig. 3a. Maximum age observed in the sample was 10 years. Medians of 

posterior probability distributions of 𝐿∞𝑙, derived from this Base model ranged from 392.8 mm (Lake 

Stedorfer Baggersee) to 456.7 mm (Lake Plockhorst; Fig. 3b). Median estimates of 𝐾𝑙 ranged from 

0.095 (Lakes Stedorfer Baggersee and Chodhemster Kolk) to 0.146 Lake Kiesteich Brelingen; Fig. 3c). 

From visual cues, the variation in estimates of 𝐾𝑙 appeared larger than the variation in 𝐿∞𝑙 across 

lakes. The Base model was assigned a DIC of 4180.5, which was 137 greater than the DIC from the 

best model that included explanatory covariates (Table 4). 
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3.3 Growth models including environmental- and community variables 

All available predictors were added as covariates individually to the aforementioned Base model in 

models #1–#16 (Table 4). Adding proportion of littoral area, total phosphorous, or Secchi depth to 

the Base model led to an increased DIC (#7, #9, #10 in Table 4). Hence, these predictor covariates 

were not included in following, more complex models. The inclusion of all other single variables 

lowered the DIC in comparison to the Base model. These variables were thus considered for inclusion 

in more complex models. The individual effects of predator metabolic biomass, shoreline 

development factor, and chlorophyll-a on their respective response variable 𝐿∞𝑙 or 𝐾𝑙, were found to 

be significant. Those significant covariates were combined with each other in the next step of the 

model selection process (models #17–#19). Hereby, I found model #17, which includes shoreline 

development factor (𝐿∞𝑙) and predator biomass (𝐾𝑙) as predictors, to perform best as indicated by 

the lowest DIC estimate. In this model, the effect of the predator biomass on 𝐾𝑙 was significant, 

whereas the effect of shoreline development factor on 𝐿∞𝑙 was not. Further inclusion of additional 

variables (models #20–#30) did not deliver any improvement in DIC. Moreover, the distance between 

a predicted growth curve from the lower and upper quantile of the predictor was larger for predator 

biomass than for shoreline development factor (Fig. 4). In other words, the effect size on projected 

growth curves induced by predator biomass was greater than the effect size of shoreline 

development factor. 

A results table of the model selection process using only readily obtainable variables is given in 

Table 5. In the single-covariate models (#1–#13), shoreline development factor (model #8) received 

the lowest DIC estimate, and was the only significant variable. On the next level of complexity (two 

predictors; models #31–33), all models had larger DIC values compared to model #8. The 

best-performing one among models with two predictors was model #33, consisting of shoreline 

development factor and maximum depth as covariates. This model increased the DIC of model #8 by 

8.4. In this model, shoreline development factor was significantly related to 𝐿∞𝑙, while maximum 

depth was not significantly related to 𝐾𝑙. Likewise, the effect size of shoreline development was 

substantially larger than of maximum depth as visualized in Fig. 5. To not miss any interaction effects, 

I additionally explored all possible three-variable models (following the framework described in 

section 2.3), and consistently found further increases in the DIC. 

Visual examination of comparison plots of growth functions as predicted from model #17 with 

predictions from model #33 suggested that there are minor differences between the two projections. 

Slight offsets or a wider credibility interval, were observed for very few lakes (e.g., “Wiesedermeer”; 

Appendix 2m). 

Extensive results of the model selection process including Bayesian credibility intervals of parameter 

estimates are given in Appendices 5 and 6. 
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Table 4 Results of the model selection process considering all available covariates. Given are the implemented 
variables in any respective model, and the Deviance Information Criterion (DIC) as the ranking criterion. Best 
performing model’s DIC is highlighted in bold (#17). ΔDIC corresponds to the numerical difference of any 
model’s DIC to that of the best performing model. Bold letters and a * indicate a significant covariate. 

 

 

 

 

 

 

 

 

 

 

 

 

Model 𝑳∞𝒍 𝑲𝒍 DIC ΔDIC 

Base 𝐿∞𝑙 𝐾𝑙  4180.5 137 
#1 𝐿∞𝑙 𝐾𝑙  e Lake area 4176.9 133.3 
#2 𝐿∞𝑙 𝐾𝑙  e Mean depth 4163.7 120.2 
#3 𝐿∞𝑙 𝐾𝑙  e Max. depth 4116.2 72.6 
#4 𝐿∞𝑙 𝐾𝑙  e Growing degree-days 4047.9 4.4 
#5 𝐿∞𝑙 𝐾𝑙  e Piscivory 4095 51.4 
#6 𝐿∞𝑙 𝐾𝑙  e Length² Predators* 4098.3 54.7 
#7 𝐿∞𝑙 e

 Proportion Littoral 𝐾𝑙  4182.6 139 
#8 𝐿∞𝑙 e Shoreline development factor* 𝐾𝑙  4059.2 15.7 
#9 𝐿∞𝑙 e Total phosphorous 𝐾𝑙  4201.5 158 
#10 𝐿∞𝑙 e

 Secchi depth 𝐾𝑙  4207.7 164.2 
#11 𝐿∞𝑙  e Chlorophyll-a* 𝐾𝑙  4098.9 55.3 
#12 𝐿∞𝑙 e Coarse woody structure 𝐾𝑙  4096.4 52.9 
#13 𝐿∞𝑙 e Macrophyte coverage 𝐾𝑙  4099.3 55.8 
#14 𝐿∞𝑙 e Length² Interspecific 𝐾𝑙  4130 86.4 
#15 𝐿∞𝑙 e Length² Intraspecific 𝐾𝑙  4060.3 16.7 
#16 𝐿∞𝑙 e Length² Perch 𝐾𝑙  4057.2 13.6 
     
#17 𝐿∞𝑙 e Shoreline development factor 𝐾𝑙  e Length² Predators* 4043.5 0 
#18 𝐿∞𝑙  e Chlorophyll-a* 𝐾𝑙  e Length² Predators* 4074.9 31.3 
#19 𝐿∞𝑙 e Shoreline development factor* + Chlorophyll-a* 𝐾𝑙  4200.3 156.7 
     
#20 𝐿∞𝑙 e Shoreline development factor 𝐾𝑙  e Length² Predators* + Lake area 4189.3 145.8 
#21 𝐿∞𝑙 e Shoreline development factor 𝐾𝑙  e Length² Predators* + Mean depth 4072.5 29 
#22 𝐿∞𝑙 e Shoreline development factor 𝐾𝑙  e Length² Predators* + Max. depth 4273.5 230 
#23 𝐿∞𝑙 e Shoreline development factor 𝐾𝑙  e Length² Predators + Growing degree-days 4116.6 73.1 
#24 𝐿∞𝑙 e Shoreline development factor 𝐾𝑙  e Length² Predators* + Piscivory 4140.5 97 
#25 𝐿∞𝑙 e Shoreline development factor + Chlorophyll-a 𝐾𝑙  e Length² Predators* 4061.6 18.1 
#26 𝐿∞𝑙 e Shoreline development factor + Coarse woody structure 𝐾𝑙  e Length² Predators* 4098.8 55.2 
#27 𝐿∞𝑙 e Shoreline development factor + Macrophyte coverage 𝐾𝑙  e Length² Predators* 4095.4 51.9 
#28 𝐿∞𝑙 e Shoreline development factor* + Length² Interspecific 𝐾𝑙  e Length² Predators* 4091.9 48.4 
#29 𝐿∞𝑙 e Shoreline development factor + Length² Intraspecific 𝐾𝑙  4131.3 87.8 
#30 𝐿∞𝑙 e Shoreline development factor + Length² Perch 𝐾𝑙  4147.6 104.1 



Leander Höhne – Growth of Eurasian perch across small gravel-pit lakes 

20 

Tab. 5 Results of the model selection process using only variables that are considered obtainable by local 
fisheries managers. Given are the implemented variables in any respective model, and the Deviance 
Information Criterion (DIC) as the ranking criterion. Best performing model’s DICs are highlighted in bold 
(#8 & #33). ΔDIC corresponds to the numerical difference of any model’s DIC to that of the best performing 
model (#8). Bold letters and a * indicate a significant covariate. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Model 𝑳∞𝒍 𝑲𝒍 DIC ΔDIC 

Base 𝐿∞𝑙 𝐾𝑙  4180.5 121.3 
#1 𝐿∞𝑙 𝐾𝑙  e Lake area 4176.9 117.7 
#2 𝐿∞𝑙 𝐾𝑙  e Mean depth 4163.7 104.5 
#3 𝐿∞𝑙 𝐾𝑙  e Max. depth 4116.2 57 
#7 𝐿∞𝑙 e

 Proportion Littoral 𝐾𝑙  4182.6 123.4 
#8 𝐿∞𝑙 e Shoreline development factor* 𝐾𝑙  4059.2 0 
#10 𝐿∞𝑙 e

 Secchi depth 𝐾𝑙  4207.7 148.5 
#13 𝐿∞𝑙 e Macrophyte coverage 𝐾𝑙  4099.3 40.1 
     
#31 𝐿∞𝑙 e Shoreline development factor 𝐾𝑙  e Lake area 4138.6 79.4 
#32 𝐿∞𝑙 e Shoreline development factor 𝐾𝑙  e Mean depth 4090.1 30.9 
#33 𝐿∞𝑙 e Shoreline development factor* 𝐾𝑙  e Max. depth 4067.6 8.4 
     
#34 𝐿∞𝑙 e Shoreline development factor 𝐾𝑙  e Max. depth + Lake area 4100.4 41.2 
#35 𝐿∞𝑙 e Shoreline development factor* + Secchi depth 𝐾𝑙  e Max. depth 4154.4 95.2 
#36 𝐿∞𝑙 e Shoreline development factor* + Macrophyte coverage 𝐾𝑙  e Max. depth 4234.9 175.7 

Fig. 4 Effect sizes of covariates as predicted from model #17. Blue line represents a predicted growth curve when 
the respective covariate is set to its upper quantile value (97.5%). At the same time, other covariates in the 
model are fixed at their mean across lakes. Red line represents a growth curve predicted from the lower quantile 
of the respective covariate (2.5%). Dashed lines indicate the credibility interval of the projected growth curve. 
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Fig. 5 Effect sizes of covariates as predicted from model #33. Blue line represents a predicted growth curve 
when the respective covariate is set to its upper quantile value (97.5%). At the same time, other covariates in 
the model are fixed at their mean across lakes. Red line represents a growth curve predicted from the lower 
quantile of the respective covariate (2.5%). Dashed lines indicate the credibility interval of the projected growth 
curve. 

 

(c) Donner Kiesgrube 

(a) Chodhemster Kolk 

(d) Kiesteich Brelingen 

(b) Collrunge 

Fig. 6 Comparison plots of von Bertalanffy growth curves predicted by model #17 (black lines) versus growth 
curves predicted by model #33 (red lines) for four exemplary lakes. Dashed lines indicate the Bayesian 
credibility interval of the respective growth model. 
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4. Discussion 
 

Von Bertalanffy growth parameters were estimated for Eurasian perch from 13 different gravel-pit 

lake populations to determine environmental drivers of growth variation across these systems. In 

general, more variation was observable in estimates of lake-specific growth coefficients 𝐾𝑙 than in 

theoretical maximum length 𝐿∞𝑙 across the studied systems. Significantly related with these growth 

parameters were shoreline development factor (𝐿∞), chlorophyll-a (𝐿∞), and the metabolic biomass 

of predators (𝐾). Overall, growth of perch in gravel-pits was best predicted from a model combining 

shoreline development factor (𝐿∞) and metabolic predator biomass (𝐾). Predator biomass was able 

to induce greater magnitudes of variation in perch growth than did shoreline development, and is 

thus found to be the strongest driver of changing growth rates. The combination of shoreline 

development factor (𝐿∞) and maximum depth (𝐾) is highlighted for use by recreational fisheries 

managers with no access to complex variables. This model delivered similar growth projections as 

those derived from the top-ranked model and might thus constitute a promising application when 

complex information is lacking. 

 

4.1 Best prediction of perch growth in gravel-pits 

In this study, I found higher metabolic biomasses of predators to be associated with an increased 

growth coefficient 𝐾. Higher values of 𝐾 imply that the theoretical maximum length is approached 

faster, which is achieved by a fast juvenile growth. The observed positive relationship between 

predator biomass and growth speed is interesting on the first view, since it is known that juvenile 

perch reduce risk-taking behavior when exposed to a high predation pressure (Magnhagen & 

Borcherding, 2008). Shier behavior is tantamount to reduced feeding opportunities, likely leading to 

slower growth. In contrast, Biro et al. (2005) demonstrated that a high size-dependent predation risk 

even promotes risk-taking behavior in juvenile prey fish to increase their growth rates. They thus 

concluded that the incentive to outgrow life-stages where vulnerable to predation as fast as possible 

prevails over the avoidance of being eaten. A study by Heibo and Magnhagen (2005) observed the 

same positive link between relative predator density and growth rates in perch. The authors 

concluded that this pattern is likely a result of “thinning” effects. I.e., a high predation pressure is 

assumed to lead to decreased prey population densities, thereby lowering food competition. This 

ultimately results in increased growth of the remaining individuals (confirmed for perch by Persson et 

al., 1996). 

Since perch contributed 82% of the total biomass of predator species caught by gillnets, it is obvious 

that the observed effect is largely attributable to cannibalism by big perch. In this context, Persson et 

al. (2003) state that a perch population is able to shift between phases of domination by many, but 

slow-growing stunted cannibals, and phases of fewer, but fast-growing gigantic cannibals (matching a 

high metabolic biomass). In the former phase, many but intermediately-sized cannibals predate the 

newly hatched YOY-perch early on, causing enormous mortalities (up to 100%). Simultaneously, the 

energy extraction from eating these small prey fish is very low and cannibalistic perch have to 

supplement their diet by macroinvertebrates, resulting in stunted growth. If the number of 

cannibalistic perch, however, decreased, new YOY generations are not eradicated early on. Thus, 

they are able to grow to sizes where they constitute larger energy packages for cannibals, which in 

turn, show dramatically increased growth. Ultimately, this creates perch populations with less 

abundant but fast-growing giants that are reflected by high metabolic biomasses of predatory perch. 

This could be one explanation of why we observe a high metabolic biomass of perch together with 

fast growth rates. Hence, the apparent power of predatory and cannibalistic relationships to induce 
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changes in growth rates and alter perch populations between alternative states requires strong 

attention. Based on this result, it seems crucial to track the state of a perch population in order to 

adapt angler behavior. For example, if catches consist of numerous, but intermediately-sized perch 

with no large individuals, it might be advisable to harvest these medium-sized fish in order to reduce 

competition and induce a shift towards the alternative population state with fast and large growth, 

e.g., if the management target is to produce trophy fish. 

In addition to the predation effects on 𝐾, the theoretical maximum length 𝐿∞ was predicted by 

shoreline development factor in the top-rated growth model. Higher amounts of shoreline length in 

relation to a lake’s surface area may provide a higher quantity and diversity of habitats and resources 

(Barbour & Brown, 1974). Likewise, the role of complex shorelines and concomitant resource 

heterogeneity in promoting species richness has been stressed for macrophytes (Thomaz et al., 

2003), macroinvertebrates (Martinez-Sanz et al., 2012), and fish (Eadie & Keast, 1984; Eckmann, 

1995). Availability and sufficient quantity of these food sources and habitats might reduce 

bottlenecks across different niches and may thus play a substantial role for an ontogenetically 

complex species such as perch. Moreover, Persson (1983b) reported that habitat homogeneity in 

lakes (as is more likely met in lakes with low shoreline extension) hinders niche segregation among 

age-classes of perch. Intraspecific competition is thus increased in lakes with homogeneous habitats, 

ultimately resulting in a reduced number of age- and length-classes of a perch population. A reduced 

number of age- and length-classes is likely tantamount to a lower observed maximum length. Hence, 

these mechanisms could be explanations of why shoreline complexity was positively related to the 

theoretical maximum length 𝐿∞ of perch within this study.  

The presented findings on shoreline complexity underpin the ecological importance of the littoral 

zone for fish population traits (Winfield, 2004; Smokorowski & Pratt, 2007; Strayer & Findlay, 2010). 

The shallow littoral zones can be assumed to play a particular role in structure-poor gravel-pits with 

typically steep slopes of the shore (Gee, 1978). I herewith provide indications for the potential of 

extensive shorelines in proportion to the lake surface area to compensate for the natural lack of 

shallow zones and associated physical habitat in gravel-pit lakes with respect to fish production. 

Actively managing the shoreline length of any lake, however, is hardly viable. Nevertheless, the 

excavation of shores to create shallow water zones as well as the addition of physical habitat may be 

promising alternatives. 

Furthermore, I found a significant, positive effect of chlorophyll-a concentration on the 𝐿∞ estimate 

of a perch population. However, as can be seen in Appendix 3e, the gradient of chlorophyll-a 

concentrations within the study lakes is not continuous. One outlier lake had substantially higher 

chlorophyll concentrations than all other lakes, and at the same time the highest estimate of 𝐿∞𝑙. It 

is thus likely that the observed pattern is strongly influenced by this one outlier lake. Hence, the 

observed effect of chlorophyll is not interpreted in detail here. However, in a study on Yellow Perch, 

Perca flavescens, in Lake Erie, Hayward and Margraf (1987) conclude that the degree of 

eutrophication was the main factor responsible for changing growth rates. In hypereutrophic areas 

as well as during an oligotrophic period of that lake, growth was rather slow compared to the mildly 

eutrophic central basin. Concomitant with the increasing eutrophication were changes in size 

structure of benthic prey, leading to reduced food availability for larger perch and thus stunted 

growth in the hypereutrophic area. More general, Leach et al. (1977) presented simulation models 

that predicted growth of percids to be maximized at a certain, intermediate trophic state. Since the 

present study did not contain any highly eutrophic lakes, the positive linear relationship of 

chlorophyll-a and perch growth across the represented gradient within this study is in line with 

predictions from the literature.  
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Finally, predator metabolic biomass caused a larger effect size on projected growth curves in 

comparison to shoreline development factor. This might be in part connected with the generally 

higher amount of variation I found for estimates of 𝐾, compared with estimates of 𝐿∞. 

In sum, I conclude that a high complexity of shoreline promotes growth capacities of perch in 

otherwise structure-poor gravel pits, but population-internal factors such as size-dependent 

cannibalism most strongly shape growth rates of perch. 

 

4.2 Best prediction of perch growth from non-complex variables 

When reducing the set of predictor variables to only those that are easy to obtain by local fishing 

clubs, I found the best-performing model to consist of only shoreline development factor as covariate 

(affecting 𝐿∞). However, since this model is not able to predict both von Bertalanffy parameters of 

interest, it is not useful for the purpose of predicting the growth function of a perch population from 

environmental covariates. When adding different variables to predict 𝐾, I found the combination of 

shoreline development factor and maximum depth to perform best, with relatively minor 

deteriorations of model goodness. The effect size of shoreline development on growth projections 

was substantially larger than of maximum depth. Hence, this model is highlighted as the most 

suitable one for use in recreational fisheries management, where sampling means are usually 

restricted. 

The potential ecological mechanisms behind the positive effect of shoreline development on perch 

growth are discussed in the previous section. Though a directed effect of maximum depth on 𝐾 could 

not be observed, it is known from the literature that perch are a dominant species in deeper, 

mesotrophic lakes (e.g., Jeppesen et al., 2000; Olin et al., 2002; Mehner et al., 2005). The ecological 

interrelation with roach (Rutilus rutilus), particularly in the juvenile stage is very prominent in shaping 

a perch population’s traits, such as growth (Persson, 1983; Persson & Greenberg, 1990a, Persson & 

Greenberg, 1990b). It has been suggested that deeper lakes better allow for competition avoidance 

among these two species through niche separation (Kahl & Radke, 2006). A spatial segregation of 

perch and roach according to the utilization of food resources from different water layers has been 

corroborated by Horppila et al. (2000) and Laude (2002). It is thus assumed that possibilities of niche 

separation in spatial and food dimensions, as offered by deeper lakes, can widen the initially 

described “competitive bottleneck” between perch and roach. Through competition avoidance with 

roach, juvenile perch are not forced into an early shift to macroinvertebrates. Avoiding this early shift 

reduces perch competition with their older conspecifics and the frequently accompanying stunted 

growth (Persson & Greenberg, 1990b; Kahl & Radke, 2006). 

When comparing growth curves for each of the study lakes as predicted from the best available 

model with curves from the model of simple variables, it became apparent that both deliver very 

similar predictions with only minor deviations for very few lakes. This implies that predicting perch 

growth in gravel-pits from simple variables is possible with similarly accurate results as obtained 

when additionally considering complex variables. Using maximum depth (modeled on 𝐾) and 

shoreline development factor (modeled on 𝐿∞) to predict perch growth thus seems a promising 

approach for local recreational fisheries managers with restricted access to complex sampling 

methods. Hereby, the maximum depth of a lake can be obtained by a onetime echosounder survey, if 

this information is not yet available. Shoreline length can be measured from open-access geographic 

programs such as Google Earth, and shoreline development factor subsequently calculated from 

simple formulas (Hutchinson, 1957). 
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4.3 Environmental variation in gravel-pit lakes 

The main source of environmental variation across gravel-pits was found to be mediated by variables 

of lake trophy and morphometry (mean- and max. depth, Secchi depth, total phosphorous, and 

proportion of littoral zone), correlating with the biomass of small-sized non-perch species. The 

observed patterns within this first axis such as the inverse relationship between lake trophy and 

depth measures are in line with the literature on natural and bigger lake types (e.g., Mehner et al., 

2005; Liu et al., 2010). The correlation of non-perch species density with increasing trophic 

parameters (higher phosphorous loads, lower Secchi depth) is likely mediated by cyprinid species, 

which are known to become dominant in eutrophic systems (Persson et al., 1991). An interesting 

inverse relationship was found between an index of early piscivory and macrophyte coverage. This 

pattern seems logical, since higher macrophyte densities are associated with increased availability of 

zoobenthic food resources, so perch are not forced to shift to piscivory very early. These two axes 

together explained almost 50% of the variation within gravel-pits, with only minor loadings of biotic 

variables on these axes. Thus, within the surveyed environmental factors, more variation across 

gravel-pits was attributable to limnological and physical (abiotic) mechanisms, compared to biotic 

factors. 

 

4.4. Limitations 

A lack of continuity in environmental gradients constrains some generalizations of results. Mainly, 

this applies to covariates related to trophic status, with the majority of lakes in this study being 

rather mesotrophic. However, nutrient-scarcity seems to be a general trend across gravel-pits, as 

shown by a meta-analysis from Søndergaard et al. (2018). I emphasize that the environmental drivers 

of growth that were evidenced within this study, were inferred from a narrow geographical area and 

partially restricted environmental gradients. For instance, it is well-known that temperature affects 

perch growth when larger geographical ranges or variation across many years are considered (Le 

Cren, 1958; Mooij et al., 1994; Griffiths & Kirkwood, 1995; Arranz et al., 2015; van Dorst et al., 2019). 

However, within the same geographical region, temperature seems to not exert strong effects, as I 

found no relationship with growth rates in this study. 

In addition, fish were captured using two different sampling gears (electrofishing and gillnetting), but 

the capture method was not explicitly accounted for in the analysis. This may exert an impact on the 

results, as it is conceivable that different gears select individuals with particular personality traits (or 

sexes), and ultimately different growth characteristics (Colvin, 2002; Diaz Pauli et al., 2015). This 

presumption is approved by a comparison of von Bertalanffy parameters of fish sampled by different 

gears (Appendix 7), showing that 𝐿∞ and 𝐾 estimates both are consistently higher for gillnetted 

perch. I thus infer that using multiple gear types is essential to obtain a reliable representation of the 

average growth in a perch population. Ideally, however, sampling gear should be accounted for when 

modeling environmental dependencies on growth. However, it may still be a fair assumption that the 

proportion of fish sampled by electrofishing or gillnetting represents the amount of fish that are 

dwelling in either one habitat type (littoral or pelagic) and grow accordingly. Consequently, I expect 

my lake-specific 𝐿∞ and 𝐾 estimates to still represent average growth of the respective population 

reliably. 

Furthermore, it is evident that fishing consistently removes large and old fish, and individuals with 

certain personality traits. This may ultimately result in a selection against fast-growing fish (e.g., Biro 

& Post, 2008). Quantifying angling pressure as a proxy for the intensity of fishery-induced growth 

impacts could thus constitute a valuable addition to growth models. Fishing intensity might 
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constitute an obvious explanation for growth patterns that cannot be attributed to environmental 

influences. Examining these assumptions was however not feasible within this study, since angling 

clubs could not provide any reliable harvest statistics for perch, while angling effort data was not 

available at all. 

Finally, attention must be paid to the temporal mismatch between back-projected growth estimates 

and sampling of environmental parameters. That is, growth was calculated back in time from the 

sampling year in 2016, but lake- and community variables were only available for 2016 and 

subsequent years. I used repeated measurements of lake variables where possible to represent 

average conditions of a lake as best as possible. This study thus assumes temporal stability of 

environmental conditions in the study lakes, but there is no possibility in the scope of this analysis to 

verify this assumption. 
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5. Conclusion 
 

The necessity for a thorough understanding of how environmental mechanisms impact growth rates 

of fish populations has been stressed within this study. Comprehensive analyses considering multiple 

factors are particularly required given the broad and further increasing range of anthropogenic and 

ecological impacts affecting gravel-pit lakes. Moreover, efforts need to be undertaken to make 

biological findings applicable to management of ecosystems where information and sampling means 

are naturally poor. These aspects were addressed herein with respect to recreational fisheries for 

Eurasian perch in small, structure-poor gravel-pit lakes. 

Among all environmental variables surveyed, I found positive relationships between the biomass of 

predators and growth rate 𝐾, and between shoreline complexity and maximum length 𝐿∞ of perch 

dwelling in gravel-pits. The combination of these two factors constituted the best-performing model 

to predict variation in perch growth across the gravel-pit lakes. A rather uncertain positive effect of 

primary production (i.e., chlorophyll-a) was observed on 𝐿∞. 

Predicting perch growth based on maximum depth (affecting 𝐾) and shoreline development factor 

(affecting 𝐿∞) appeared to be a promising approach for adoption by local angling clubs, which usually 

have restricted access to complex lake information. Growth predictions derived from this model 

were surprisingly similar to those drawn from the aforementioned best-ranked model, attesting this 

simplified approach good prospects for successful use. 

Putting these results together, I emphasize the importance of extensive shoreline habitat and 

concomitant resource availability for the growth potential of species with a complex ontogeny such 

as perch. The role of dense shoreline habitat is assumed to be of particular relevance in otherwise 

structure-poor gravel-pits. Predation, most likely through cannibalism, is well-known as a strong 

driver of fluctuations within perch populations, and showed the largest magnitude of effects on 

growth patterns within this study. On the contrary, most of the environmental variation across 

surveyed gravel-pits was attributable to rather abiotic factors, so that both biotic and abiotic aspects 

have an inherent potential to shape growth and require further attention. 

Neither managing shoreline length nor predation through cannibalism for perch production seems an 

easy task for management. Hence, alternative approaches to manage the habitats that are 

associated with extensive shoreline lengths, will have to be explored, while anglers need to gain an 

understanding of the intrinsically-driven population fluctuations in perch to adapt their harvesting 

behavior. 
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Appendix 1 The relationship between operculum radius and total length 
of all sampled perch (N = 787) 
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(a) Chodhemster Kolk (b) Collrunge 

(c) Donner Kiesgrube (d) Kiesteich Brelingen 

(e) Kolshorner Teich (f) Meitzer See 

Appendix 2 Comparison plots of von Bertalanffy growth curves predicted by model #17 (black 

lines) versus growth curves predicted by model #33 (red lines) for all lakes. Dashed lines indicate 

the Bayesian credibility interval of the respective growth model. 
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(g) Pfütze (h) Plockhorst 

(i) Saalsdorf (j) Stedorfer Baggersee 

(k) Steinwedeler Teich (l) Weidekampsee 

(m) Wiesedermeer 

Appendix 2 (continued) Comparison plots of von Bertalanffy growth curves predicted by model #17 

(black lines) versus growth curves predicted by model #33 (red lines) for all lakes. Dashed lines 

indicate the Bayesian credibility interval of the respective growth model. 
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Appendix 5 Extensive summary statistics of model selection process using all available covariates. Given are Bayesian 
credibility intervals and DIC. R.hat values are included as a measure of convergence. Bold letters and a * indicate a 
significant covariate. A covariate is considered significant, if both quantiles of its credibility interval are either positive 
or negative. The best-performing model’s DIC is highlighted in bold. 

 

 

 

 

 

 

Model 𝑳∞ 𝑲 Bayesian credibility intervals R.hat DIC 

2.5% Median 97.5% 

Base 
     

 4180.5 

#1 
 

Lake area -0.034 0.069 0.166 1.01 4176.9 

#2 
 

Mean depth -0.151 -0.015 0.104 1.01 4163.7 

#3 
 

Max. depth -0.118 0.005 0.113 1.00 4116.2 

#4 
 

Growing degree-days -0.068 0.049 0.168 1.01 4047.9 

#5 
 

Piscivory -0.091 0.027 0.146 1.01 4095 

#6 
 

Length² Predators* 0.052 0.133 0.211 1.01 4098.3 

#7 Proportion Littoral 
 

-0.082 0.001 0.095 1.09 4182.6 

#8 Shoreline development 
factor* 

 
0.144 0.070 0.130 1.01 4059.2 

#9 Total phosphorous 
 

-0.051 0.027 0.084 1.01 4201.5 

#10 Secchi depth 
 

-0.088 -0.016 0.073 1.04 4207.7 

#11 Chlorophyll-a* 
 

0.006 0.046 0.090 1.03 4098.9 

#12 Coarse woody structure 
 

-0.078 0.011 0.076 1.05 4096.4 

#13 Macrophyte coverage 
 

-0.063 -0.005 0.066 1.03 4099.3 

#14 Length² Interspecific 
 

-0.018 0.047 0.102 1.04 4130 

#15 Length² Intraspecific 
 

-0.092 -0.013 0.057 1.06 4060.3 

#16 Length² Perch 
 

-0.074 0.001 0.064 1.05 4057.2 

        

#17  Length² Predators* 0.030 0.114 0.199 1.00  

 Shoreline development factor  -0.025 0.031 0.086 1.01 4043.5 

#18  Length² Predators* 0.021 0.115 0.205 1.00  

 Chlorophyll-a*  0.001 0.041 0.081 1.02 4074.9 

#19 Shoreline development 
factor* 

 0.013 0.061 0.111 1.07  

 Chlorophyll-a*  0.001 0.045 0.085 1.00 4200.3 

        

#20  Length² Predators* 0.006 0.109 0.207 1.02  

  Lake area -0.058 0.047 0.139 1.02  

 Shoreline development factor  -0.024 0.037 0.100 1.01 4189.3 

#21  Length² Predators* 0.023 0.122 0.219 1.04  

  Mean depth -0.056 0.040 0.131 1.03  

 Shoreline development factor  -0.013 0.043 0.105 1.08 4072.5 

#22  Length² Predators* 0.026 0.123 0.214 1.03  

  Max. depth -0.039 0.053 0.137 1.00  

 Shoreline development factor  -0.008 0.047 0.108 1.12 4273.5 

#23  Length² Predators -0.011 0.094 0.205 1.02  

  Growing degree-days -0.104 0.005 0.110 1.01  

 Shoreline development factor  -0.014 0.053 0.108 1.08 4116.6 

#24  Length² Predators* 0.029 0.113 0.203 1.00  

  Piscivory -0.033 0.050 0.137 1.01  

 Shoreline development factor  -0.015 0.045 0.104 1.00 4140.5 

#25  Length² Predators* 0.009 0.096 0.183 1.03  

 Shoreline development factor  -0.020 0.041 0.095 1.06  

 Chlorophyll-a  -0.010 0.033 0.076 1.01 4061.6 
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Model 𝑳∞ 𝑲 Bayesian credibility intervals R.hat DIC 

2.5% Median 97.5% 

        

        

        

#26  Length² Predators* 0.018 0.096 0.189 1.05  

 Shoreline development factor  -0.020 0.052 0.110 1.05  

 Coarse woody structure  -0.039 0.023 0.074 1.04 4098.8 

#27  Length² Predators* 0.016 0.107 0.204 1.02  

 Shoreline development factor  -0.021 0.041 0.096 1.04  

 Macrophyte coverage  -0.057 -0.006 0.056 1.03 4095.4 

#28  Length² Predators* 0.016 0.101 0.174 1.03  

 Shoreline development factor  0.009 0.043 0.103 1.01  

 Length² Interspecific  -0.047 0.010 0.067 1.03 4091.9 

#29 Shoreline development factor  -0.009 0.066 0.135 1.03  

 Length² Intraspecific  -0.104 -0.019 0.048 1.02 4131.3 

#30 Shoreline development factor  -0.006 0.067 0.151 1.06  

 Length² Perch  -0.090 -0.009 0.058 1.04 4147.6 
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Appendix 6 Extensive summary statistics of model selection process using only covariates that are considered 
obtainable by local fisheries managers. Given are Bayesian credibility intervals and DIC. R.hat values are included as a 
measure of convergence. Bold letters and a * indicate a significant covariate. A covariate is considered significant, if 
both quantiles of its credibility interval are either positive or negative. The best-performing model’s DICs are 
highlighted in bold. 

 

 

 

 

 

Model 𝑳∞ 𝑲 Bayesian credibility intervals R.hat DIC 

2.5% Median 97.5% 

Base 
     

 4180.5 

#1 
 

Lake area -0.034 0.069 0.166 1.01 4176.9 

#2 
 

Mean depth -0.151 -0.015 0.104 1.01 4163.7 

#3 
 

Max. depth -0.118 0.005 0.113 1.00 4116.2 

#7 Proportion Littoral 
 

-0.082 0.001 0.095 1.09 4182.6 

#8 Shoreline development factor* 
 

0.144 0.070 0.130 1.01 4059.2 

#10 Secchi depth 
 

-0.088 -0.016 0.073 1.04 4207.7 

#13 Macrophyte coverage 
 

-0.063 -0.005 0.066 1.03 4099.3 

        

#31  Lake area -0.068 0.046 0.158 1.03  

 Shoreline development factor  -0.033 0.050 0.128 1.06 4138.6 

#32  Mean depth      

 Shoreline development factor       

#33  Max. depth -0.102 0.013 0.110 1.01  

 Shoreline development factor*  0.014 0.069 0.133 1.01 4067.6 

        

#34 Shoreline development factor  -0.081 0.059 0.208 1.00  

  Lake area -0.172 -0.026 0.105 1.00  

  Max. depth -0.007 0.055 0.109 1.00 4100.4 

#35  Max. depth -0.086 0.027 0.120 1.02  

 Shoreline development factor*  0.012 0.067 0.131 1.02  

 Secchi depth  -0.069 -0.016 0.052 1.05 4154.4 

#36  Max. depth -0.090 0.021 0.123 1.03  

 Shoreline development factor*  0.008 0.066 0.126 1.06  

 Macrophyte coverage  -0.066 0.004 0.080 1.02 4234.9 
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