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1. Abstract 

So far, research on inter- and intraspecific teleost brain plasticity across different freshwater environments 

has been widely conducted. However, insights of brain morphological variation on social and predator 

avoidance behaviours are lacking. Here, we investigated variation in shape and size of the brain and its 

six major regions of European minnows (Phoxinus phoxinus) inhabiting Lake Ånnsjön and its tributaries, 

using geometric morphometrics methods. We also experimentally compared stream and lake fish activity 

and social behaviour under different feeding and predation regimes. Contrary to our predictions of lake 

minnows having evolved smaller brains because of living in habitats with reduced environmental 

complexity compared to their conspecifics in the streams, we found that overall brain size generally did 

not differ between locations. Instead, brain morphology differed between minnows caught in the lake and 

streams, with stream minnows showing larger dorsal medulla, telencephalon and olfactory bulbs, and lake 

minnows presenting larger optic tecta and hypothalamus. Experimental results showed that lake minnows 

were more likely to engage in social behaviour than those from streams. Our results indicate that while 

overall allocation of energy to the brain does not change, habitat-specific differences in activity and 

trophic divergence might predict specialization for different senses, allocating more resources towards 

different brain regions. In addition, we show how various ecological factors, such as environmental 

complexity and social organization seem to be reflected in brain shape.  

Key words: brain size, Ecology, environmental complexity, European minnow, fish, geometric 

morphometrics, morphological divergence, phenotypic plasticity, schooling. 

 

2. Introduction 

Phenotypic divergence of freshwater fish across different habitats has been well established (Proulx & 

Magnan, 2004; Robinson & Parsons, 2002; Rundle & Nosil, 2005). Studies have demonstrated high 

degrees of intra- and interspecific body shape variation based on various ecological factors, such as 

different hydrodynamic regimes (i.e., lotic vs. lentic waters) (Franssen et al., 2013; Langerhans, 1995; 

Langerhans et al., 2003) or predation conditions (Eklöv & Svanbäck, 2006; Scharnweber et al., 2013). 

Trophic polymorphism is also a prominent factor, where differences in resource use (i.e., among pelagic 

and benthic habitats) lead to morphological adaptations (Berner et al., 2008; Scharnweber, 2020; 

Snorrason et al., 1994). Foraging in relation to differing local ecological parameters such as predation or 

habitat complexity requires different cognitive abilities that might have an effect on the organism sensory 

system, thus phenotypic divergence is not only found in body shape but also in brain morphology of 

teleost fishes, both within and between species (Ebbesson & Braithwaite, 2012; Kotr Schal & van 

Staaden, 1998). For instance, in Lake Tinnsjøen, Norway, specific habitat characteristics were found to 

promote divergent head and brain sizes in the Artic charr (Salvelinus alpinus). These changes on brain 

morphology were related to utilized depth and attributed to differing environmental constraints, such as 

light conditions or food availability (Tamayo et al., 2020). Furthermore, in three-spine sticklebacks, 

studies on brain phenotypic variation between limnetic and benthic populations identified clear 



   
 

   
 

differences in telencephalon, optic tecta and olfactory bulbs shape and size, implying benthic morphs to 

have better spatial learning abilities, as well as greater sense of smell and poorer vision compared to 

limnetic populations (Keagy et al., 2018; Park et al., 2012; Park & Bell, 2010). Similarly, turbidity and 

temperature of the water, fish community diversity and social organization, are some other factors that 

have been proved to shape brain size or brain region size and morphology of freshwater fish (Cambray, 

1994; Gonda et al., 2009; Kotrschal et al., 2017; Závorka et al., 2020). One extreme example is the brain 

size of the shortfin molly (Poecilia Mexicana) which is a result of a local adaptation to complete darkness 

in caves to which the species shows enhanced telencephalic lobes and reduced optic tecta (Eifert et al., 

2015).  

The brain is the most important 

organ of perception (Jacyna, 2009). 

Each brain region is responsible for 

different functions (see Fig. 1 for 

different brain regions). Thus, the 

dorsal medulla accounts for host 

sensory functions and is known to 

control a range of involuntary 

responses such as regulation of 

breathing, digestion and heart rate 

(Dezfuli et al., 2007; Závorka et al., 

2020). The Cerebellum plays a role 

in a variety of cognitive functions, 

paramount to the fish’s ability to 

recognize and flee from predation, 

such as motor coordination, sensory 

performance, proprioception 

(movement and balance) and eye 

movement (Dezfuli et al., 2007; Kotr 

Schal & van Staaden, 1998; 

Rodríguez et al., 2005; Tamayo et 

al., 2020). Optic tecta are involved in 

vision. This brain region receives and processes visual information regarding movement, colour and 

shape, as well as stimuli from the lateral line system (Dezfuli et al., 2007), which helps the fish to 

navigate properly, forage, avoid predators and form schools (Northmore, 2011). The telencephalon related 

to more complex activities such as spatial and motional learning, memory, habituation and social tasks 

(Gonda et al., 2009; Tamayo et al., 2020). Functions that make this neural structure crucial when it comes 

to supporting advantageous behaviours like predation evasion or food allocation, as well as mediating 

mating, aggression, socializing or schooling (Kotr Schal & van Staaden, 1998; Pollen et al., 2007; 

Portavella et al., 2002). The olfactory bulbs are responsible for processing information about smells, and 

it is hence bound to social communication, foraging and mating behaviour, and predator recognition 

(Tamayo et al., 2020). The hypothalamus participates in the regulation of metabolic and reproductive 

control in addition to feeding behaviour (Tamayo et al., 2020; Vernier, 2016).  

The brain is the most energetically costly structure to develop and maintain (Isler & van Schaik, 2006), 

which suggests that brain size is determined by a trade-off between maximizing foraging while 

minimizing predation risk. Therefore, a reduction of brain size or brain region size can be a strategy to 

decrease energy expenditure in low complexity environments, habitats where food is limited or there is a 

lack of interactions with other fish or predators (Gonda et al., 2009; Tamayo et al., 2020). Consequently, 

 

Figure 1. Various regions of the brain of a European minnow 

(Phoxinus phoxinus) from a A) ventral, B)left side and C) dorsal 
profile (1.75 magnification). 
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selection or drift can act independently on different brain regions (Pollen et al., 2007). Following the 

aforementioned example, Tamayo et al. (2020) found that Abyssal Arctic charr morph have the smallest 

brain, due to food scarcity and the extremely high costs of brain tissue. Eyes and optic tectum size were 

also highly reduced as vision cannot be used for feeding or predation avoidance in such low-light 

conditions. Despite large brains being generally positively correlated to sophisticated cognitive function 

and social behaviour (Vernier, 2016), brain size does not always lead to higher cognitive ability. Zavorka 

et al. (2020) investigated changes in brain morphology and function associated with the metabolic 

response of the common minnow (Phoxinus phoxinus) to warming and found that in contrast to previous 

studies, the increment of brain volume, did not lead to the expansion of functional brain tissue. Hence, 

thermal compensation on warm-acclimated fish might come with a trade-off between foraging 

performance and energy expenditure.  

So far, research on inter- and intraspecific teleost brain plasticity across different freshwater ecotypes and 

environmental conditions has been widely conducted (Axelrod et al., 2018; Davis & Miller, 1967; 

Edmunds et al., 2016; Eifert et al., 2015; Fong et al., 2019; Gonda et al., 2009; Keagy et al., 2018; 

Kotrschal et al., 2017; Pollen et al., 2007; Tamayo et al., 2020; Závorka et al., 2020). Herczeg et al. 

(2019) demonstrated how large- and small-brained lines of guppies (Poecilia reticulata) differed 

consistently in activity and risk-taking, as large-brained individuals habituated (increased activity) to the 

new environment, whereas both brain size lines decreased risk-taking (sensitization). However, insights 

on the implications brain morphological variation might have on social and predator avoidance 

behaviours are lacking. 

In this study we tested brain and brain region size and brain morphology divergence in relation to social 

behaviour and predation risk of lake and stream European minnows (Phoxinus phoxinus) in Lake 

Ånnsjön, Central Sweden and its surrounding tributaries. In this lake, European minnow morphs show 

morphological variation in relation to specific foraging modes and hydrodynamic regimes where lake 

minnows have a streamlined body shape with an upward facing snout, whereas stream minnows show a 

deeper body and their snout points down (Scharnweber, 2020). First, we tested variation in shape and size 

on the brain and its six major regions of minnows inhabiting Lake Ånnsjön and its tributaries, using 

geometric morphometrics methods. Second, we experimentally compared stream and lake fish activity 

under different feeding and predation regimes. Our aim was to test how brain phenotypic variation across 

limnetic and benthic habitats affects minnow activity and feeding performance under predation risk. We 

hypothesized that lake minnows, living in habitats with reduced environmental complexity would have 

evolved smaller brains compared to their conspecifics in the streams. Moreover, we predicted that an 

absence of structural heterogeneity would lead to decreased brain region size involved in memory and 

learning in lake minnows. In addition, as larger brains are linked to higher behavioural plasticity (Herczeg 

et al., 2019), we expected stream minnows to be more active than minnows from the lake when presented 

with predation risk. Differences in schooling behaviour were also predicted as a result of these expected 

differences in relative brain size between morphs.  

 

3. Materials and Methods 

3.1. Sampling  

Specimens of European Minnow, Phoxinus phoxinus, were collected from Lake Ånnsjön, a 57 km2, 

mostly shallow lake in central Sweden (63.261212°N, 12.567719°E), where they constitute the most 

common species of fish (Scharnweber, 2020). 



   
 

   
 

Fish were sampled from August 30th to September 3rd 2021 using the same sampling locations as 

Scharnweber (2020). Minnows were electrofished from three inlet streams no further than 2 kilometres 

from the lake (stream locations) (Stream 1, Stream 2, Stream 3; Fig. 2). Moreover, minnows were also 

captured from three shallow water locations around Granön in the centre of Lake Ånnsjön (lake locations) 

(Lake 1, Lake 2, Lake 3; Figure 2) using minnow traps (L45xB24xH24 cm) and gill nets (1 × 10 m with 6 

mm mesh size) placed for up to 24 hours. The streams sampled were meandering through peat meadows 

of mosses and sedges and exhibited submersed vegetation covering the bottom. Lake location 3 had a 

more sheltered habitat with some vegetation, while the other lake locations had naked bottom with some 

rocks.  

 

Figure 2. Map of the lake Ånnsjön showing the different lake (Lake 1, Lake 2, Lake 3) and 

stream (Stream 1, Stream 2, Stream 3) locations where fish were collected. Modified from 

Scharnweber, 2020. 

 

Gill nets were brought back to the lab where the dead fish were immediately measured for body weight 

and length. Heads were stored in 10% formalin vials and bodies were frozen to −18°C. Fish that were 

collected alive from electrofishing and minnow traps were kept in plastic tanks with lake water and 

oxygenators for the five days the field work lasted and fed with frozen larval chironomids once a day. For 

those stream locations where more than 16 fish were captured, the surplus was killed by a blow on the 

head, measured and kept the same way.  

A total of 148 minnows (71 dead, 77 alive) were transported back to the laboratory at Uppsala University. 

For transportation, alive minnows were placed by groups of four individuals in sealed plastic bags with 

oxygen and fresh water from the lake. The 77 alive fish, 48 from the stream locations (Stream 1: 16, 

Stream 2: 16, Stream 3:16) and 29 from the lake 

(Lake 1: 8, Lake 2: 11, Lake 3: 10) were kept in aquaria in the lab. They were housed in six 90-l glass 

aquaria, one for each location, where they were maintained at 14 ºC acclimating to lab conditions for 10 

days (The photoperiod was adjusted to a 16:8 h light:dark cycle). Minnows were fed once a day with 

frozen larval chironomid.  

Following acclimation, and one month before behavioural experiments started, fish were anesthetised 

with benzocaine, measured in length and tagged with three different colour elastic polymers, giving them 

Stream 1 

Stream 3 

Stream 2 

Lake 1 

Lake 3 

Lake 2 



   
 

   
 

a unique two-line marker on the tail allowing for individual identification. However, due to some fish 

dying from fungal infection, a total of 61 minnows remained and 59 were used for the experiments, 43 

from the stream locations (Stream 1: 15, Stream 2: 12, Stream 3:16) and 16 from the lake (lake locations 

were pulled due to the lack of fish). 

 

3.2. Predation trials  

3.2.1. Experimental setup  

 

Four different treatments were assigned, where minnow alarm cues were manipulated as either present 

(mimicking the presence of predation using minnow alarm cues) or absent (water without cues), and the 

food was presented dispersed (resembling an open water lake habitat) or patched (resembling a stream 

habitat) (Fig. 3).  

 

 

Figure 3. 4x4 Blocked Latin Square experimental design for stream location 3. Minnows were 
grouped into 4 groups of 4 individuals that underwent behavioural trials following different 

treatment order, 1st group: 1, 2, 3, 4 (treatment order ABCD); 2nd group: 2, 3, 4, 1 (treatment order 

BCDA); 3rd group: 3, 4, 1, 2 (treatment order CDAB); 4th group: 4, 1, 2, 3 (treatment order DABC).  

 

A 4x4 Blocked Latin square experimental design was followed to perform the behavioural trials (see 

Appendix 1 for a timeline of the experimental design), where the number of treatments was equal to the 

number of rows and columns. This allowed us to reduce variation from the experimental error (Jones et 

al., 2015), such as treatment order variation. Fish of each location were aimed to be grouped in 4 groups 

of 4 individuals of similar body size. Each group of fish always underwent the trials together and in the 

same order, i.e. fish 1, 5, 9 and 13 from Stream 3 always went through the experiments first (Fig. 3). 



   
 

   
 

The experiments took place during eight days, one round in the morning (from 11:00 to 13:00) and a 

second one in the evening (from 15:00 to 17:00). Each round 

could never take more than three hours, as  

active time of minnow damage-released chemical alarm cues 

has been estimated between 3 and 6h (Wisenden et al., 

2009). The experiments were carried out in 4 circular PVC 

arenas (50-cm diameter, 10 cm depth of oxygenated water), 

one for each treatment (Fig. 4). The arenas had an inner 

circular PVC cylinder lacking of any treatment where the 

three fish that were not undergoing the trial in that moment 

were placed so that the focal fish could see them through 

and be able to display group behaviour.  

 

To obtain minnow alarm cues to be used on the predation 

trials, skin extract was collected from one of the minnows 

from location Lake 2. The fish was killed by a blow on the 

head and skin fillets were removed from the side of its body. 

To achieve a standardized concentration of 1 cm2 of skin per 

40 L (Crane et al., 2021; Ferrari et al., 2005), 1/8 cm2 of 

skin was homogenized in 5L of deionized water using a 

hand blender. The solution was then filtered through a mesh 

to get rid of any remaining tissue and stored in 3ml vials in a 

-18ºC freezer. Previous studies triggered fear responses in 

wild-caught minnows when adding 5 ml of skin extract (2.5 × 10–5 cm2/ml) to a 37-l tank (Ferrari et al., 

2005). Since the volume of water in the arena was around 20 l, we added 3 ml of our minnow skin extract 

to elicit predator responses on the fish. Two grams of frozen larval chironomids were added as food for 

the fish to each arena. For the dispersed treatment the food was spread around the arena (Fig. 4C), while 

the patched food was distributed on three artificial grass patches (Fig. 4B). Fish were fasted for at least 24 

h prior to the start of the experiments. 

 

Once the treatments had been prepared, the first focal fish for each arena was placed into a PVC 

transparent cylinder inside the arena for 10 minutes to acclimate, whereas the three remaining fish were 

put into the inner part of the arena (Fig. 4A). Following acclimation, focal fish were released, and the trial 

carried on for 10 minutes, after which they were put back with the other fish in the inner section of the 

arena and the second focal fish would start acclimating. Thus, each round of experiments consisted of 4 

subsequent trials.  

 

3.2.2. Behavioural recordings 

Behaviour of the fish was recorded using surveillance system (VIVOTEK ND8322P NVR) and tracked 

using behavioural tracking system EthoVision® XT 13 (Noldus, Wageningen, Netherlands). The 

software automatically analysed total distance moved, cm; mean velocity cm/s; movement frequency; 

movement cumulative duration, s; and total (accumulated) distance to point, cm (being this the centre of 

the arena) of the focal fish from the video recordings. Distance to point was used as a proxy for schooling 

behaviour as it measures the distance the focal fish is from the other fish.  

3.3. Brain measurements 

In total, 71 minnow heads were stored in formalin vials, 34 from the stream locations (Stream 1: 6, 

Stream 2: 12, Stream 3:18) and 35 from the lake locations (Lake 1: 4, Lake 2: 6, Lake 3: 25).  

All brains were dissected under an Olympus stereo microscope and images of the brain from four 

different views (dorsal, right lateral, left lateral and ventral) were taken with a digital camera (Olympus 

 

 

Figure 4. Experimental arena setup where A) the 

focal fish acclimates in a PVC cylinder while the rest 
are located in the non-treatment inner area and the 

food was either B) patched or C) dispersed. 

A 

C 
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camedia c-5060 wide zoom) so that the six major brain regions (i.e. telencephalon, optic tectum, 

cerebellum, dorsal medulla, hypothalamus and olfactory bulb) were visible (Fig. 1). Images of the eyes 

prior to dissection (left lateral of the head) were also taken. All dissections and measurements were 

performed by myself (M.G.). 

 

3.3.1. Geometric morphometrics 

 

To investigate brain and eye size and morphology of individual minnows caught in lake and stream 

locations, a landmark-based geometric morphometric approach was used (James Rohlf & Marcus, 1993; 

Zelditch et al., 2004). Digital dorsal, left lateral and ventral view images of the brain, as well as left eye 

photographs were imported into tpsUtil (http://life.bio.sunysb.edu/ 

morph/index.html, 2006) and then transferred into TPSdig2 (J. F. Rohlf, 2017) software for digitalisation 

of landmarks. For the ventral view images 13 landmarks were determined, including 3 fixed landmarks 

and 10 semi-landmarks based on equidistant distances between structures, to capture accurate shape of the 

hypothalamus (Fig. 5C). For the dorsal view, a total of 41 landmarks were digitalised, 17 fixed and 24 

semi-landmarks (Fig. 5A). 39 landmarks were placed on the left side view, 13 fixed and 26 semi-

landmarks (Fig. 5B). Finally, 6 

fixed landmarks were set for 

the left eye images (Fig. 5D). 

Images from one fish in 

location Stream 1 and one fish 

in Stream 3 were discarded 

since they were highly 

degraded. In addition, olfactory 

bulbs were lost during 

dissection in two brains. Hence, 

69 images were used for 

hypothalamus analyses, 68 for 

dorsal view, 67 for those of the 

left side view and 67 for left 

eye analyses. 

3.4. Statistical analyses 

3.4.1. Predation trials 

The data extracted was 

managed and further analysed 

in R version 4.1.0 (R Core 

Team, 2021). Normality of 

residuals was visually verified 

using package ggpubr (Kassambara, 2020), as well as with Shapiro–Wilk normality tests in package stats 

(R CoreTeam, 2021). Mixed effect linear models for each of the eight activity variables were performed 

to analyse the data set using package lme4 (Bates et al., 2015) and lmerTest (Kuznetsova et al., 2017) in 

R. Factors “Treatment” and “Treatment order” were set as fixed effects with four levels: treatments 1, 2, 3 

and 4; treatment orders ABCD, BCDA, CDAB and DABC. “Location of fish” (lake or stream), was 

included as a fixed factor with two levels. We decided to pool stream locations as there was no 

significance difference between locations for any activity measurements. To account for individual 

variation between fish “Fish ID” was set as a random effect. The interaction term Location:Treatment was 

non-significant for all activity variables and consequently was not included in the model. Mixed effect 

 

Figure 5. Position of the digitized landmarks used in geometric 

morphometrics, A) 41 for the dorsal view of the brain, B) 39 for the left 

side of the brain, C) 13 for the hypothalamus, and D) 6 for the left eye. 
Fixed landmarks (red dots) and semi-landmarks (blue dots) are numbered 

according to the order followed during landmarking. 

A B C 

D 



   
 

   
 

linear models were also performed setting “Predation treatment” (predation/no predation) and “Feeding 

treatment” (dispersed/patched) as fixed effects. The interaction terms Location:Predation/Feeding 

treatment were removed from the models when non-significant. Plots were created with package ggplot2 

(Wickham, 2016) in R. 

 3.4.2. Brain measurements 

Variation in brain morphology between lake and stream habitats was examined using MorphoJ version 

1.07a (Klingenberg, 2011). “Find outliers” function was used to check for outliers and none were found. 

Procrustes superimposition was performed to eliminate variation and Centroid Sizes of the hypothalamus, 

dorsal and left side of the brain, and left eye were obtained. Canonical Variate Analyses (CVA) were 

executed to assess shape differences among habitats. TpsRelw (F. J. Rohlf, 2009) was used to create 

deformation grids (Bitmaps) that allow visualization of shape differences by describing brain shapes at 

the ends of each CV1 axis. The analyses were carried out the same way for the ventral, dorsal and left 

side views of the brain. 

Centroid size and CV1 data were exported, and further explored using R version 4.1.0 (R Core Team, 

2021). To correct the brain morphology data to body size, regression of the shape scores (CV1) on body 

size (length) for each habitat separately was used and the residuals of this regression were saved for all 

further analyses. Similarly, to account for body size in brain size and eye size, regression of brain/eye size 

(centroid size) on body size (length) was done and further analyses were based on its residuals.  

To find whether brain morphology and size differed between habitats, an ANOVA and post hoc pairwise 

comparisons using TukeyHDS method within package stats (R CoreTeam, 2021) of brain shape and 

size residuals (hypothalamus, dorsal and side view) of minnows caught in the six different locations were 

done (Appendix 3). When no significant differences within lake locations and within stream locations 

were found, lake and stream locations were pooled, having just two different habitats, lakes or streams. 

Welch two sample t-tests on left eye size residuals were done to assess if eye size differed between 

habitats. Finally, linear regressions of brain size residuals on eye size residuals were performed. Pearson 

correlations of body size and hypothalamus, dorsal brain view, side brain view and eye centroid size were 

also used. 

 

4. Results 

4.1. Predation trials  

There was a significant effect of treatment on total distance to point (Table 1). Total distance to point was 

significantly higher in treatment 4: no pred+patch (Estimate ± S.E. = 3715.74 ±1384.51, P = 0.008) (Fig. 

6D). However, the predation effect on total distance moved and mean velocity was non-significant (Table 

2). Fish showed a tendency to move less and with lower speed under a predation treatment (Appendix 2. 

Fig. 1A and 2B respectively), although the results were not significant (Table 2). Feeding treatment had a 

significant effect on movement frequency and total distance to point (Table 2). When food was presented 

in patches, fish moved significantly less frequent (Appendix 2. Fig. 2C) and total distance to point was 

significantly lower when food was dispersed (Fig. 6A and B, respectively). Location had a significant 

effect on total distance to point (Tables 1 and 2) where it was higher in streams than in lakes (Fig. 6A and 

C). Treatment order was not significant for any of the activity measures except for total distance to point 

(Table 1 and 2), where treatment order CDAB was significantly lower (Estimate ± S.E. = -5765.57 

±1934.64, P = 0.004). 



   
 

   
 

 

Figure 6. Boxplots showing A) total (accumulated) distance to point measured across four different treatments: 

1, predation + dispersed; 2, no predation + dispersed; 3, predation + patched and 4, no predation + patched and 
locations: lake, light blue; streams, dark blue. Measures of B) total distance to point are also presented across 

predation regime: predation, no predation; and feeding regime: patched dispersed (α= 0.05). 
 

 

Table 2. Output of a linear mixed model with fixed factors Predation treatment, Feeding treatment, Location and 

Treatment order, and random factor FishID. 
 

Table 1. Output of a linear mixed model with fixed factors Treatment, Location and Treatment order, and random factor 

FishID. 
 

Factor Total distance Mean velocity Movement frequency Movement duration Total distance to point 
Treatment F(3, 174) = 1.776 P = 

0.153 
F(3, 174) = 1.409 P = 
0.242 

F (3, 174) = 1.630  
P = 0.184 

F (3, 174) = 0.923  
P = 0.431 

F (3, 169) = 5.025  

P < 0.001 
Location F (1, 54) = 0.495 

P = 0.485 

F(1, 54) =   0.138 

P = 0.712 

F (1, 54) = 0.059  

P = 0.380 

F (1, 54) = 0.781  

P = 0.152 

F (1, 50) = 6.487  

P = 0.014 
Treatment 
order 

F(3, 62) = 1.923 P = 
0.135 

F(3, 61) = 1.750 
P = 0.166 

F (3, 61) = 1.348  
P = 0.182 

F (3, 61) = 1.675  
P = 0.154 

F (3, 56) = 3.130  

P = 0.033 

Factor Total distance Mean velocity Movement frequency Movement duration Total distance to 
point 

Predation 
treatment 

F(1, 175) = 3.644 P = 

0.058 

F(3, 175) = 3.365  

P = 0.068 

F(3, 175) = 0.007   
P = 0.936 

F(3, 175) = 2.619 
P = 0.107 

F(3, 169) = 0.106  
P = 0.745     

Feeding 
treatment 

F(1, 175) = 0.177 P = 
0.675 

F(3, 175) = 0.146  
P = 0.703   

F(3, 175) = 4.208  

P = 0.042 

F(3, 175) = 0.001 
P = 0.970 

F(3, 169) = 11.922  

P < 0.001 
Location F(1, 54) = 0.499 

P = 0.483   
F(1, 54) = 0.139  
P = 0.710 

F (1, 54) = 0.058  
P = 0.810   

F(1, 54) = 0.782  
P = 0.380 

F(1, 49) = 6.459  

P = 0.014 

Treatment  
order 

F(3, 62) = 1.936  
P = 0.133 

F(3, 62) = 1.747  
P = 0.167   

F(3, 61) = 1.684 
P = 0.180 

F(3, 61) = 1.675  
P = 0.154 

F(3, 56) = 3.226  

P = 0.029 

 

4.2. Geometric morphometrics 

4.2.1. Hypothalamus 

Pairwise comparisons showed significant differences on hypothalamus shape residuals between every 

lake and stream location and non-significant results within lakes or streams (Appendix 2 table 1). As for 

hypothalamus size, there were only differences between lake 3 and 2, and between lake 3 and stream 2 



   
 

   
 

(Appendix 3 table 2). Simple linear regression results indicated that body size significantly affects 

hypothalamus morphology in lakes, but it does not in streams (Table 3, Fig. 8A). A negative correlation 

between CV1 and body size was found in lakes (p= 0.020, cor= -0.392), where CV1 decreased as body 

size increased (Fig. 8A). Welch two sample t-test on hypothalamus shape residuals showed significant 

difference between lake and stream locations (t(65)= 9.949, p<0.001), with lakes having positive CV1 

values and streams having negative CV1 values (Fig. 8A). As portrayed by deformation grids, positive 

values of CV1 represent an overall shape of the hypothalamus that is rounder, whereas negative CV1 

values mean hypothalamus with a sharp outline towards landmarks 4, 6, 9 and 11 (Fig. 8A). 

Pairwise comparisons showed significant differences on hypothalamus size residuals only between lake 

locations 3 and 2, and between lake location 3 and stream location 2 (Appendix 2 table 2), being lower in 

lake location 3 than in lake location 2 and stream location 2 (Fig. 8B). And when analysed separately, no 

significant difference was found between lake and stream locations (t-test: t(61)= -1.537, p= 0.130). 

Pearson’s correlation on hypothalamus size (centroid size) and body size was significant and positive 

(p<0.001, cor= 0.794), where hypothalamus size increases with body size (Fig. 8B).  

4.2.2. Dorsal brain view 

Pairwise comparisons of dorsal brain shape residuals showed significant differences on brain morphology 

between lake versus streams, and none within streams or lakes (Appendix 2 table 1). Linear regression 

results indicated top brain morphology (CV1) in lakes and streams was not related to body size (length) 

(Table 3 and Fig. 8C). Welch two sample t-test on dorsal brain shape residuals showed significant 

difference between lake and stream locations (t(54)= -41.767, p<0.001), with streams having positive 

CV1 values and lakes having negative CV1 values (Fig. 8C). As shown by deformation grids, positive 

values of CV1 portray a longer medulla and wider telencephalon in comparison to negative CV1 values. 

Optic tectum appears more round-shaped and protruding around positive CV1 values, in contrast to a 

more elongated and tight shape towards CV1 negative values. The cerebellum and olfactory bulb do not 

show any morphological divergence on the CV1 axis (Fig. 8C).  

Dorsal brain size residuals did not significantly differ between or within any of the locations (Appendix 2 

table 2). Pearson’s correlation on dorsal brain size (centroid size) and body size was significant and 

positive (p<0.001, cor= 0.637), with dorsal brain size increasing with body size (Fig. 8D). T-test on dorsal 

brain size residuals found non-significant differences between lake and stream locations (t(61)= 0.489, p= 

0.627) (Fig. 8D).  

4.2.3. Left side brain view 

Pairwise comparisons of left side brain shape residuals showed no significant difference within stream or 

lake locations and significant differences between streams and lake locations (Appendix 2 table 1). Linear 

regression on body size (length, cm) and left side brain morphology (CV1) found non-significant effect of 

body size on left side brain morphology in neither lake nor stream locations (Table 3 and Fig. 8E). Welch 

two sample t-test on left side brain shape residuals showed significant difference between lake and stream 

locations (t(61)= -37.406, p<0.001), with stream locations having positive CV1 values and lake locations 

having negative CV1 values (Fig. 8E). As portrayed by deformation grids, positive values of CV1 

represent a larger and deeper dorsal medulla, a deeper and shorter cerebellum and deeper telencephalon, 

than CV1 negative values. While positive CV1 values depict round optic tecta, negative values show 

more elongated and flatter outlines. Olfactory bulbs on the other hand, appear rhombus-shaped on 

positive CV1 values in contrast to less deep and triangular towards negative values (Fig. 8E).  

Side brain size residuals did not differ among locations, except for stream location 2 and lake location 1 

(Appendix 2 table 2), being lake 1 higher than stream 2 (Fig. 8F). And when analysed separately, no 



   
 

   
 

significant difference was found between lake and stream locations (t-test: t(56)= 1.816, p= 0.075). 

Pearson’s correlation on left side brain size (centroid size) and body size was significant and positive 

(p<0.001, cor= 0.841), where left side brain size increases with body size (Fig. 8F).  

 

Table 3. Output of linear regression of the effect body size 

has on brain morphology.  
 

 Estimate±S.E. p-value Location 
Hypothalamus 0.031±0.138 0.823 Stream 
 -0.676±0.276 0.020 Lake 
Dorsal view -0.056±0.155 0.722 Stream 
 0.063±0.251 0.802 Lake 
Left side view 0.011±0.146 0.942 Stream 
 -0.169±0.276 0.544 Lake 

 

4.2.4. Left eye 

Pairwise comparisons of minnow left eye size found no significant differences (Appendix 2 table 2). 

Pearson’s correlation on left eye size (centroid size) and body size was significant and positive (p= 0.008, 

cor= 0.324), where left eye size increased with body size (Fig. 7A). Welch two sample t-test on left eye 

size residuals did not find significant differences between lake and stream locations (t(41)= -0.525, p= 

0.603) (Fig. 7A). Simple linear regressions were used to test whether brain size significantly predicted 

eye size. Hypothalamus size did not have a significant effect on eye size (Table 4 and Fig. 7B). Dorsal 

brain size significantly affected eye size both in stream and lake locations (Table 4). A significant and 

positive correlation was found on dorsal brain size and eye size (p<0.001, cor= 0.532) where eye size 

increases with dorsal brain size (Fig. 7C). There was a non-significant effect of left side brain size on eye 

size (Table 4 and Fig. 7D). 

 
 

 
Figure 7. Scatterplots showing regressions of A) body size, B) hypothalamus size, C) dorsal 
brain and D) left side brain size on eye size across locations: lake, orange; streams, red.  

 

Table 4. Output of linear regression of the effect brain size 

has on eye size.  
 

 Estimate±S.E. p-value Location 
Hypothalamus 0.002±0.034 0.963 Stream 
 0.185±0.116 0.121 Lake 
Dorsal view 1.009±0.250 <0.001 Stream 

 1.515±0.537 0.008 Lake 
Left side view -0.101±0.169 0.555 Stream 
 -0.154±0.688  0.824 Lake 

A B 

C D 



   
 

   
 

 

 

 
 

Figure 8. Scatterplots showing regressions of body size (length, cm) on A) hypothalamus shape (CV1) and B) 

size (centroid size), C) dorsal brain view shape and D) size, and E) left side brain shape and F) side across 
locations: lake, yellow; streams, red. The deformation grids describe brain morphology at the ends of CV1 axis 

(CV1 maximum and minimum), showing three times the actual scale. 
 



   
 

   
 

5. Discussion 

Despite our predictions of stream minnows showing larger brains as a result of living in more complex 

environments (Pollen et al., 2007; Tamayo et al., 2020), overall brain size generally did not differ 

between locations. However, the results showed some variation, where individuals caught in location 

Lake 3 had smaller hypothalamus centroid size compared to locations Lake 2 and Stream 2; and fish from 

lake location 1 had larger side view of the brain than those in stream location 2, which might be attributed 

to the small sample size of some locations (e.g. Lake 1) in relation to the other locations.  

Brain morphology differed between minnows caught in the lake and streams, with stream minnows 

having a deeper brain and lake minnows showing a streamlined brain shape. In addition, minnows from 

stream and lake habitats seem to differ in their relative brain investment, allocating more energy to 

different brain regions according with their differing ecology.  

Fish caught in stream locations showed a deeper and longitudinally extended dorsal medulla compared to 

lake minnows, which indicates a larger volume of this brain region in stream minnows, inhabiting more 

structurally complex habitats (Scharnweber, 2020). Previous studies showed contrasting results on dorsal 

medulla’s size in relation to environmental complexity. Pollen et al. (2007) found that dorsal medulla 

decreased with increasing habitat complexity in African cichlids, whereas White & Brown (2015) 

reported that while dorsal medulla did not differ between rook pool (spatially complex habitat) and sand-

dwelling (structurally simple habitat) Australian gobis, the largest dorsal medulla was found in one of the 

rock pool-dwelling species. As dorsal medulla is associated with foraging (Pollen et al., 2007), 

morphological divergence of this lobe across stream and lake habitats, could be linked to differences in 

feeding preferences (White & Brown, 2015). 

The cerebellum is associated with movement, coordination, and other cognitive functions, and it is 

therefore expected to be larger in complex environments (Fong et al., 2019; Gonda et al., 2009; Tamayo 

et al., 2020). However, the morphological divergence found between stream and lake minnows, with 

stream minnows having a deeper but less extended cerebellum in contrast to lake minnows having a 

longitudinally larger but less deep cerebellar structure, did not seem to correspond with a difference in 

relative size of the cerebellum across habitats, since both showed a similar cerebellar volume, which 

coincides with White & Brown (2015) results. 

Optic tecta from minnows captured in the lake were more elongated and occupied a larger volume 

compared to stream minnows. Comparable results were found in limnetic populations of sticklebacks, 

which live in spatially simple habitats where larger optic tecta compared to benthic sticklebacks were 

reported (Keagy et al., 2018). Similarly, sand-dwelling gobis inhabiting open clear water habitats with 

little physical complexity had relatively large optic tecta (White & Brown, 2015), and Fong et al. (2019) 

described optic tectum to be negatively correlated with habitat complexity in guppies. These visual 

processing structures have also been found to be larger in sticklebacks living in clear water environments 

(Cambray, 1994; Gonda et al., 2009), as well as in specimens living in habitats with good light conditions 

(Tamayo et al., 2020). In addition, Tamayo et al. (2020) revealed a positive correlation of optic tecta and 

social environments (fish living in groups) in the Arctic charr. All these findings are in line with optic 

tectum being involved in navigation, foraging, predation avoidance and forming of schools (Dezfuli et al., 

2007; Northmore, 2011). Thus, minnows living in the lake, where water is less turbid than in the 

surrounding streams (Bash et al., 2001) and environmental complexity is low (Scharnweber, 2020), might 

rely more on vision to forage and avoid predation. Moreover, our behavioural trials showed that fish from 

the lake tend to engage in schools more than fish from the streams, since total distance to point was 

strongly lower in fish from lake locations. Hence, these results indicate that lake minnows might live in a 

more social environment than stream minnows. Differences in joining behaviour were also found between 



   
 

   
 

limnetic and benthic sticklebacks, and it is suggested that limnetic fish may form stable shoals as a 

defence against predation in an open environment without cover, while for benthic populations, joining 

seems to be opportunistic because these fish forage either individually or in small groups (Nomakuchi et 

al., 2009). 

Telencephalic structures were wider and deeper in stream than in lake minnows, which reasonably 

indicates a greater volume of the telencephalon in fish from the stream compared to their lake 

conspecifics, and particularly of the dorsolateral region (Dl), the hippocampal homologue, which is 

responsible for spatial learning in fish (Park et al., 2012; Shumway, 2008). The telencephalon is known to 

participate in learning, habituation, foraging, schooling and predation avoidance, and thus, it has been 

described for various teleost species to be larger in complex environments (Gonda et al., 2009; Tamayo et 

al., 2020; White & Brown, 2015). Despite our results being in line with previous findings, telencephalon 

size did not correlate with more sophisticated spatial learning abilities of stream minnows in our predation 

experiments. We predicted to observe a difference in activity between lake and stream minnows under 

predation regime, as habituation can be expected as a result of larger telencephalon, (Herczeg et al., 

2019). In addition, studies have provided evidence on exploration activity being higher in benthic 

sticklebacks that in limnetic populations, since just like stream minnows, their structurally complex 

habitats require manoeuvring through vegetation (maze-like natural environment) (Robinson, 2000; 

Scharnweber, 2020). However, like in Nomakuchi et al. (2009) experiments on sticklebacks, our results 

were not significant. On the other hand, under less social environments (lack of interaction with other 

fish) Gonda et al. (2009) found smaller telencephalon size in sticklebacks, as it is a costly tissue to 

maintain. Similarly, Pollen et al. (2007) showed that telencephalon size and social organization are 

correlated. This is in contrary to our findings where lake minnows, which in light of our experimental 

results suggest live in a more social setting, showed smaller relative size of this brain region. This is 

possibly due to a tradeoff between maintaining this costly structure in relation to a demanding complex 

habitat which requires the ability to process higher-level sensory information, but at the same time 

involves little interaction with other fish.  

Fish from the streams showed a rhomboid shape and a triangular shape of the olfactory bulbs in lakes, 

which seemed to translate into a difference in size between both habitats, with stream minnows having 

slightly larger olfactory bulbs. Comparative studies on cichlid fish linked variations in olfactory bulb size 

to environmental complexity, where a negative correlation was found, indicating that species living in 

less complex habitats have larger olfactory bulbs (Gonzalez-Voyer & Kolm, 2010; Pollen et al., 2007). In 

contrast, Keagy et al. (2018) found benthic sticklebacks to have larger olfactory bulbs and therefore 

presumably greater ability to smell than limnetic individuals. According to previous gut content analysis 

on European minnows from Lake Ånnsjön and its tributaries, both stream and lake minnows relied on 

benthic prey (Scharnweber, 2020). Therefore, a similar volume of olfactory structures could be expected 

in minnows from lake and stream habitats, since both would benefit from a heightened sense of smell, 

which facilitates detection of prey buried in the substrate (Mobley et al., 2016). Olfactory bulbs are 

connected to processing information about smells and are also associated with navigation, food allocation, 

predator recognition and social communication (Tamayo et al., 2020). Hence, an enlargement of the 

olfactory lobes can be found in fish that live in turbid waters or in less social environments (Gonda et al., 

2009). Our study also supports these findings, as minnows caught in the streams, where water is likely to 

be more turbid (Bash et al., 2001) and fish had less social interaction, had a larger volume of brain 

olfactory tissue. 

The hypothalamus of lake minnows had a round shape in contrast to the more spiked shape of their 

stream counterparts, which may indicate greater volume of this brain region in lakes. Hypothalamus of 

freshwater fish has been suggested to play a role in metabolic control (Vernier, 2016), and an increase of 



   
 

   
 

its relative size likely reflects a growth in metabolic rate (Isler & van Schaik, 2006; Tamayo et al., 2020). 

Scharnweber et al. (2021) found higher standard metabolic rate (SMR) in pelagic perch than in littoral 

and proposed that habitat-specific differences in activity levels could be related to the differences found in 

SMR. Similar to lake minnows, pelagic perch also showed a streamlined body shape, whereas littoral 

perch had a deeper body, just like stream minnows (Scharnweber, 2020; Svanbäck & Eklöv, 2004). These 

morphology differences are associated with habitat specific resource use indicating that both perch and 

minnow morphology is likely an adaptation to a specific foraging mode (Scharnweber et al., 2021; 

(Scharnweber, 2020; Svanbäck & Eklöv, 2004). Therefore, pelagic perch, as being more active pelagic 

swimmers have a higher metabolic rate. Likewise, we expect lake minnows, which need to swim more 

persistently to feed on the numerous, but small prey (Scharnweber 2020), to share an increased SMR, 

which is corroborated by their larger hypothalamus. Furthermore, our experimental results on lake 

minnows engaging significantly more in schooling behaviour corroborate previous studies that found a 

correlation between hypothalamus size and social organization (Pollen et al., 2007). However, our results 

showed some variation on hypothalamus centroid size, where hypothalamus of individuals caught at 

location Lake 3 were smaller than those from locations Lake 2 and Stream 2. This could be explained by 

the fact that lake location 3 had vegetation covering the bottom, unlike the other two lake locations, 

resembling more a stream habitat in that aspect. 

Predation risk exposure resulted in a tendency to decrease activity (lower total distance moved and mean 

velocity under predation regime) for both stream and lake minnows, although the results were marginally 

non-significant, possibly due to small sample size in relation to within sample variation. These results are 

also supported by experiments on fathead minnows (Crane et al., 2021). When the food was presented in 

patches fish moved less frequently, as well as engaged less on schooling behaviour (greater distance to 

point), which suggests that the artificial grass patches were used as refugia, as we observed that 

individuals remained still next to these patches.  

In summary, herein we found differences in relative brain investment in the European minnow between 

lake and stream habitats. Our results indicate that while overall allocation of energy to the brain does not 

change, habitat-specific differences in activity and trophic divergence might predict specialization for 

different senses, directing more resources towards different brain regions. In addition, we show how 

various ecological factors, such as environmental complexity and social organization seem to be reflected 

in brain shape. Lastly, in this study we experimentally demonstrate how habitat-specific brain 

morphology variation correlates to differences in social behaviour. This evidence suggests that variation 

in brain morphology of the European minnow, might be a plastic and evolutionary response to conditions 

that separate stream and lake locations, such as the specific requirements on foraging and cognitive 

behaviours that these habitats set. Thus, the presumed adaptive changes we observed along an 

environmental gradient appear as plastic responses on brain morphology as oppose to a general brain size 

shift. 
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Appendix 1. Blocked Latin Square Experimental Design 

 

 

 

 

 



   
 

   
 

Appendix 2. Activity and behavioural measurements 

 

 

 

 

 

 

 

 

  
  
 

 
 

 
 
 

 
 
 

 
 

  

Figure 1. Boxplots showing the mean (red dot), median and 

interquartile range of A) total distance moved (cm), B) mean 
velocity (cm/ms), C) movement frequency, D) movement 

duration (ms) and E) total distance to point (cm) measured in 

each of the four treatments: 1, predation + dispersed; 2, no 

predation + dispersed; 3, predation + patched; 4, no predation + 

patched, and locations: lake, light blue; streams, dark blue (α= 

0.05). 

 

  

 
 

Figure 2. Boxplots showing the mean (red dot), median and 

interquartile range of A) total distance moved (cm), B) mean 

velocity (cm/ms), C) movement frequency, D) movement 
duration (ms) and E) total distance to point (cm) measured in 

predation regime yes/no and feeding regime dispersed/patched 

for locations: lake, light blue; streams, dark blue (α= 0.05). 
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Appendix 3. Pairwise comparisons 

 

Table 1. Output (p-values) of TukeyHSD pairwise comparisons of brain shape 

residuals (hypothalamus in orange, dorsal view in green and left side view in blue) 

between the six sampled locations. Bold font depicts significant differences. 

 

 Lake 1 Lake 2 Lake 3 Stream 1 Stream 2 Stream 3 

Lake 1       

Lake 2 0.720 

0.999 

0.977 

     

Lake 3 0.358 

1 
0.784 

0.999 

0.999 
0.996 

    

Stream 1 <0.001 

0 

0 

<0.001 

0 

0 

<0.001 

0 

0 

   

Stream 2 <0.001 

0 

0 

<0.001 

0 

0 

<0.001 

0 

0 

1 

0.986 

0.688 

  

Stream 3 <0.001 

0 

0 

<0.001 

0 

0 

<0.001 

0 

0 

0.959 

0.896 

1 

0.618 

0.190 

0.579 

 

 

 

Table 2. Output (p-values) of TukeyHSD pairwise comparisons of brain and eye size 

residuals (hypothalamus in orange, dorsal view in green, left side view in blue and 

eye in purple) between the six sampled locations. Bold font depicts significant 

differences. 

 

 Lake 1 Lake 2 Lake 3 Stream 1 Stream 2 Stream 3 
Lake 1       

Lake 2 0.703 

0.996 

0.493 

1 

     

Lake 3 0.571 

1 

0.321 

1 

0.002 

0.989 

1 

1 

    

Stream 1 0.982 

1 

0.938 
1 

0.207 

0.995 

0.955 
1 

0.955 

1 

0.916 
0.999 

   

Stream 2 1 

0.999 

0.041 

0.998 

0.666 

1 

0.832 

0.995 

0.039 

0.995 

0.496 

0.978 

0.828 

0.998 

0.297 

1 

  

Stream 3 1 

0.998 

0.097 

1 

0.242 

1 

0.979 

1 

0.165 

0.987 

0.861 

1 

0.985 

0.997 

0.543 

0.999 

0.964 

1 

0.982 

0.981 

 

 


