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ABSTRACT 

THESIS:  Morphometric variation of bluegill and green sunfish in lentic and lotic  

systems  

STUDENT:  Kevin A. Gaston  

DEGREE:  Master of Science  

COLLEGE:  Sciences and Humanities  

DATE:  July 2012  

PAGES:  60 

Bluegill and green sunfish were examined using geometric morphometrics to 

evaluate the variation in morphology between fishes that reside in lentic (e.g., lakes) and 

lotic (e.g., streams) ecosystems. Fishes were collected from reservoirs and rivers in 

central Indiana. Additional fish were sampled from museum collections at Ball State 

University and the Illinois Natural History Survey. Male and female bluegill and female 

green sunfish from lentic systems displayed a deeper body than those from lotic systems, 

while no differences were found in male green sunfish morphometry. A deeper body 

promotes greater maneuverability, typically desirable in lentic systems. In contrast, the 

more streamline body of the fish found in lotic systems reduces drag as it contends with 

flowing water, ultimately maximizing energy efficiency. The absence of morphological 

difference, such as those found in male green sunfish, may be caused by fish occupying 

both lentic and lotic systems, from the population not having been present in the body of 

water long enough to display any adaptations, or from a lack of statistical power caused 

by the small sample size.  
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INTRODUCTION 

Fish morphology results from adaptations to life history and the environmental 

pressures where the organisms live (Knouft 2003). This morphology can involve 

adaptations such as a streamline body to swim through areas with strong currents, or a 

deep body designed for maneuverability (Webb 1984; Winemiller 1992). However, a fish 

species may not be restricted to one specific habitat within an ecosystem, occupying 

multiple niches within one or multiple ecosystems (Gatz 1979; Ehlinger and Wilson 

1988). For example, bluegill can reside in lakes and streams (Willis and Magnuson 2000) 

suggesting this fish has adaptations for characteristics of both habitats. These adaptations 

are induced by environmental constrains (i.e., phenotypic plasticity), genetic evolutionary 

change, or a combination of both mechanisms (Robinson and Wilson 1996; Proulx and 

Magnan 2004; Svanbäck and Eklöv 2006). 

Each aquatic system has its own unique set of physical, habitat, and hydraulic 

characteristics. In lentic systems, there is minimal flow; therefore, fishes in this system 

have no need for adaptations to this characteristic (Webb 1984, 1989; Webb et al. 1996). 

However, there are other challenges that fishes may face such as avoiding ambush 

predators or foraging in weed beds (Werner 1977; Ehlinger and Wilson 1988; Ehlinger 

1990) that will influence the evolution of body shape. In contrast, the flowing water in 

lotic systems places different demands on fishes, particularly with niche selection. If that 

niche includes high water velocity, having a streamline body shape will minimize energy 

usage either while swimming upstream or holding itself against the current (Webb 1984). 

Further, the anterior body morphology may be designed to facilitate water movement 
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over their head, pushing the fish down on the substrate, promoting stability and 

navigational assistance when confronting water velocity (Webb 1989; Webb et al. 1996).  

Our ability to make inferences of historical fish assemblages and adaptations to 

their local environments can be enhanced using museum collections (Suarez and Tsutsui 

2004). Collections allow us to identify changes in species composition, biodiversity, 

biogeographic distributions, and morphology that extend spatial or temporal constraints. 

For example, museum specimens have been used to identify how an impoundment 

resulted in the morphological divergence of fish species (Franssen 2011). When museum 

specimens are available, our ability to recreate and reexamine the past is possible and 

allows us to ask questions or pose hypotheses that were not included as part of the 

original collection efforts.   

Morphological evaluations of fishes have been commonplace (Meyer 1989; 

Reznick et al. 1994; Langerhans et al. 2003; Aguilar-Medrano et al. 2011; Franssen 

2011), but our understanding of morphometric change (shrinkage) of these organisms 

following preservation is limited (Al-Hassan et al. 2000; Jawad 2003). If we are to use 

these fishes for morphometric analyses, we must identify whether shrinkage of preserved 

specimens creates a confounding problem that may taint or inhibit morphometric 

analysis. Thus, the objectives of this study were to identify and quantify whether bluegill 

(Lepomis macrochirus) and green sunfish (Lepomis cyanellus) retain their standard length 

and proportional morphologies following preservation using formalin and ethyl alcohol 

and to determine whether morphological differences exist in bluegill and green sunfish 

taken from lentic and lotic systems.  
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CHAPTER 1: The influence of preservation on fish morphology in museum collections 

 

 

 

Abstract – Museum collections allow us to look at specimens from a broad timeframe and 

extensive spatial scale. However, preservation of these collections affects morphology, 

potentially altering or skewing data or influencing the types of questions that can be 

answered. Bluegill (Lepomis macrochirus) and green sunfish (Lepomis cyanellus) were 

initially preserved for six weeks in a 10% formalin solution and then transferred to 70% 

ethyl alcohol for 46 additional weeks. Fish were photographed at 0, 3, 6, 12, 24, 39, and 

52 weeks of preservation using a Sony DSC W350 14MP camera with Zeiss MacroZoom 

lens from which standard length and maximum depth were measured using Sigma Scan 

Pro. These measurements were then used to generate aspect ratios (maximum depth/ 

standard length) for each fish. Additionally, 10 landmarks were digitally placed on the 

photographs using tpsDig ver. 2.11 for a relative warp analysis to evaluate morphometric 

change using multidimensional planes. During the 52 week period of preservation, fish 

standard length was reduced, but this dimension shrank proportionally with the depth and
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did not change aspect ratios. Further, the relative warp analysis identified, with both 

species, morphological contortions when fish were placed in formalin and again when 

this fixative was replaced with ethyl alcohol. Ultimately, a period of acclimatization of up 

to 39 weeks was needed to stabilize shape. 

 

INTRODUCTION 

Our ability to make inferences of historical fish assemblages and adaptations to 

their environments is enhanced with the existence of museum collections (Suarez and 

Tsutsui 2004). Examining these collections allows identification or quantification of 

changes in species composition, biodiversity, biogeographic distributions, accumulation 

of toxins, and morphology across temporal and spatial scales. These changes can result 

from both natural and anthropogenic influences including channelization (Lau et al. 

2006), water pollution (Hill et al. 2010), climate warming, and modification of land use 

(Daniels et al. 2005).  For example, museum specimens have been used to identify the 

accumulation of toxin (mercury) levels in marine and freshwater fishes (Barber et al. 

1972; Miller et al. 1972; Hill et al. 2010), the temporal change in Costa Rican fish 

assemblages (Reznick et al. 1994), and how an impoundment resulted in the 

morphological divergence of a fish species (Franssen 2011). When museum specimens 

are available, our ability to recreate and reexamine the past on a wide array of topics is 

possible.   
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Maintaining museum specimens dictates that the fishes are preserved using 

procedures that promote access for future research. Understanding the variety of 

preservation processes and the limitations they place on specimens is imperative to fully 

exploit the potential and benefits of museum collections. The effects of preservation can 

be species and size specific (Hjӧrleifsson and Klein-MacPhee 1992; Al-Hassan et al. 

2000; Cunningham et al. 2000; Jawad 2003; Santos et al. 2009; Lee et al. 2011) or vary 

with the type of preservation (Cunningham et al. 2000; Jawad 2003; Santos et al. 2009). 

The most common effect of preservation is shrinkage, potentially altering 

morphometric configurations (Al-Hassan et al. 2000; Cunningham et al. 2000; Lee et al. 

2011). Shrinkage occurs when water is lost or replaced with preservative (Al-Hassan et 

al. 2000), albeit not all preservatives alter size similarly.  Ethanol causes a greater degree 

of shrinkage (Cunningham et al. 2000) when compared to buffered formalin (Moku et al. 

2004). Further, freezing will also cause shrinkage due to evaporative loss, but no fluids 

are replaced (Jawad 2003).  

Despite the abundance of information that fish shrink in length (Al-Hassan et al. 

2000; Jawad 2003) there is scant information on proportional shrinkage, that is, whether 

shrinkage occurs equally in all directions. Given the plethora of morphological 

evaluations in population analysis today (Meyer 1989; Reznick et al. 1994; Langerhans et 

al. 2003; Aguilar-Medrano et al. 2011; Franssen 2011), we must identify whether 

shrinkage of preserved specimens creates a confounding problem that may taint or inhibit 

morphometric analysis. Thus, the objectives of this study were to identify and quantify 

whether bluegill (Lepomis macrochirus) and green sunfish (Lepomis cyanellus) retain 
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their respective standard length and proportional morphologies following preservation 

using formalin and ethyl alcohol. We hypothesized that bluegill and green sunfish would 

not only shrink, but shrink proportionally and upon stabilization, retain their original 

morphometric shape. 

 

METHODS 

Preservation 

 Bluegill (N = 34) and green sunfish (N = 78) were collected in September 2010 

from the Salamonie River, Jay County, Indiana, USA using a Smith-Root Model LR-24 

backpack electrofisher. If hybridization was identified or suspected in a fish during 

collection, the fish was not included in the sample in order to eliminate the possibility of 

variation in morphology caused by hybridization. Following collection, fishes were 

photographed and immediately fixed in buffered formalin (10% formaldehyde) following 

Kelsch and Shields (1996). The left side of the fish was photographed in a lateral position 

against a grid to establish a measurement reference using a Sony DSC W350 14MP 

camera with Zeiss MacroZoom lens. After three weeks in buffered formalin, fishes were 

photographed as described above, and returned to the buffered formalin. Following six 

weeks, fishes were photographed, and placed into 70% ETOH for long term storage. 

Subsequent photographs were taken at 12, 24, 39, and 52 weeks after the initial 

preservation. Collection and handing protocol followed Animal Care and Use Committee 

of Ball State University guidelines. 
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Standard length analysis 

 Standard length was measured from the photographs using Sigma Scan Pro for all 

seven time periods (i.e., zero weeks, three weeks, six weeks, etc.). A measurement 

reference was established for each photograph using a grid that was positioned behind 

each fish. These standard lengths for each measurement period were compared using a 

repeated measures ANOVA to determine if or when changes in standard length occurred 

due to preservation. Lengths obtained at intermediate time periods were used to 

determine when shrinkage and stabilization occurred.   Standard length was used because 

it eliminated bias introduced into the measurements by torn, abraded or damaged fins, 

particularly caudal fin tips, which may occur during the evaluation period. 

All standard length measurements for each fish were transformed using the 

formula: Standard length (mm)/Initial standard length * 100 = X. Effectively, this 

allowed comparison of week three through 52 measurements to the initial values using 

percentage change. These transformations were made to align the variety of lengths 

found among fish used in the analysis and to provide an easier way to evaluate change 

over time. For example, a measurement of 98 at three weeks would show a two percent 

decrease in SL.   

Aspect ratio analysis 

Standard length and maximum depth of fish were measured from the photographs 

using Sigma Scan Pro. From these measurements, the aspect ratio (maximum 
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depth/standard length) was computed for all time periods, transformed using an arcsine 

transformation, and compared using a repeated measures ANOVA.  

Relative warp analysis 

Ten landmarks located at strategic morphometric locations on the fish (Figure 1) 

were identified, then digitized using Thin Plate Spline Digitize (tpsDig) ver. 2.11 (Rohlf 

2008). These data points were used in Thin Plate Spline Relative Warps (tpsRelW ver. 

1.45; Rohlf 2007) software to perform a relative warp analysis (RWA) designed to 

quantify the diversity of shape variation based on landmark data (Rohlf 2007). The RWA 

treats data similar to a principal components analysis (PCA) that summarizes the 

variation in the location of landmarks within the sample (Rohlf 2007). This analysis 

correlates the variation in body shape among specimens by calculating RWA axis scores 

which are obtained and interpreted using percent variation. The first axis of this analysis 

explains the largest available variance, with each ensuing axis explaining less variance, 

but with the highest variance possible under the restriction that it remains uncorrelated to 

the previous axes. Thin Plate Spline Relative Warps (tpsRelW ver. 1.45; Rohlf 2007) 

software options were set to default (α = 0, complement uniform component, Chord-min 

BE slide method, and Slide max iters = 3, Slide aligned = 1, and orthogonal projection). 

To reduce the confounding effects of bending or arching that the majority of museum 

specimens exhibit during long term ethanol storage (Quicke et al. 1999), a series of 4 

lateral landmarks (Figure 2) were used as reference points to digitally unbend specimens 

within the program Thin Plate Spline Utilities (tpsUtil) ver. 1.46 (Rohlf 2010). One of the 

reference points, located on the caudal fin, was positioned on the media-distal point 
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because this portion of the fin remained identifiable and undamaged throughout the entire 

preservation process. This was in contrast to dorsal or ventral caudal fin tips that were 

damaged to a degree with preservation and handling, rendering accurate measurements 

unattainable. Differences in shape were identified using a random measures general linear 

model using amount of time preserved (predictor variable) and RWA axis scores 

(response variable) calculated by SPSS-PASW 18 (2009). Preservation time and fish 

number were set as fixed variables while body size and gender were set as covariates to 

reduce confounding effects of pseudoreplication, allometry and gender in the model. The 

effects of pseudoreplication were addressed because identical treatments were applied to 

all specimens and the same individuals were analyzed at multiple periods of time 

(Hurlbert 1984). A post hoc Tukey comparison was used to identify differences among 

preservation time periods. Alpha was set at 0.05 for all tests.  

 

RESULTS 

Standard length  

Fish ranged in initial size from 54-164 mm SL for bluegill and 43-116 mm SL for 

green sunfish. After 52 weeks, bluegill ranged from 50-154 mm SL and green sunfish 

ranged from 43-118 mm SL. Fixation caused a six percent decrease in mean SL for 

bluegill, and a two percent decrease in mean SL for green sunfish. Bluegill standard 

length stabilized after 24 weeks (Figure 3, Table 1; repeated measures ANOVA, N = 34, 
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P < 0.01), while green sunfish SL stabilized after 12 weeks (Figure 3, Table 1; repeated 

measures ANOVA, N = 78, P < 0.01).  

Aspect ratio 

  Bluegill aspect ratio ranged from 0.40-0.48 for fresh specimens, and from 0.43-

0.48 following 52 weeks of fixation and preservation. Aspect ratio decreased initially 

before stabilizing after 12 weeks. Upon stabilizing, there was no difference in aspect ratio 

between fresh and preserved bluegill (Figure 4; repeated measures ANOVA; N = 34, P < 

0.01). Green sunfish aspect ratio ranged from 0.35-0.45 initially, and from 0.36-0.45 at 

52 weeks. Aspect ratio in green sunfish decrease from 6 to 24 weeks and stabilized after 

39 weeks; however, once stabilized there was no difference between fresh and preserved 

green sunfish (Figure 4; repeated measures ANOVA; N  = 78, P < 0.01).  

Relative warp analysis 

Bluegill body depth fluctuated during fixation and when switched to ethyl 

alcohol, but did not differ after 52 weeks of preservation (Figure 5, Table 2; RWA1: 

random measures ANOVA, treatment effect, eigenvalue 40.11, F6, 197 = 10, R
2
 = 0.34, P 

< 0.001). However, the dorsal fin placement did shift from caudal (negative loading) to 

forward (positive loading) during the first six weeks, but did not significantly change 

thereafter (Figure 5, Table 2; RWA2: random measures ANOVA, treatment effect, 

eigenvalue 37, F6, 197 = 5, R
2
 = 0.16, P < 0.001). This shift was seen by the movement of 

landmarks 3 and 4 (Figure 1) moving towards the head (positive loading) and caudal 

(negative loading) regions over the first six weeks. The axis scores for RWA 3 did not 
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vary during evaluation period (Table 2; RWA3: random measures ANOVA, treatment 

effect, eigenvalue 19, F6, 196 = 1, R
2 

= 0.11, P > 0.05). 

Green sunfish had an increasingly fusiform shape in the first half of the time 

period resulting in a lower aspect ratio (Figure 6, 7, Table 3; RWA1: random measures 

ANOVA, treatment effect, eigenvalue 44, F6, 461 = 23, R
2
 = 0.21, P < 0.001). From 0 to 

24 weeks, they showed an increasing head elongation and fusiform shape (positive 

loading) was identified in RWA2 that coincided with increasing preservation time 

(Figure 6, 7, Table 3; RWA2: random measures ANOVA, treatment effect, eigenvalue 

39, F6, 461 = 18, R
2
 = 0.19, P < 0.001). These changes were similarly identified on axis 

RWA3 (Figure 8, Table 3; random measures ANOVA, treatment effect, eigenvalue 21, 

F6, 461 = 12, R
2
 = 0.15, P < 0.001) with a decreasing dorsal fin base and elongation of the 

caudal region (positive loading) until stabilizing at 12 weeks. The shape of fresh fish and 

those with short preservation times (i.e., 0-24 weeks) were significantly different from 

the shape of fish following longer preservation times, based on the caudal directional 

movement of the anal fin origin (positive loading) (Figure 8, Table 3; RWA4: random 

measures ANOVA, treatment effect, eigenvalue 16, F6,461 = 9, R
2
 = 0.11, P < 0.001).  

 

DISCUSSION 

Bluegill and green sunfish standard length shrinkage was expected, but the 

specific amount (6 and 2%, respectively) was unknown initially. Anderson and Neumann 

(1996) suggested length will decrease 2% over 10 days when fish are preserved in 10% 
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formalin and stabilize thereafter. The size reduction in green sunfish was similar to 

Anderson and Neumann (1996) expectations, in contrast to bluegill where the fish was 

reduced over twice their predicted values. Some differences also occurred in the timing of 

shrinkage, with standard length occurring in bluegill within the first three weeks as 

suggested by Anderson and Neumann (1996), although some fluctuations were seen 

throughout the 52 week period. In contrast, it took green sunfish 12 weeks to stabilize, 

but this fish was not prone to the subsequent length fluctuations found with bluegill. 

These changes suggest that as specimens are moved from a fixative to a preservative, 

they have the potential to experience further shape alteration, and will need additional 

time for shape stabilization. The time of secondary stabilization for ethyl alcohol was 

approximately 12 weeks. Because the two species have similar body plans and are 

phylogenetically close (Avise and Smith 1977), we expected similar patterns of size 

change. Given these differences, we recommend that species-specific shrinkage be 

identified when preserved fish are compared with fresh specimens if the original lengths 

are unknown.   

Aspect ratios did change during the 52 week preservation process for both 

species. However, upon stabilization, the original ratios were retained and no differences 

between fresh and preserved fishes were ultimately noted (Figure 4). These findings 

suggested that body depth shrinks proportionally with length and provides evidence that 

morphometry changes with preservation are not simply one-dimensional.  Rather, 

changes in body measurements should be expected along multi-dimensional planes. Billy 

(1982) reported similar findings when using isopropyl alcohol. Using isopropyl alcohol 
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increases the body weight of the specimen, therefore altering the morphology of the 

specimen on multiple planes (Billy 1982). Our aspect ratio findings are similar to those of 

Yeh and Hodson (1975) who evaluated bluegill and white crappie, although they limited 

their study to formalin as a preservative and a preservation period of 10 weeks.   

Using several additional planes, we identified distinct changes to specific regions 

of the fish’s morphology (i.e., fin placement) with RWA that resulted in covariation with 

preservation methodology and time. However, the relative warp analysis in bluegill did 

show that body shape, exclusive of fin placement, remained proportional after 

preservation and was similar to results identified in our aspect ratio analysis. Although 

the first axis showed fluctuation in body depth during fixation, these changes occurred 

during the intermediate time intervals of the analysis while the fresh and 52 week 

morphologies did not differ (Table 2). Green sunfish, on the other hand, differed across 

all four axes (Table 3). The changes during the intermediate time intervals may be caused 

by the change from fixative to preservative. Historically, formalin was used as a fixative 

and preservative; however, more recently this method changed to using formalin for 

fixation and ethyl alcohol for preservation (Kelsch and Shields 1996; Al-Hassan et al. 

2000) given the toxicity of formalin (Morgan 1997). Regardless of the technique used for 

fixation and preservation, the amount of change in measurements may vary (Ehrlich 

1974; Santos et al. 2009). For example, Fox (1996), Moku et al. (2004), and Thorstad et 

al. (2007) suggested that shrinkage is greater in ethanol when compared to formalin. 

However, discrepancies exist in the species-specific measurement changes found with 

preservation. Engel (1974), Hunter (1985), and Sayers (1987) described a decrease in the 
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total length of cisco (Coregonus artedi), yellow perch (Perca flavescens), northern 

anchovy (Engraulis mordax), and Lake Michigan bloaters (Coregonus hoyi), 

respectively. In contrast, Billy (1982), Al-Hassan and Abdullah (1992), Al-Hassan and 

Shawafi (1999), and Al-Hassan et al. (2000) suggested that there was a slight increase in 

standard length or no shrinkage in specimens preserved in formalin and ethyl alcohol 

based on Mosambique tilapia (Sarotherodon mossambicus), Himri (Barbus luteus), and 

Indian mackerel (Rastrelliger kanagurta), respectively.  The differences in findings 

amongst species suggestions the effects of preservation are species-specific.  Thus, even 

with these two preservation solutions, the use may vary with preservation and analysis 

objectives.  

The value of museum specimens cannot be understated as these organisms make 

an ongoing contribution toward our understanding and advancement of science. Although 

the preservation process may alter morphology, efforts to define and detail the limitations 

preservation places on historical collections are necessary. Despite the problems with 

preservation, this process allows examination post mortem and is often a study necessity. 

Further, by comparing fresh and preserved specimens, we can additionally identify bias 

induced by preservation (Fey 1999; Porter et al. 2001; Santos et al. 2005) that confounds 

accuracy and precision of measurement.  Finally, we suggest that future studies are 

warranted on all museum specimens and preservation techniques to enhance our 

understanding of these valuable resources.  
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Figure 1. Location of the 10 landmarks used to digitize images of fishes used in the 

relative warp analysis. 
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Figure 2. Location of the four landmarks used as reference points on the fish to digitally 

unbend specimens. 
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Figure 3. Standard lengths for bluegill and green sunfish as a percentage of the initial 

length for each of the seven measurements made during the 52 week period. Values with 

similar letters are not significantly different based on a repeated measures ANOVA with 

post hoc Tukey comparisons. 
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Figure 4. Mean (SE) aspect ratios of bluegill and green sunfish for each of the seven 

measurements made during the 52 week period. Values with similar letters are not 

significantly different based on a repeated measures ANOVA with post hoc Tukey 

comparisons. 
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Figure 5. Relative warp analysis (RWA) results comparing RWA 1 and RWA 2 for 

bluegill at 0, 3, 6, 12, 24, 39, and 52 weeks. 
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Figure 6. Relative warp analysis (RWA) results comparing RWA 1 and RWA 2 for green 

sunfish at 0, 3, 6, 12, 24, 39, and 52 weeks. 
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Figure 7. Consensus plots for green sunfish at 0 (i.e., Fresh), 3, 6, 12, 24, 39, and 52 

weeks of preservation. 
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Figure 8. Relative warp analysis (RWA) results comparing RWA 3 and RWA 4 for green 

sunfish at 0, 3, 6, 12, 24, 39, and 52 weeks. 
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Table 1. Standard length results of bluegill (BLG) and green sunfish (GSF) preserved for 

52 weeks based on a repeated measures ANOVA. Values with similar letters are not 

significantly different based on post hoc Tukey comparisons. 

Preservation Time BLG Mean SL (SE)  GSF Mean SL (SE) 

0 86.3 (6.02) A 73.4 (1.87) A 

3 82.6 (5.62) BC 73.3 (1.8) A 

6 84.0 (6.07) AB 72.4 (1.87) A 

12 81.7 (5.55) BC 70.6 (1.71) B 

24 80.7 (5.62) CD 70.1 (1.78) B 

39 79.1 (5.34) D 70.4 (1.74) B 

52 81.3 (5.55) CD 71.2 (1.77) B 
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Table 2. Bluegill (BLG) general linear model results of relative warp analysis axis scores 

for each of the seven measurement periods during the 52 weeks of study along with post 

hoc Tukey comparison. Values with similar letters are not significantly different. 

Preservation Time 

BLG RWA1  

Mean (SD) 

BLG RWA2  

Mean (SD) 

BLG RWA3  

Mean (SD) 

0 -0.011 (0.02) B -0.008 (0.01) B 0.001 (0.02) A  

3 0.000 (0.03) A -0.003 (0.02) AB 0.008 (0.02) A 

6 0.0 (0.03) A -0.004 (0.02) AB 0.002 (0.02) A 

12 -0.005 (0.03) B 0.007 (0.02) A  -0.005 (0.02) A  

24 0.008 (0.03) A 0.002 (0.02) A -0.003 (0.01) A 

39 0.002 (0.03) AB 0.001 (0.02) AB 0.001 (0.01) A 

52 0.002 (0.03) AB 0.005 (0.02) A -0.003 (0.01) A 
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Table 3. Green sunfish (GSF) general linear model results of relative warp analysis axis 

scores for each of the seven measurements made during the 52 week period along with 

post hoc Tukey comparison. Values with similar letters are not significantly different. 

 

 

Preservation 

Time 

GSF RWA1 

Mean (SD) 

GSF RWA2 

Mean (SD) 

GSF RWA3 

Mean (SD) 

GSF RWA4 

Mean (SD) 

0 0.005 (0.02) A  -0.007 (0.02) C  -0.006 (0.02) C  0.006 (0.02) A  

3 0.002 (0.02) AB -0.003 (0.02) BC -0.005 (0.02) C 0.005 (0.01) AB 

6 0.004 (0.02) A -0.002 (0.02) BC -0.004 (0.02) C 0.005 (0.01) A 

12 0.007 (0.02) A  0.013 (0.02) A  0.006 (0.02) A  0.002 (0.01) AB  

24 -0.014 (0.02) C -0.008 (0.02) C 0.001 (0.02) B  -0.008 (0.02) C  

39 -0.001 (0.02) AB 0.004 (0.02) B 0.004 (0.02) AB -0.003 (0.01) BC 

52 -0.004 (0.02) B 0.003 (0.02) B 0.005 (0.02) A  -0.007 (0.01) C  



 
 

 

CHAPTER 2: Morphometric variation in bluegill and green sunfish in lentic and lotic 

systems 

 

 

 

Abstract – Bluegill and green sunfish were examined using geometric morphometrics to 

evaluate the variation in morphology between fishes that reside in lentic (e.g., lakes) and 

lotic (e.g., streams) ecosystems. Fishes were collected from reservoirs and rivers in 

central Indiana. Additional fish were sampled from museum collections at Ball State 

University and the Illinois Natural History Survey. Male and female bluegill and female 

green sunfish from lentic systems displayed a deeper body than those from lotic systems, 

while no differences were found in male green sunfish morphometry. A deeper body 

promotes greater maneuverability, typically desirable in lentic systems. In contrast, the 

more streamline body of the fish found in lotic systems reduces drag as it contends with 

flowing water, ultimately maximizing energy efficiency. The absence of morphological 

difference, such as those found in male green sunfish, may be caused by fish occupying 

both lentic and lotic systems, from the population not having been present in the body of 

water long enough to display any adaptations, or from a lack of statistical power caused 

by the small sample size.  
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INTRODUCTION 

Fish morphology results from adaptations to lifestyle and the environmental 

pressures where the organisms live (Knouft 2003). This morphology can involve 

adaptations such as a streamlined body to occupy habitats with strong currents, or a deep 

body designed for maneuverability (Webb 1984; Winemiller 1992; Moyle and Cech 

2004; Pflieger 2004). However, a fish species may not be restricted to one specific habitat 

within an ecosystem, and individuals may move among habitats within an ecosystem or 

more broadly, among several ecosystems (Gatz 1979; Ehlinger and Wilson 1988). For 

example, bluegill reside in both lakes and streams (Willis and Magnuson 2000) 

suggesting this fish has adaptations for characteristics of both habitats. These adaptations 

can be induced by phenotypic plasticity, genetic variation, or a combination of both 

mechanisms (Robinson and Wilson 1996; Proulx and Magnan 2004; Svanbäck and Eklöv 

2006). 

Each aquatic system has its own unique set of physical, habitat, and hydraulic 

characteristics. In lentic systems, fishes have no need or the environmental pressures for 

flow adaptation (Webb 1984, 1989; Webb et al. 1996; Matthews 1998). However, there 

are other challenges such as avoiding predators or foraging in vegetated habitats (Werner 

1977; Ehlinger and Wilson 1988; Ehlinger 1990) that will influence body shape. In 

contrast, flowing water in lotic systems places different demands on fish, particularly 

with niche selection. If that niche includes high water velocity, having a streamlined body 

shape may minimize energy usage either while swimming upstream or maintaining 

position (Webb 1984). Further, the anterior body morphology may be designed to 
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facilitate water movement over the head, pushing the fish down on the substrate, 

promoting stability when confronting water velocity (Webb 1989; Webb et al. 1996), 

collectively providing a fitness advantage. 

Bluegill (Lepomis macrochirus) and green sunfish (Lepomis cyanellus) have 

ranges that are ubiquitous across much of North America (Scott and Crossman 1998; 

Pflieger 2004). Bluegill are generally found along shoreline areas in both lentic and 

lentic-like habitats (e.g., ponds, lakes, reservoirs, and low flow streams; Whitmore et al. 

1960; Stuber et al. 1982a; Porath and Hurley 2005). Although green sunfish can be found 

in a wide variety of habitats (Werner and Hall 1977; Stuber et al. 1982b; Heinkes et al. 

2001), they are primarily found in pool areas in streams (Brown 1960; Minckley 1963; 

Harlan and Speaker 1969), lakes, ponds and reservoirs (Scott and Crossman 1998). 

Because of this extensive geographic distribution and wide niche breadth, these two 

species may provide clues to morphological adaptation responding to phenotypic 

plasticity or genetic change associated with hydrological pressures and habitat variation 

(Robinson and Wilson 1996).   

The objective of this study was to determine whether morphological differences 

exist in fishes taken from lentic and lotic systems. We hypothesized that bluegill and 

green sunfish from lentic systems have deeper bodies compared to lotic fishes.  

 

METHODS 

Field sampling 
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Lentic samples of bluegill and green sunfish were collected from Salamonie and 

Mississinewa reservoirs in central Indiana from late July to early September 2010. Lotic 

fish samples were collected from Buck Creek, Mississinewa River, Salamonie River, 

Wabash River, White River, and White Lick Creek in central Indiana between late July 

2010 to early October 2010 and from late May 2011 to late August 2011.  

 A 5.0 GPP boat-mounted electrofisher and Smith-Root Model LR-24 backpack 

electrofisher were used to obtain fish from lakes and streams, respectively. Lake fish 

were sampled at three shoreline stations on each lake for 15 minutes. For lotic samples, 

river segments were selected based on accessibility to the river. Each site consisted of 

one 600 m long station containing pools, riffles, and runs in order to collect from all 

habitats that exist within the riverine system. Fish were anesthetized following collection 

using carbon dioxide, measured (total length in mm using a measuring board), 

photographed, and returned to the water following recuperation. Each sample of bluegill 

and green sunfish was divided into 25 mm intervals between 50-300 mm (e.g., 50-74 

mm) which is typical for these species (Stuber 1982a, b). Each interval in the sample 

contained the first 10 bluegill and 10 green sunfish collected. Any possible hybridized 

bluegill or green sunfish were not included in the sample. Once an interval was filled, no 

more fish were sampled from that interval. These intervals were used to create a length 

range that spanned the typical sizes of each species and accounted for differences in 

allometric shape (i.e., the relationship between shape and size). All photographs were a 

lateral position against a grid for scale reference using a Sony DSC W350 14MP camera 
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with Zeiss MacroZoom lens. Collection and handling protocol followed Animal Care and 

Use Committee of Ball State University guidelines.  

Museum collection sampling  

Fish from the Ball State University and from the Illinois Natural History Survey 

(INHS) collections were additionally included in the analysis. Although preservation can 

affect the morphology of a fish, we assumed these two species shrank proportionally 

(Gaston 2012). The addition of these specimens increased the variety of habitats and 

inference ability of our study. Fishes from these two collections were photographed and 

measured similar to our field samples. 

Aspect ratio analysis 

Standard length and maximum depth of fish were measured from the photographs 

using Sigma Scan Pro. From these measurements, the aspect ratio (maximum 

depth/standard length) was computed for all specimens. Lentic and lotic fish aspect ratios 

were transformed using an arcsine transformation, and compared using a t-test in Minitab 

ver. 16 to determine whether aspect ratio differences in these two habitats were non-

random. Alpha was set at 0.05.  

Relative warp analysis 

Twelve landmarks located at strategic morphometric locations on each fish 

(Figure 1) were identified, then digitized using Thin Plate Spline Digitize (tpsDig) ver. 

2.11 (Rohlf 2008). These data points were used in Thin Plate Spline Relative Warps 

(tpsRelW ver. 1.45) to perform a relative warp analysis (RWA) designed to quantify the 
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diversity of shape variation based on landmark data (Rohlf 2007). The RWA treats data 

similar to a principal components analysis (PCA) that summarizes the variation in the 

location of landmarks within the sample (Rohlf 2007). This analysis correlates the 

variation in body shape within specimens by calculating RWA axis scores which are 

obtained and interpreted using percent variation (Rohlf 2007). The first axis of this 

analysis explains the largest possible variance, with each ensuing axis explaining less 

variance with the restriction that it remains uncorrelated to the previous axes. Thin Plate 

Spline Relative Warps (tpsRelW ver. 1.45; Rohlf 2007) software options were set to 

default (α = 0, complement uniform component, Chord-min BE slide method, and Slide 

max iters = 3, Slide aligned = 1, and orthogonal projection). To reduce the confounding 

effects of bending or arching that the majority of museum specimens exhibit during long 

term ethanol storage (Quicke et al. 1999) a series of four lateral landmarks (Figure 2) 

were used as reference points to digitally unbend specimens within the program Thin 

Plate Spline Utilities (tpsUtil) ver. 1.46 (Rohlf 2010). The reference location on the 

caudal fin was positioned on the medial-distal point because this portion of the fin 

remained identifiable throughout the entire preservation process. This was in contrast to 

dorsal or ventral caudal fin tips that were occasionally damaged with preservation and 

handling, rendering accurate measurements of these points unattainable. A general linear 

model of the RWA axis scores for male and female bluegill and green sunfish (response 

variable) was used to test for habitat (predictor variable) induced shape differences. The 

habitat type (i.e., lentic or lotic) was set as a fixed variable while body size was set as a 

covariate to reduce confounding effects of allometry in the model. Alpha was set at 0.05 

for all tests. 



40 
 

 

RESULTS  

 A total of 186 bluegill and green sunfish was collected from eight sites in central 

Indiana. Additionally, 316 fish were sampled from the Ball State University fish 

collection and 564 fish were sampled from the INHS museum. Bluegill had a total length 

range of 50-198mm and green sunfish had a total length range of 50-201mm.  Fishes 

sampled from the Ball State University fish museum were primarily collected from sites 

in Indiana, Tennessee, and North Carolina. INHS specimens were collected from an array 

of sites across Illinois, Indiana, Kentucky, Mississippi, Missouri, and Tennessee. 

Altogether, 228 lentic bluegill and green sunfish and 830 lotic bluegill and green sunfish 

were sampled. 

Aspect ratio 

Aspect ratios ranged from 0.44-0.57 in bluegill, and 0.33-0.49 in green sunfish. 

Mean aspect ratios in bluegill and green sunfish were greater in lentic when compared to 

lotic systems (Figure 3, Table 1). Bluegill had a three percent difference in mean aspect 

ratio for both males and females, while green sunfish differences were four percent for 

females and seven percent for males. 

Relative warp analysis 

 Significant differences in morphology were described by the RWA for both male 

and female bluegills. Lentic males had deeper bodies (Figure 4, 5, Table 2; RWA 1: 

ANOVA, eigenvalue 159, F1, 210 = 9.1, R
2 
= 0.27, P < 0.01), while heads of lotic males 

had a downward orientation (Figure 4, 5, Table 2; RWA 3: ANOVA, eigenvalue 42.9, F1, 
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210 = 9.45, R
2 

= 0.13, P < 0.01). Similarly, lentic females had deeper-bodies (Figure 6, 

Table 2; RWA 1: ANOVA, eigenvalue 148, F1, 323 = 4.1, R
2
 = 0.21, P = 0.04) and the 

downward orientation of the head, but also had an elongation of the caudal peduncle 

(Figure 6, Table 2; RWA 2: ANOVA, eigenvalue 5.43, F1, 323 = 10.98, R
2
 = 0.13, P < 

0.01).   

 Female green sunfish from lentic habitats had deeper bodies than lotic fish (Figure 

7, Table 2; RWA 1: ANOVA, eigenvalue 174, F1, 279 = 4.97, R
2 

= 0.13, P = 0.027). No 

other differences were found with the females, nor were any significant differences 

identified in male green sunfish (Table 2; ANOVA, P > 0.05). 

 

DISCUSSION 

Our findings suggest that bluegill and green sunfish morphology changes with 

habitat, with fish found in flowing waters more streamlined than fish found in non-

flowing waters.  Brinsmead and Fox (2002) had similar morphometric findings from a 

comparison of lake and stream Centrarchid species, rock bass (Ambloplites rupestris) and 

pumpkinseed (Lepomis gibbosus). Differences have even been described within different 

areas of a single lake for lake whitefish (Coregonus clupeaformis), where benthic and 

pelagic morphs are distinctive (Bodaly 1979).  

The aspect ratios between lentic and lotic systems showed that fish in flowing 

water are more streamlined. These findings have additionally been observed in 

neotropical fishes (Langerhans et al. 2003), and in Atlantic salmon and brown trout 
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(Pakkasmaa and Piironen 2001), suggesting water movement, or the lack thereof, 

influences the body depth:body length relationship. Although the aspect ratio metric may 

not be as sophisticated or complex as the RWA, aspect ratio data are simple to measure, 

metric values are simple to calculate, and results can be readily interpreted.  

The RWA resulted in differences between bluegill and green sunfish, but instead 

of just two dimensions, like aspect ratios, RWA used multi-dimensional planes. The 

RWA was robust to isolating change in specific regions of the fish that were not 

identified in the aspect ratio analysis (Figure 5, Table 2). Hard et al. (2000) showed how 

RWA was used to identify morphological differences between wild and captively grown 

coho salmon, presumably due to environmental limitations in which each group 

developed. Similarly, Cavalanti et al. (1999) identified differences in depth and caudal 

peduncle length in serranid fishes related to the differences in flow. Thus, a variety of 

habitat parameters can alter fish shape which may be identified in measurements other 

than traditional length or depth attributes.  

The morphological divergence found in this study between lentic and lotic 

bluegill and green sunfish allows the same fish to exploit different niches (Ehlinger 1989, 

1990; Robinson and Wilson 1994; Wilson et al. 1996). The increased body depth of lentic 

fishes allows greater maneuverability due to the flexibility from the compressed, 

truncated body allowing a decreased turn radius (Walker 1997; Domenici 2003; Blake 

2004; Gerry et al. 2011). As a result of this truncated body, additional energy is required 

to compensate for the increased drag exerted on the fish body in moving water (Blake 

1983; Webb 1984; Matthews 1998). Brönmark and Miner (1992) reported a 32% increase 
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in drag among deep-bodied crucian carp (Carassius carassius) compared to more 

streamlined crucian carp. The drag exerted on the fish body by flowing water is reduced 

for lotic fishes with a streamlined shape (Pakkasmaa and Pirronen 2001; Domenici 2003; 

Langerhans et al. 2003; Blob et al. 2008), enhancing swimming speed and ability 

(Ehlinger and Wilson 1988; Blake 2004). Langerhans et al. (2003) and McGuigan et al. 

(2003) suggest these adaptations allow lentic populations to diverge from nearby lotic 

populations. 

The downward orientation of the head found in lotic bluegill facilitates 

positioning within a riverine system. A similar example is stream dwelling sculpins 

(Cottus spp.) which have a sloping head adaptation that promotes stationary placement in 

flowing water (Webb 1989; Webb et al. 1996). This morphology alters the magnitude of 

water forces exerted, by diminishing the lift force created by water flowing over and 

under the fish. In doing so, the fish minimizes the energy used to remain stationary, 

thereby gaining an advantage in this environment. This same morphological 

configuration in stream bluegill seems plausible, despite the bluegill being a high aspect 

ratio fish, improving its ability to forage (Ehlinger and Wilson 1988) and avoid predation 

(Webb 1984) in various water velocities.  

An elongation of the caudal peduncle found in lotic bluegill when compared to 

the lentic bluegill is a feature needed for sustained swimming. Blake (2004) suggests the 

narrowing of the caudal peduncle makes the morphology of the fish ideal for maximum 

thrust. By narrowing the caudal peduncle, the structure becomes more robust and the 

amount of energy lost due to recoiling is reduced (McLaughlin and Noakes 1998; 
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Brinsmead and Fox 2002). McLaughlin and Grant (1994) identified that juvenile brook 

charr sampled from sites with higher water velocity had a more robust caudal peduncle 

than those sampled from sites, within the same watershed, that had lower water velocity. 

Thus, our findings for lotic bluegill caudal peduncle size and shape and how it differs 

from lentic bluegill appear to be environmentally driven and seen in other fishes.  

The absence of differences in the shape of male green sunfish among ecosystems 

may have been caused by increased immigration or emigration among lentic and lotic 

waters, populations not having been present sufficient time to development adaptations, 

or a lack of statistical power caused by the small sample size. Changes in fish 

morphology occur at the population scale (Langerhans 2008; Mead 2008; Rivera 2008) as 

Langerhans (2008) suggested that fish populations in different riverine flow regimes can 

differ phenotypically. Other aquatic species, such as virile crayfish (Orconectes virilis) 

(Mead 2008) and river cooters (Pseudemys concinna) (Rivera 2008) diverged into two 

distinct morphs adapting to the habitat in which they reside.  When fish leave a lake and 

enter a stream, they introduce new genetic material into the stream population which may 

restrict that population from adapting to the environmental conditions (Hendry et al. 

2001; Lenormand 2002; Henry and Taylor 2004)   Lack of statistical power in our 

analysis of male green sunfish could be another possible reason for a lack of difference in 

our relative warp analysis as the number of lentic male green sunfish in our sample was 

low with only 36 fish compared to 209 lotic male green sunfish.  

Our study has shown how bluegill and green sunfish have adapted to the 

environmental constraints of their habitat, defining a general relationship between 
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morphology and ecology (Alexander 1987; Wainwright 1996; Franssen 2011). However, 

we cannot answer whether these adaptations are caused by genetic variation or 

phenotypic plasticity. Studies on lentic-lotic morphologies in other species have provided 

evidence that both mechanisms may contribute to these differentiations. Evidence in 

threespine sticklebacks indicates that morphological traits were inherited in both slender-

bodied, lake and robust bodied, stream morphs (Lavin and McPhail 1993), and mtDNA 

analysis showed the gene pools of the stream and adjacent lake population were two 

distinct lineages (Thompson et al. 1997).  Similar findings in juvenile coho salmon reared 

in a common environment for two months showed a more streamlined body shape in fish 

taken from a lake when compared to an adjoining stream (Swain and Holtby 1989).   In 

contrast, the morphological differences in caudal peduncle and body depths among 

juvenile brook charr collected from fast and slow flowing sites on the Credit River 

drainage system in Ontario, Canada  identified by  McLaughlin and Grant (1994) 

appeared to be due to phenotypic plasticity as they did not persist for several years 

following their initial finding (Imre et al. 2001).  The changes we identified may be 

caused by phenotypic plasticity as a habitat is altered. Genetic change may not be the 

primary mechanism that contributes to these adaptations because sufficient generations of 

bluegill and green sunfish may likely have not occurred in a water body for genetic 

evolutionary change. However, phenotypic adaptations enhance the ability of bluegill and 

green sunfish to occupy a variety of disparate niches within multiple habitats. 

Confounding variables, including hybridization, allometric growth, and 

biogeographic distribution may hinder the validity of these results. Although we tried to 
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eliminate the possibility of hybrid fish being included in the sample, it is possible that 

hybridized fish that were primarily bluegill or green sunfish were included in the sample. 

Bluegill and green sunfish commonly hybridize naturally with other sunfish (Trautman 

1981; Scott and Crossman 1998). However, even though hybridization occurs, the degree 

of hybridization is often limited due to the reduced hatch viability of sunfish hybrids 

(Hester 1970) and the production of triploid fishes (Dawley 1987).  

Allometric shape was a confounding variable within this study, as both bluegill 

and green sunfish demonstrate allometric growth (Ehlinger 1991). Elimination of this 

problem would have meant limiting the study to a small biogeographical location and 

only including fish of similar and narrow size ranges. Both of these variables would have 

dictated a much larger sample size be used, an option that was not possible. By 

combining all fish into a single analysis, two things were assumed. First, there will likely 

be an increase in statistical variability among the sample sites that may preclude 

discernment of morphological differences. Second, if differences were identified, then the 

data were robust to the concerns regarding these confounding variables, providing 

support for the study hypothesis.  

Morphological adaptations promote the ability or organisms to fully exploit 

available niches in an ecosystem (Webb 1984; Wainwright 1996). Unfortunately, 

dynamic and ongoing anthropogenic influences such as impoundments (Franssen 2011), 

channelization (Scarnecchia 1988), and eutrophication (Seehausen 2006) can lead to 

rapid habitat changes, ultimately altering fish community structure. Those fish that have 

the ability to respond rapidly with phenotypic plasticity to these changes, such as a 
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divergence in body shape between lentic and lotic systems as identified in this study, 

possess the intrinsic abilities needed for survival in landscapes where dynamic 

environmental change is occurring. 
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Figure 1. Location of the 12 homologous landmarks used in the relative warp analysis of 

bluegill and green sunfish sampled. 
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Figure 2. Location of the four landmarks used as reference points to digitally unbend 

specimens. 
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Figure 3. Mean (SE) aspect ratios comparing lentic and lotic bluegill and green sunfish. 
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Figure 4. Relative warp analysis (RWA) results comparing RWA 1 and RWA 3 for male 

bluegill from lentic and lotic systems. 
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Figure 5. Lentic and lotic bluegill in (a) a digitized photograph and (b) relative warp 

visualization plot. 
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Figure 6. Relative warp analysis (RWA) results comparing RWA 1 and RWA 2 for 

female bluegill from lentic and lotic systems. 
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Figure 7. Relative warp analysis (RWA) results comparing RWA 1 and RWA 3 female 

green sunfish from lentic and lotic systems. RWA 1 is not a significant axis. 
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Table 1. Mean (SE) aspect ratios of lentic and lotic bluegill and green sunfish. 

Comparisons were made using t-tests. 

  N 

Lentic mean 

aspect N 

Lotic mean 

 aspect Difference P 

Bluegill 

      Female 84 0.448 (< 0.01) 242 0.436 (< 0.01) 0.012 < 0.01 

Male 74 0.477 (< 0.01) 138 0.465 (< 0.01) 0.012 0.02 

Green sunfish 

      Female 41 0.415 (< 0.01) 241 0.400 (< 0.01) 0.015 < 0.01 

Male 36 0.428 (< 0.01) 209 0.399 (< 0.01) 0.029 < 0.01 
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Table 2. General linear model results comparing relative warp axes scores for male and female bluegill and green sunfish from 

lentic and lotic systems. 

 
N RWA 1 P RWA 2 P RWA 3 P 

Bluegill 

       Lentic female 84 -0.002 (< 0.01) 0.04 0.008 (< 0.01) < 0.01 -0.002 (< 0.01) 0.15 

Lotic female 242 0.001 (< 0.01) 
 

-0.002 (< 0.01) 
 

0.000 (< 0.01) 
 

        
Lentic male 74 0.002 (< 0.01) < 0.01 -0.001 (< 0.01) 0.13 -0.006 (< 0.01) < 0.01 

Lotic male 138 0.001 (< 0.01) 
 

0.000 (< 0.01) 
 

0.003 (< 0.01) 
 

        
Green sunfish 

       Lentic female 41 0.002 (< 0.01) 0.59 0.001 (< 0.01) 0.75 0.006 (< 0.01) 0.03 

Lotic female 241 0.000 (< 0.01) 
 

0.000 (< 0.01) 
 

-0.001 (< 0.01) 
 

        
Lentic male 36 0.000 (< 0.01) 0.83 -0.007 (< 0.01) 0.24 0.004 (< 0.01) 0.19 

Lotic male 209 0.000 (< 0.01)   0.001 (< 0.01)   -0.001 (< 0.01)   

 

 

 

 


