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ABSTRACT 
 Background: Forced or chosen habitat changes drive the evolution of strategies by which organisms tolerate or 
mitigate functional tradeoffs among habitats. Phenotypic plasticity is a powerful adaptation to mitigate the effects 
of habitat change but it may be limited by the constraint of prior phenotypes developed in former environments. 
Addressing this question in animals has been difficult as it is hard to quantify time spent in different habitats over 
several years of life in natural environments. Recent advances in otolith isotope analysis however, has made 
possible such environmental reconstruction. 
 Study system: Bluegill sunfish (Lepomis macrochirus) from three habitats (main river channel; oxbow lake; 
beaver pond) in the Sipsey River watershed in Alabama, USA. 
 Goals: We address the following questions. 1) Do bluegills move between habitats in the study system? 2) Does 
higher fecundity of fish inhabiting floodplain lakes result in higher recruitment within or migration to the system as 
a whole? 3) Do fish in the alternative habitats evince differences in diet? 4) Has previously observed morphological 
differentiation persisted? 5) If habitat associated ecophenotypy is observed, is it due to phenotypic plasticity? 6) If 
morphological differentiation is evident and due to plasticity, is there a residual of natal ecophenotypy in adults 
that migrated to new habitats? 

Methods: We collected fish from the three focal environments and assessed body shape as reflected by the 
positions of twelve landmarks of fish external morphology. We measured morphometry and inferred natal habitat 
by isotope discriminant patterns in recently-laid bone (otolith edges) compared with first-laid bone (otolith core). 
We assessed the trophic positions of fish in different habitats using amino-acid specific differentials in 15N isotopes. 
We estimated diet composition using 13C, 18O, and 15N isotopes. Multivariate shape analysis was used to define 
body shapes associated with habitat of capture and isotope-inferred residual morphology due to natal habitat. 
 Results: 1) Sixty-five percent of fish were captured in a habitat differing from their natal habitat. 2) Habitat-
specific fecundity differentials did not drive measurable differences in recruitment among habitats. 3) Isotope 
inferred diets differed among habitats but did not result in differences in summative trophic levels. 4) Fish 
morphology varied with habitat of capture—individuals from dammed ponds had deeper mid-bodies, elongated 
snouts, and larger heads. Fish from the oxbow lake had larger eyes, disciform bodies, posteriorly shifted pelvic fins, 
short caudal peduncles and short dorsal fin bases. 5) Fish that changed habitats had differing morphology than 
those not changing, indicating phenotypic plasticity. 6) Natal habitats left residual morphological signatures very 
similar to current-environment effects. We discerned that residual morphology would impose functional costs and 
thus implies a limit to the evolution of plasticity. 

Keywords:
Environmental change, habitat choice, habitat migration, costs and limits of phenotypic plasticity, geometric 
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INTRODUCTION 
 Habitat heterogeneity drives the evolution of local adaptation, migration, environmental tolerance, and 
phenotypic plasticity in diverse organisms (Dobzhansky 1951, Bradshaw 1965, Levins 1968). Such heterogeneity 
may stem from environmental change out of an organism’s influence or from movement (dispersal and migration). 
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Habitat changes made by choice can be a strategic means to exploit alternative resource levels (Rosenzweig 
1973, Wilson & Yoshimura 1994). Differing challenges imposed by alternative habitats with conflicting demands on 
organismal phenotypes can be at least partly offset by environment-dependent trait expression (phenotypic 
plasticity or physiological adaptation) in response to the alternative biotic and/or abiotic conditions (Bradshaw 
1965, DeWitt & Scheiner 2004). Migration itself, if induced by environmental cues or behavioral choice of 
preferred habitat, may be considered phenotypic plasticity (Sih 2004, Ghalambor et al. 2010). Advantageous 
phenotypes in environments that induce them, to the extent they have a  heritable basis, lead to the evolution of 
adaptive plasticity or physiology (Waddington 1953, Via & Lande 1985, DeWitt 2016). Adaptive plasticity has been 
particularly well documented to have evolved in relation to resources, predators, or physical 
environmental conditions (Bradshaw 1965, West-Eberhard 1989, Pfennig & McGee 2010) and among vertebrates, 
particularly so in fishes (e.g., Meyer 1987, Brönmark & Miner, 1992, Wimberger 1992, Day et al. 1994, Ruehl & 
DeWitt 2005, Crispo & Chapman 2010, DeWitt 2016, Díaz-Gil 2020). 
 Traits that mitigate a given environmental challenge often entail reduced performance in other domains—an 
ecological concept known as functional “trade-offs” (Levins 1968, Futuyma & Moreno 1988, DeWitt & Scheiner 
2004, Pfennig & McGee 2010). In fishes, trade-offs have been well documented for traits such as morphology (Day 
et al. 1994, Robinson & Wilson 1996, Svanbäck & Eklöv 2003, Langerhans 2009), intrinsic growth rate (Arendt & 
Wilson 2000), and other traits of consequence with respect to habitat differences (Werner et al. 1983, Fraser & 
Bernatchez 2007, Arendt 2015). There is a large body of literature specifically documenting movement of fish 
within and across diverse watershed habitats (Ross & Baker 1983, Ru & Liu 2013, Sparks 2016). Many studies have 
also documented replicated differentiation among fishes from alternative habitats (Schluter & McPhail 
1993, Robinson & Wilson 1996, Johnson & Belk 2001, Langerhans & DeWitt 2004, Tobler et al. 2008, Ruehl et al. 
2011). Less well-studied is the interplay of movement patterns per se and phenotypic differentiation. 
 Stable isotope and trace elemental analysis have been widely used to determine movement patterns in a 
variety of organisms (Elsdon et al. 2008, Walther et al. 2008, Gibson-Reinemer et al. 2009). Otoliths, the stalwart of 
fish sclerochronology, not only capture information on fish growth rates, but also reflect the environment of the 
individual at the time of accretion for each new layer of bone (Zitek et al. 2010, Zeigler & Whitledge 2011). The 
recognition that both annual and daily growth rings are recorded, and the development of highly sensitive 
instrumentation has led to the ability to define specific isotopic signatures for even very fine increments of a fish’s 
lifetime (Campana & Thorrold 2001). These advances create an opportunity to unite the study of movement 
patterns and trait differentiation for fish in multiple-habitat systems. 
 In the floodplain systems of the Sipsey (AL, USA) and Pearl (MS, USA) Rivers, Rypel et al. (2012) 
noted morphological differences in bluegill sunfish (Lepomis macrochirus), hereafter ‘bluegills’, from floodplain 
lakes and the main river channel. Lake fish had benthic-oriented jaws, large caudal fins and eyes, and 
relatively deep bodies—especially at mid-body, whereas main channel fish had relatively fusiform bodies, small 
eyes and pelagic-oriented jaws (Rypel et al. 2012). Further, bluegills captured in the floodplain lakes of the Sipsey 
River were larger, grew faster, and had a higher gonadosomatic index (GSI), which traits were inferred to 
translate into increased fitness and survivorship for individuals occupying floodplain lakes (Rypel et al. 2012). The 
hydroperiod of Sipsey River floodplain lakes included intermittent events in which lakes completely dried 
and that these drying events may occur, on average, every ~5 years, when mean annual discharge of the river falls 
below ~18 m3s-1 (Rypel et al. 2012).  While floodplain lake habitats could potentially provide short-term increases 
in fitness, on a long-term exclusive basis these habitats are unviable. Rypel et al. (2012) speculated that bluegills 
spending some, but not all, of their life in the floodplain lakes would be expected to have higher fitness than 
permanent main channel residents. 
 While it is likely that fish migration occurs in this study system, this has not to the best of our knowledge been 
documented or studied in the context of ecophenotypy. Research reported in the present paper was intended 
to address the following questions: 1) Do bluegills move between habitats in the study system? 2) Does higher 
fecundity of fish inhabiting floodplain lakes result in higher recruitment within or migration to the system as a 
whole? 3) Do fish in the alternative habitats evince differences in diet? 4) Has the previously observed 
morphological differentiation persisted? 5) If habitat associated ecophenotypy is observed, is it discernably due to 
phenotypic plasticity? 6) If morphological differentiation is evident and due to plasticity, is there a residual of natal 
ecophenotypy evident in adults that migrated to new habitats? If systematic residual ecophenotypy were 
present, it would support the case for accuracy of natal habitat inferences from isotopes, provide evidence for 
plasticity as a mechanism of phenotypic differentiation, and also imply limits to the adaptive value of the plasticity. 
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MATERIAL AND METHODS 
Study Site and Collection 
 Fish were collected from the Sipsey River main channel and two associated floodplain lakes within the Alabama 
Forever Wild Sipsey Tract, near Elrod, Alabama between November and December 2012. The Sipsey River is a 
sixth-order free-flowing river that originates near Glen Allen, Alabama and flows to the southwest, emptying into 
the upper Tombigbee River. It spans approximately 175 km of tupelo-cypress wetlands, marshes, and bottomland 
hardwood floodplains throughout the coastal plain of western Alabama (Ward et al. 2005, Rypel et al. 2008, 2012). 
Mean annual discharge and gage height during 2012 were 17.95 m3s-1 and 2.44 m, respectively (USGS gaging 
station 02446500). Of the two floodplain lakes, one was a series of active beaver ponds (BP) and the second was a 
natural oxbow lake (OX). The third site was the main channel of the Sipsey River (MC). We collected bluegills by 
boat electrofishing (n = 23) in MC and barge electrofishing in OX (n = 11) and BP (n = 10). We immediately 
anesthetized and euthanized fish in the field by submersion in a tricaine methane sulfonate (MS-222) solution, 
after which we bagged, placed on ice, and transported them to the laboratory. 

Muscle Isotope (Trophic Position) Analysis 
 Boneless, skinless fish fillets were frozen (-80° C), lyophilized (at -86° C  and -0.010 mBar using the Labconco, 
Freezone 2.5 plus analytical kit), and ground to powder under liquid N2. Resulting samples (0.4–0.7 mg) were 
packed into 4 × 6 mm tin capsules and combusted in a Costech EA 4010 Elemental Analyzer, coupled to a Thermo 
Finnigan Delta V Advantage Isotope Ratio Mass Spectrometer (IRMS). We ran all analyses in duplicate and 
measured mean isotope ratios noting that the coefficient of variation for all analyses averaged 3.90 %. We 
reported isotope ratios in standard notation relative to the Vienna PeeDee Belemnite and atmospheric N2 for 
carbon and nitrogen respectively, using the equation: 

δ𝑋(‰) = (
𝑅sample

𝑅standard
− 1) ∙ 103 

where X = 13C or 15N, and R is the ratio of the heavy to light isotope (McKinney et al. 1950). 

Otolith Isotope (Habitat Use) Analysis 
 Sagittal otoliths were removed from each individual, rinsed in deionized water, and stored in dry polypropylene 
microcentrifuge tubes. We used polyoxymethylene forceps for all handling to avoid trace metallic elemental 
contamination. Otoliths were mounted individually in Buehler® EpoThin™ epoxy alongside a small identifier 
tag. Mounted otoliths were thin sectioned on the transverse plane using a low-speed saw with diamond wafering 
blade and then fixed onto standard glass microscope slides using cyanoacrylate glue. We used waterproof silicon 
carbide paper (2400 grit) to polish thin sections to the depth of the nucleus for subsequent sclerochronological 
analyses. Although otolith-based aging of bluegill sunfish is highly repeatable, even among observers (Hales & Belk 
1992), we independently assessed otolith ages four times: two using transverse sectioned images and two using 
whole-view images. A second analyst confirmed each age determination. 
 A New Wave micromill with sub-micron position control was used to remove otolith material (40–
105 µg) from the outer edge and core of each thin section. We collected the resulting powder onto a clean razor 
blade and transferred it to weighing paper. We weighed samples to the nearest 0.1 µg and placed them into 
labeled 4.5 ml borosilicate Exetainers® capped with a pierceable septum. All materials were cleaned with 
compressed air and a dry wipe between samples to minimize cross contamination. Isotopic analysis for otolith δ18O 
and δ13C was conducted using a Thermo GasBench II coupled with a Thermo Delta V Plus IRMS using previously 
described methods (Paul & Skrzypek 2007). We expressed all isotope ratios using the standard δ notation relative 
to the Vienna Pee Dee Belemnite (VPDB) scale via the NBS-19 standard performing calculations as previously 
described except that R = y+2X / yX for oxygen. Precision (1σ) was ± 0.1 ‰ for both δ18O and δ13C based on 14 NBS-
19 standards measured in each run. No aragonite oxygen isotope correction was applied. Of the 44 individuals 
collected, one was lost in processing and one was discarded from 18O analysis due to insufficient spectrometer 
beam size. 

Morphology and Gonadosomatic Index 
All individuals were laid beside a 30 cm ruler and photographed in lateral perspective using an 
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8.0 MP digital camera (Apple iPhone 4s) at 2880 pixels per mean body length. We prevented parallax to 
the best of our ability by standardizing camera position relative to samples. This was achieved via a 
bracing system in which the camera remained stationary and samples were centered directly below the 
lens. We used geometric shape analysis to assess body shapes (Kendall 1977). Twelve landmarks were 
defined using the software program tpsDig2 (v. 2.3; © F.J. Rohlf 2017) as indicated in Figure 1. Two 
helper landmarks were added to better define shape of the dorsal surface. We did this by creating 
chords between full-rank landmarks on the dorsum, between the head and the origin, and the origin and 
insertion of the dorsal fin. The chords were rotated 90° on center and used as visual guides to digitize the 
helper landmarks where the rotated chords crossed the dorsum (Fig. 1). These helper landmarks were 
dimensionally deficient; each had only one dimension of shape information because their definition was 
based on the geometry of other landmarks. Thus, they were treated as semilandmarks during 
superimposition, which is the centering, scaling, and rotational fitting of landmark conformations to a standard 
(Kendall 1977). Semilandmarks were slid during superimposition into a position of minimal leverage per Bookstein 
(1997) using the program tpsRelw (v. 1.7; © F.J. Rohlf, 2019). Landmark conformations were scaled to unit 
centroid size of lateral profile landmarks and slid semilandmarks. We saved original centroid size of the profile 
landmarks for use as a covariate in analyses. Centroid size was used as a covariate in statistical analyses to 
statistically control for allometry to reduce error and to compensate any differential in size by habitat or age class. 
Superimposed coordinates were subjected to principal components analysis to remove null dimensions and reduce 
the number of shape variables to the two major components, which in this case summarized 54.1 % of  inter-
individual variation in shape. 
 Eye diameter was measured digitally with tpsDig2 (v. 2.3; © F.J. Rohlf, 2017). For visualization of 
body shape, the eye center landmark was replaced in a version of the superimposed coordinate dataset 
with two helper landmarks set radius-length away from the original center point, in the horizontal 
dimension so that both had the same vertical coordinate as the original center point. This approach 
maintains three dimensions of information (per eye location and diameter) but allows for visualization of 
eye diameter with the landmark suite.  
 Sex was identified by dissection and gonadosomatic index (GSI) was calculated as the ratio of gonad mass to 
body mass × 100. We measured body mass to the nearest gram, gonad mass to the nearest mg, and total length to 
the nearest mm.  

Statistical Analysis 
 Muscle tissue isotope data (δ13C, δ15N) were analyzed using multivariate analysis of covariance (MANCOVA) for 
effects due to capture site and sex using the natural logarithm of the cube root of mass as a covariate. Interactions 
were initially included in the statistical model but removed for lack of significance. 
 Isotopic composition (δ13C, δ18O) of the most recent otolith growth increment for fish from the three habitats 
was characterized using quadratic discriminant analysis (QDA). QDA makes fewer assumptions than linear 
discriminant analysis and allows groups to have characteristically different variances and covariances per patterns 
in the actual data. The resulting discriminant functions were used to infer natal habitats for each individual based 
on their otolith core (natal bone) isotope signatures, with the assumption that the core isotope ratios reflect the 
habitat of birth. Classification to recent (capture) habitat was set proportional to occurrence and classification to 
natal habitats was not restricted with prior probabilities (i.e., all fish could be assigned to a single natal habitat if 
warranted by otolith core isotope data). We performed QDA on all fish for estimating migration frequencies. We 
performed a separate QDA for the subset used in the morphometric analysis to infer natal habitats. Natal habitat 
assignments were used to tested for residual morphological effects associated with prior environments. Goodness 
of fit χ² was used to assess capture site classification success and to test for differential retention of or export of 
fishes from natal habitats.  
 Morphological data comprising the two major geometric principal components of body shape variation and eye 
diameter was assessed with a multivariate analysis of covariance (MANCOVA). We tested for differences in 
morphology across habitats of collection, inferred natal habitats, and their interaction. Centroid size was treated as 
a covariate. The three-way interaction was tested but dropped from the model for lack of significant effect. Three 
dependent variables were used for analysis to provide that the main effect degrees of freedom would be tested 
with an excess over 5-fold the number of residual degrees of freedom less p (the number of dependent variables). 
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 GSI was analyzed separately by sex due to the asymmetric investment in gametes by sex. We used analysis of 
covariance (ANCOVA) to test for effects of capture-site, size, and their interaction. If not significant, interactions 
were removed from the final analytical model. 
 Significant habitat effects in any of the parametric analyses were followed with planned contrasts of the 
floodplain lakes versus the river channel, and BP versus OX. A nonsignificant χ2 result bearing on one of the  
research questions was tested post hoc for power to detect an effect size equivalent to a correlation of r = 0.5 
following Cohen (2013). We calculated parametric analyses with JMP Pro (v. 15; SAS Inc.) and partial effect sizes 
for multivariate tests, ηp

2, and χ2 tests with Excel (v. 2004; Microsoft, Inc.). Data and calculations in Excel were 
archived at The OAK Trust (Mays & DeWitt 2020); https://hdl.handle.net/1969.1/195012

RESULTS 

Individuals Captured 

 Fishes sampled from the three sites were biased in age (χ2
6 = 26.9, P = 0.0002) but not in representation by sex 

(χ2
2 = 3.40, P = 0.18). The fish ranged from 1 year (MC, n = 3; BP, n = 8; OX, n = 2) to 4 years (BP, n = 1) with a 

majority of individuals being intermediate in age (2 years: MC, n = 5; BP, n = 1; OX, n = 6; 3 years: MC, n 
= 15; OX, n = 3). Full tabulation is provided in Table A1. Although a parametric analysis of fish size by age and 
habitat was not advisable given imbalance in representation, qualitative results of regression were informative. 
Fish size (ln3√g) strongly increased with age (log worth 9.3), but habitat differences were minor (log worth 3.6) and 
interaction of age and habitat was not noteworthy (log worth 1.4). The empirical pattern is given in Figure A1. 

Muscle Isotope (Trophic Position) Analysis 

 There were significant differences in bulk δ13C and δ15N of fish muscle across habitats and for fish of different 
size, but no sex or interaction effects were evident (Table 1A). Planned contrasts showed that the proportion of 
heavy isotopes was higher in MC compared to the floodplain lakes (14.2% higher for δ13C and 8.8 5 higher for 
δ15N), with no difference noted between OX and BP (Table 1A; Fig. A2A). Larger fish also had a higher proportion of 
both isotopes, but more so for δ15N than δ13C (canonical correlations 0.21 and 0.33 respectively).  

Otolith Isotope (Habitat) Analysis 

 Otolith powders from the growing edge of otoliths were strongly differentiated in δ18O and δ13C by habitat 
(Table 1B; Fig. A2B) but did not differ significantly by fish size or sex. QDA correctly classified 95 % of fish to correct 
capture site (Table A2A). The strong differentiation in otolith edge isotopes among fish captured in alternative 
habitats was also noted for the subset of fish used in the morphometric analysis (F4,56 = 27.9, P < 10-12). 
Correlations of isotope values with canonical discriminant scores, illustrated in Figure A2B as ‘biplot 
rays’, indicated that each isotope provided different contributions to the discrimination (if they were redundant, 
their rays would be coincident). Otoliths of individuals collected from BP showed the greatest proportion of 
18O, while otoliths of individuals from OX were intermediate and those from MC were relatively low. Otolith 
powders from the growing edge of otoliths of fish captured in OX were relatively high in δ13C compared to those 
from the flood plain lake habitats (OX and BP), which did not differ from each other. 

 Classifications of individuals to putative natal habitats, based on discriminant functions derived in the analysis 
of otolith edge isotope data indicated significant movement of fish among habitats versus a null hypothesis of 
perfect site fidelity (χ2

1 = 18.2, P = 0.0002). Classification numbers by capture and inferred natal sites are given in 
Table A2B. Sixty-five percent of fish were inferred to have been born in a site unlike that in which they were 
captured, however there did not appear to be any significant retention or differential migration among specific 
habitats (χ2

1 = 2.29, P = 0.32). 

Morphological Traits 

 Geometric morphometrics indicated that individuals showed characteristic morphologies based 
on their site of capture (F6,42 = 7.02, P < 10-4, ηp

2 = 0.50; Fig. 2A). Both planned contrasts were significant 
(MC v. OX/BP, F3,21 = 8.55, P < 10-2; OX v. BP, F3,21 = 6.04, P = 0.004). Bluegills collected from the floodplain lakes 
had greater body depth at mid length, relatively elongate snouts, and large heads. Fish from OX had a more 
disciform lateral profile, large eyes, and posteriorly placed pelvic fins, as well as shorter caudal peduncles and 
dorsal fin bases. Fish from MC had the flattest ventrum profile and most vaulting anterior dorsum. Fish from BP 
had slightly elongated peduncles 
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and pronounced small eyes. 
 In addition to morphological differences by collection habitat, morphology differed among the inferred natal 
sites (Table 1C). The main effect of inferred natal site was significant by one tailed hypothesis test, which would be 
reasonable given that patterns fit prior results and ecomorphological expectations (F6,42 = 1.94, P = 0.096, ηp

2 = 
0.22). Post-hoc tests were not conducted due to the marginal P-value for the inferred natal site main effect. There 
was a significant interaction between the capture and inferred natal site main effects (F12,55.9 = 2.35, P = 0.016, ηp

2 = 
0.34). Based on canonical centroid values (multivariate least square means) from the interaction term 
decomposition, natal environmental associations with adult fish shape were characteristically similar to the main 
canonical decomposition (Fig. 2B; columns 1-3 and 5). However, capture and natal site interactions demonstrated 
heterogeneous variances, most notably due to the lack of discernable natal environment effect among fish 
captured in MC (Fig. 2B; column 4). 
 GSI in male bluegills exhibited no patterns given our plan of analysis. The interaction of capture site and size 
was first removed for lack of significance and then the reduced model did not exhibit a significant omnibus test. 
For females, GSI values were radically higher (mean ln3√g = 0.729 v. males at 0.087). Female GSI did not exhibit a 
capture site by size interaction but both main effects were significant. Capture site was most strongly associated 
with female GSI (F2,14 = 15.2, P = 0.0003). Female bluegills in the floodplain lakes had greater GSI than those in the 
MC (F1,14 = 28.6, P < 0.0001), but the difference between BP and OX was not significant (F1,14 = 2.73, P = 0.12). 
Female body mass was related to GSI less strongly than capture site, but the relationship was significant (F2,14 = 
8.53, P = 0.01). Analysis results for female GSI are given in Table A3. 

DISCUSSION 
 Movement among habitats was revealed as a norm by isotope analysis, affirming the first of our research 
questions. Sixty-five percent of sampled individuals apparently spent the first year of life in a habitat other than 
that in which they were captured. This contradicts several previous studies reporting high site fidelity and small 
home range sizes for sunfishes (L. megalotis, Berra & Gunning 1972; L. gibbosus, Coleman & Wilson 
1996; McCairns & Fox 2004; L. cyanellus, Gatz 2007). Yet if our habitat assignments were wrong, there would be no 
vestigial morphology systematically attributable to isotope-inferred natal habitat assignments and it would be 
especially improbable that randomly accrued effects would happen to parallel among-site differentiation. Greater 
site fidelity reported in previous studies may reflect environmental stability associated with basin habitats (lakes, 
ponds) with minor fluvial influence, or relatively brief focal time scales (< 1 yr). Some basin studies nevertheless 
have found varied movement patterns by sunfish. Paukert et al. (2004) reported bluegill home range sizes up to 
172 ha in a 332-ha lake. It is also common for sunfish species to change habitat ontogenetically as the ability to 
exploit different niches changes with growth (Osenberg et al. 1988). Over short durations, considerable movement 
was seen in longear sunfish even in a small river system. Berra & Gunning (1972) performed a mark-recapture 
study in which 70 % of recovered marked longear sunfish were found in the site of release, suggesting strong site 
fidelity. However, the number of fishes not recovered, 81 %, suggests migration as a norm. As sunfishes are 
common in diverse habitats, it appears that the dynamics of movement may simply differ widely by habitat system 
and time frames considered. 
 The variable fluvial dynamics of moderate and large rivers like the Sipsey River generate dynamic mosaics of 
off-channel habitats including temporary and permanent lakes, ponds, sloughs and variously conformed retention 
habitats within the floodplain. Monthly variation in rainfall and evapotranspiration typically cause the Sipsey River 
to inundate the surrounding floodplain in winter (December-March) and episodically following large rain events. 
Periods of inundation are critical natural events that connect fish communities in time and space (Junk et al. 1989, 
Ward et al. 2005) and the specific hydrological regime of these ecosystems directly affects year-class success or 
failure (Welcomme 1979). Increased recruitment is common during years that backwater habitats are accessible to 
juveniles (Nannini et al. 2012), as these habitats offer increased temperature and zooplankton availability which in 
turn increase  growth rates and fecundity (Yamamoto & Siah 2013, Santucci & Wahl 2003, Wahl et al. 2008). As 
well, backwater habitats can serve as refugia from high flow dynamics and predation relative to the main channel 
(Rypel et al. 2012). Typically, centrarchids are regarded as backwater specialists (Galat & Zweimüller 2001, Csoboth 
& Garvey 2008) as they often select these habitats for reproductive processes and at larval and juvenile stages 
(Nannini et al. 2012). This would suggest differential recruitment within habitats or export of post-yearling fishes 
to other floodplain lakes or the river channel. In the present study, backwater bluegill showed higher fecundity, 
but this advantage did not present as differential retention or export within or among habitats, and hence did not 

http://evolutionary-ecology.com/data/3235Appendix.pdf
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affirm our second research question. The absence of signal for differential recruitment/migration may be due to 
low sample size, although power to detect a strong effect was 75 % (Cohen 2013). Thus, migration was the rule in 
this system, but it was not detectably biased with respect to the three focal habitats. 
 In addition to differential fecundity, dietary differences were evident across habitats. The high muscle δ13C of 
main channel bluegills, +4.5 ‰ relative to other habitats, indicated heavy reliance on carbon originating from the 
riparian and forested areas of the floodplain. This is unsurprising, as terrestrially derived organic carbon 
contributes up to 50% of the total carbon pool in riverine fish (Nowlin et al. 2007, Pingram et al. 2012). In contrast, 
the δ13C of floodplain lake bluegills was consistent with a diet strongly subsidized by submerged macrophytes 
(France 1995). Submerged macrophytes can contribute > 75 % of producer carbon assimilated by omnivorous fish 
in shallow lakes (Jepsen & Winemiller 2007, Mendonça et al. 2012, Yu et al. 2016). Despite this inference, 
difference between the bulk δ15N of main channel and floodplain lake fish, ~ 1 ‰, was ecologically trivial, given 
that consumers enrich by ~ 3.4 ‰ per trophic level (Minagawa & Wada 1984). However, fish diet and isotope 
profiles can vary in myriad patterns even where fish occupy comparable trophic positions (Dharampal & Findlay 
2017; McCutchan et al. 2003). For instance, fish consuming a greater amount of plant material may also be eating 
higher order predators (e.g. odonates), potentially resulting in net trophic levels similar to fish eating low order 
herbivores (e.g. plankton). Lacking specific information on sources of heavy isotopes in this system, we will not 
attempt to make conclusions about specific diet or trophic position. Rather, we can be confident that the strong 
among-habitat variation in isotopes relative to within habitat variation indicates that diets differed, apparently 
strongly so, among the habitats studied (Fig. A1). This affirms our third research question. 
 Differences in diet imply different demands on feeding morphology. Structural and other habitat differences 
may also impose alternative demands on fish morphology.  Many studies show that fishes meet such alternative 
demands with inducible morphology (e.g., Meyer 1987, Brönmark & Miner 1992, Day et al. 1994, Svanbäck & Eklöv 
2003, Parsons & Robinson 2007, Ruehl & DeWitt 2005, 2007). Alternatively, phenotypic matching to environments 
may reflect genetic differentiation (Langerhans et  al. 2004, Rundle et al. 2010). Morphological differences in the 
bluegills from habitats in the present study parallel well-known ecomorphological patterns seen in other studies. 
For example, the disciform shape typical of bluegills from OX is known to be adaptive in low energy, structurally 
complex environments (Webb 1984), which characters are an apt description of oxbow conditions (Winemiller et 
al. 2000). Rypel et al. (2012) previously observed many of the morphological distinctions in bluegills among these 
habitats (see also Papadopoulos 2010). The present study affirmed persistence of those differences, although we 
noted that eye size was only enlarged in the oxbow (not both types of floodplain lakes). Thus with minor exception 
we affirmed our fourth research question. Yet we also revealed additional aspects of differentiation. For example, 
we observed relatively flat ventrums and anteriorly shifted maximum depth in the lotic (MC) habitat relative to 
that in the more lentic OX and BP. These aspects of body shape paralleled those for sunfish in the Brazos River and 
associated oxbows in Texas, USA (Papadopoulos 2010) and the cichlid Biotodoma wavrini in river channel and 
variously connected lagoon habitats in the Río Cinaruco of Venezuela (Langerhans et al. 2003). As well, elongated 
snouts as observed in OX and BP are expected among fish that feed by picking small pelagic prey items such as 
plankton from the water column (Hegrenes 2001, Ruehl & DeWitt 2005), which prey are typical to lentic habitats 
(like OX and BP). To the extent that habitat-associated morphology increases adaptive matching to conditions in 
the respective habitat, a logical inference is that changing from one habitat to another may leave fish ill adapted to 
the new habitat. Thus, opportunities associated with moving among habitats (e.g., fast growth or high fecundity in 
backwaters) may entail costs due to environmentally mismatched phenotypes (DeWitt et al. 1998). 
 Plasticity can increase phenotype-habitat matching where multiple habitats could be experienced during 
life, regardless of whether habitat change is driven by choice or by circumstance (DeWitt & Scheiner 2004). This 
may explain why plasticity is so pervasive in fishes. For sunfish, plasticity is known to play a strong role in resource 
exploitation by habitat. Robinson & Wilson (1996) directly observed induction of adaptive trophic morphology of 
pumpkinseed sunfish raised in benthic and limnetic environments and noted genetic components of trophic 
morphology as well. Yonekura et al. (2007) documented well-matched (adaptive) ecophenotypy in introduced 
bluegill sunfish across connected habitats of a single lake, in which genetic variation was extremely low (effective 
population size < 15; Kawamura et al. 2006). Bhagat et al. (2011) found a similar result for trophic ecophenotypy of 
introduced pumpkinseed sunfish (L. gibbosus) in Iberia. Lack of genetic variation in these latter two cases leaves 
plasticity as the likely explanation for ecophenotypy. Although we did not assay genetic variation in this study, the 
morphological signature of natal habitats demonstrated that morphology changed within individual lifetimes and 
therefore supports plasticity as a mechanism underlying ecophenotypy and affirms our fifth research question. 

http://evolutionary-ecology.com/data/3235Appendix.pdf
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 The ability to discern natal environments not only allows tests for migration and plasticity, but also enables 
finer inference on potential limits to adaptive plasticity. We speculated as a final research question that if there 
were predictable ecophenotypy due to plasticity, then there may be ‘residual ecophenotypy’ still detectable in fish 
developed in alternative natal environments. This was affirmed by the natal habitat effect observed. The natal 
habitat main effect was significant by directional hypothesis test, yet its interaction with that for the habitat of 
capture was also significant. Interaction terms can be significant for two reasons: 1) one factor has a fundamentally 
different effect depending on the value of another factor or 2) an effect is similar in nature across values of 
another effect but has heterogeneous variance (Fry 1992). In the present case, the issue seemed to be the latter—
similar effect nature with inconsistent magnitude (Fig. 2B). For fish captured in a given habitat, when natal effects 
were evident their nature was similar to that defined for each habitat by the capture site effect (Fig. 2A,B). Thus, it 
appears that even young fish were expressing phenotypes expected to be adaptive for their respective 
environments. This logically implies some degree of phenotypic mismatch for migrants entering a new habitat.  
 As vital an adaptation as plasticity may be for fish in dynamic mosaic environments, the residual ecophenotypy 
we have described logically has two concomitant limits: 1) when an individual moves to a new habitat with traits 
developed elsewhere, it may be functionally mismatched to the new habitat for the duration, and to the 
extent, that the vestiges of plastic development past remain. This represents a ‘developmental range’ limit (DeWitt 
et al. 1998, Weinig & Delph 2001, Hoverman & Relyea 2015). As plastic development advances toward phenotype-
environment matching, residual ecophenotypy may take time to ‘undo’, which time represents a ‘developmental 
lag-time’ limit (West-Eberhard 1989, Moran 1992, Padilla & Adolf 1996). Despite such implied limits, bluegills in 
the Sipsey River habitat mosaic appear to have evolved, or at least maintained, morphological and possibly 
‘dispersal’ plasticity (Arendt 2015). Our results, taken with those of Rypel et al. (2012), suggest 
that phenotypic plasticity in bluegill sunfish extends well into ontogeny, allowing organisms with indeterminant 
growth to adapt morphologically to environmental change even as adults. These joint capacities are likely 
important for any organisms in changing environments and speak to the need for further work to understand how 
they enhance or limit performance of various organisms. 
 Rypel et al. (2012) speculated that bluegill should migrate on annual or super-annual intervals to maximize 
growth and longevity and although our results roughly support this idea, it is unclear the degree to which 
migration is determined by habitat choice or fluvial circumstance. Conservation efforts in critical habitats such as 
floodplain rivers may be enriched by a deeper understanding of how organisms move across space and time, and 
developmentally adjust to enable persistence in complex habitat systems (Tamario et al. 2019). At larger scales, 
ecophenotypy fosters evolutionary diversification and increases geographic range potential (Pfennig & McGee 
2010) which may largely determine those species that make it through the Anthropocene (Crutzen 2006). In the 
Sipsey River system, fish moved commonly, by choice or circumstance, and developmentally adjusted in each 
case over short life intervals, arguably making them relatively well pre-adapted for the increasing pace of 
environmental change that we are currently experiencing. 
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FIGURES

Figure 1. Landmarks and semilandmarks used for morphometric analyses. Reference chords were used as visual 
guides to place semilandmarks that help characterize dorsal shape. 
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Figure 2. Bluegill body shape differentiation by natₓal and capture sites. A. Capture site canonical 
ordination. Circles show 95% centroids for multivariate mean shape by capture site. Triangles connect 
multivariate mean shapes broken out for each natal site in general (grey) and per capture site (red, blue, 
green). Body shape illustrations depict true geometry (non-canonical least squares means) of bluegill body 
shapes from each capture site. B. Capture × natal site canonical means. Magnitude of variation in shape 
among capture and natal sites differed more than the nature of shape differentiation. 
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Table 1. Effect tests for chemical and body shape variation (MANCOVA results)

effect n dfeffect dferror p s dfnum dfdenom Λ F P ηp²

catch site 31 2 26 2 2 4 50 0.12 24.2 3E-11 0.66

sex 1 1 2 25 0.93 0.92 0.411 0.07

size 1 1 2 25 0.57 9.59 8E-04 0.43

planned contrast

  catch lake v. river 1 1 2 25 92.3 3E-12

  catch OX v. BP 1 1 2 25 0.05 0.951

effect n dfeffect dferror p s dfnum dfdenom Λ F P ηp²

catch site 42 2 37 2 2 4 72 0.12 34.1 6E-16 0.65

sex 1 1 2 36 0.98 0.45 0.642 0.02

size 1 1 2 36 0.97 0.6 0.556 0.03

planned contrast

  catch lake v. river 1 1 2 36 88.4 1E-14

  catch OX v. BP 1 1 2 36 13.9 3E-05

effect n dfeffect dferror p s dfnum dfdenom Λ F P ηp²

catch site 33 2 23 3 2 6 42 0.25 7.02 3E-05 0.5

born site 2 2 6 42 0.61 1.94 0.096 0.22

catch x born 4 2.65 12 56.0 0.34 2.35 0.016 0.34

size 1 1 3 21 0.08 80.9 1E-11 0.92

planned contrast

  catch lake v. river 1 1 3 21 0.45 8.55 7E-04 0.55

  catch OX v. BP 1 1 3 21 0.54 6.04 0.004 0.46

B. Otolith edge isotopes

C. Morphometry

A. Muscle isotopes




