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Abstract

Trait-based ecology characterizes individuals’ functional attributes to better understand
and predict their interactions with other species and their environments. Utilizing morphological
traits to describe functional groups has helped group species with similar ecological niches that
are not necessarily taxonomically related. Within the deep-pelagic fishes, the Order
Stomiiformes exhibits high morphological and species diversity, and many species undertake
diel vertical migration (DVM). While the morphology and behavior of stomiiform fishes have
been extensively studied and described through taxonomic assessments, the connection between
their form and function regarding their DVM types, morphotypes, and daytime depth
distributions is not well known. Here, three computer-aided morphometric techniques were used
to analyze stomiiform fishes body shapes to examine the relationship between their morphology
and established functional traits. Additionally, the feasibility of the three techniques to quantify
preserved specimens’ shapes was assessed by measuring their ability to predict an individual's
taxonomic identity. In the present study, computer-aided morphometric techniques were
relatively successful in distinguishing between some taxa. Still, the extent of its success varied
according to the taxa and the technique used. Functional traits associated with DVM and vertical
distributions were generally significant but showed similar variability across techniques and taxa.
The results of this study showed that combining computer-aided morphometric techniques with
taxonomic and traditional assessments can open a wide range of new potential applications to
further understand deep-sea fish morphologies and how they relate to their functioning within the
deep sea. Computer-aided morphometric techniques are considered suitable methods for
exploring deep-sea fish morphology variability and for a rough assessment of ecological traits
within and between individuals.

Keywords: Trait-based ecology, Diel vertical migration, Momocs, Shape indicator
measurements, Landmark configuration analysis, Outline analysis



Acknowledgements

This research was made possible in part by a grant from The Gulf of Mexico Research
Initiative, and in part by the National Oceanic and Atmospheric Administration's RESTORE
Science Program under award NA19NOS4510193 to Nova Southeastern University. Data are
publicly available through the Gulf of Mexico Research Initiative Information and Data
Cooperative (GRIIDC) at https://data.gulfresearchinitiative.org.

First and foremost, | would like to thank my major advisor, Dr. Rosanna Milligan for her
constant guidance, support, and encouragement throughout this project and my time at NSU. |
would also like to thank my committee members, Dr. Tracey Sutton, and Dr. Jon Moore, for
their input, ideas, and advice throughout my research.

| would also like to thank Nina Pruzinsky and Ashley Marranzino for all their guidance
with proper specimen handling techniques and providing feedback on my writing submissions.
Thank you to all my Seascape Ecology lab members, past and present, for their support,
feedback, and collaboration. Finally, a very big thank you to my family and friends who kept me
going along the way by providing me with the encouragement and support to complete my
graduate studies and thesis research.



List of Figures

Figure 1. Unified typology depicting functional traits ..........ccccevivriiiiesiiienniiie e 2
Figure 2. Depiction of how benthic and pelagic fish body shapes vary with depth ........... 4
Figure 3. Body plan of the four families with Order Stomiiformes...........ccccoeevviiiieiinnnns 6
Figure 4. Progression of morphometric measurement teChniques..........coccvevvveeiiieeiineens 9
Figure 5. Sample grid and station identifications used during the ONSAP ..........c.......... 12
Figure 6. Vertical distribution plots for 23 stomiiform fishes captured...........ccccoocvvennneen. 15
Figure 7. Set-up for photographing the SPECIMENS ........coevvvviriiiiiiiiiiiiiiie e 16
Figure 8. Standard orientation and imaging set-up of SpECImens .........cccevverrveerrveesnnnn. 17
Figure 9. Five landmark points used during landmark configuration analysis................. 21
Figure 10. Left image represents the original photograph...........cccocoeiiiiiiiiiiiiiies 22
Figure 11. Correlation matrix of ANOSIM R statistics from species assessment of shape
indicator measurements using a Bray Curtis MatriX ........ccoceervreeiieniniesieeneseeseene e 29
Figure 12. Correlation matrix of ANOSIM p-values from species assessment of shape
indicator measurements using a Bray Curtis matriX ........cccoovvieiiiiniininieci e 30
Figure 13. Correlation matrix of ANOSIM R statistics from genus assessment of shape
indicator measurements using a Bray Curtis MatriX ........c.ccocovrieiieninienieenese e 31
Figure 14. Correlation matrix of ANOSIM p-values from genus assessment of shape
indicator measurements using a Bray Curtis matriX ........cccoeiveiiiiniininiien e 32
Figure 15. Correlation matrix of ANOSIM results from family assessment of shape
indicator measurements using a Bray Curtis MatriX .........cccocevviieriiniieninnneeseesee e 33
Figure 16. Normalized principal component analysis through shape indicator

100 LSz K D11 10 1S) 1 LR PP PUPRRI 34
Figure 17. Principal component analysis on the Procrustes superimposition.................. 36
Figure 18. Correlation matrix of ANOSIM R statistics from species assessment of
landmark configuration analysis using a Bray Curtis matriX..........cccooveriniieeninnneennnnn 38
Figure 19. Correlation matrix of ANOSIM p-values from species assessment of

landmark configuration analysis using a Bray Curtis matrix .........ccccoerivriieninninennnnnn 39
Figure 20. Correlation matrix of ANOSIM R statistics from genus assessment of
landmark configuration analysis using a Bray Curtis matrix .........cccooevierieeninnieeninennn 40
Figure 21. Correlation matrix of ANOSIM p-values from genus assessment of

landmark configuration analysis using a Bray Curtis matrix .........ccccoerievrieenienninennnnnn 41
Figure 22. Correlation matrix of ANOSIM results from family assessment of

landmark configuration analysis using a Bray Curtis matrix .........cccooverieviiieninnieennennn 42
Figure 23. Normalized principal component analysis through landmark configuration
ANALYSIS .ottt et 43
Figure 24. Box and whisker plot of calibrated harmonic power...........ccccccevviiiicninninnnns 44
Figure 25. Ptolemy figures of the SPeCIeS.........ccoiiviiiiiiiiiiiiiii e 45

Figure 26. Example showing the shape each harmonic represented ...........cccccceevvvernnen. 45


file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011599
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011601
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011601
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011601
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011601
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011601
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011601
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011601
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011601
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011601
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011601
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011601
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011601
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011601
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011601
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011601
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011601
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011601
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011601
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011601
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011601
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011601
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011601
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011601
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011601
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011601

Figure 27. Correlation matrix of ANOSIM R statistics from species assessment of outline

analysis using a Bray Curtis MatriX .......coocereeiiiienieiineeseee e 47
Figure 28. Correlation matrix of ANOSIM p-values from species assessment of outline
analysis using a Bray Curtis MatriX .......ccoceieeriiiieiieiiiieseee e 48
Figure 29. Correlation matrix of ANOSIM R statistics from genus assessment of outline
analysis using a Bray Curtis MatriX .......ccocveieeriiiienieiinieseee e 49
Figure 30. Correlation matrix of ANOSIM p-values from genus assessment of outline
analysis using a Bray Curtis MatriX .......c.ccooieeoiiiieiieiiniiseee e 50
Figure 31. Correlation matrix of ANOSIM results from family assessment of outline
analysis using a Bray CurtiS MatriX .......coocvereeriiiienieiisieseee e 51
Figure 32. Normalized PCA-ordinations of body shape among the 23 stomiiform......... 52

Figure 33. Normalized PCA-ordinations of body shape among stomiiform fish genera...53
Figure 34. Normalized PCA-ordinations of body shape among stomiiform fish

1221001 LTSRS UPOTRUPRPR 54
Figure 35. Normalized metric CAP of all individuals grouped by species ............c.cocuv... 58
Figure 36. Normalized metric CAP of all individuals grouped by genus.............ccoccvenee 61
Figure 37. Normalized metric CAP of all individuals grouped by family............c...coc.o.. 63

Figure 38. Correlation matrix of ANOSIM results from DVM types assessment of shape
indicator measurements using a Bray Curtis MatriX .......cccoceoiiiiiiniiiniecic e 65

Figure 39. Correlation matrix of ANOSIM results from morphotypes assessment of shape
indicator measurements using a Bray CurtisS MatriX .........cccooovireenieiniienenneesee e 65

Figure 40. Correlation matrix of ANOSIM results from daytime depths assessment of
shape indicator measurements using a Bray CurtisS MatriX.........ccocovvvveieeniennieeninsieenenns 66

Figure 41. Normalized principal component analysis of traits through shape indicator
00T R D1 10 1S) 4L PP PP 67

Figure 42. Correlation matrix of ANOSIM results from DVM types assessment of

landmark configuration analysis using a Bray Curtis matriX.........cccoeeeviveiiniecnienennenn 70
Figure 43. Correlation matrix of ANOSIM results from morphotypes assessment of
landmark configuration analysis using a Bray Curtis matriX.........ccccevveviveiiniennienennenn 70
Figure 44. Correlation matrix of ANOSIM results from daytime depths assessment of
landmark configuration analysis using a Bray Curtus matriX.........cccoeeeriveiinicnienennenn 71
Figure 45. Normalized principal component analysis of traits through landmark
CONfIGUIAtION ANALYSIS ..iiuviiiiiiiiiiiiie it 72
Figure 46. Normalized PCA-ordinations of body shape among DVM types................... 74
Figure 47. Normalized PCA-ordinations of body shape among morphotypes................. 75
Figure 48. Normalized PCA-ordinations of body shape among daytime depth................ 76

Figure 49. Correlation matrix of ANOSIM results from DVM types assessment of outline
analysis using a Bray CurtiS MatriX .......cccovverrierieirieneeeie e 77

Figure 50. Correlation matrix of ANOSIM results from morphotypes assessment of outline


file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011601
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011601
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011601
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011601
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011601
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011601
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011601
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011601
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011601
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011601
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011601
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011601
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011601
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011601
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011601
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011601
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011601
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011601
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011601
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011601
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011601
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011601
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011601

analysis using a Bray Curtis MatriX ....c.ccooveeiivieiiieieiieeesieeesieeesieessieesssneesssneesssseesssneesns 77
Figure 51. Correlation matrix of ANOSIM results from daytime depths assessment of

outline analysis using a Bray Curtis MatriX .......ococvevieieiiiieeniiiesniiessiee e ssneessseessinee e 78
Figure 52. Normalized metric CAP of all individuals grouped by morphotypes ............. 80
Figure 53. Normalized metric CAP of all individuals grouped by DVM types ............... 83

Figure 54. Normalized metric CAP of all individuals grouped by daytime depth ........... 84


file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011601
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011601
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011601
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011601
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011601

List of Tables
Table 1. List of the dominant stomiiform fishes that were assessed during this study..... 14
Table 2. The shape indicator measurements, equations, definitions, purposes, and the

references used Within this STUAY ......ooovviiiiiiiii 19
Table 3. Global ANOSIM results from taxonomic rank assessment of shape indicator
measurements using a Bray Curtis MatriX .........cocerveiiiieiieiiniesecsese e 28
Table 4. Global ANOSIM results from taxonomic rank assessment of landmark
configuration analysis using a Bray Curtis matriX..........ccooveevrieeiierininneeneseseese e 37
Table 5. Procrustes ANOVA of Centroid Size for taxonomic rank...........ccocceeveeriieinnnne 42
Table 6. Procrustes ANOVA of Body Shape for taxonomic rank ...........c.cccevvverveninnnn 42

Table 7. Global ANOSIM results from taxonomic rank assessment of outline analysis
USING @ Bray CUrtis MAIIX .....ocveiveiiiiiesieeiesee e 46

Table 8. Confusion matrix of normalized CAP predictions at species level for landmark
CONTIGUIAtION ANALYSIS ..veevviiiiieiie ittt 55

Table 9. Confusion matrix of normalized CAP predictions at species level for shape
INAICALOT MEASUICIMETILS .....euvieiiieiiieiiie st este ettt ettt sb e e e b e s e e sseesnreesneesnneenneeenes 56
Table 10. Confusion matrix of normalized CAP predictions at species level for outline

ANIALYSIS ..ttt h et E e e R e b e e nn e nne e 57
Table 11. Confusion matrix of normalized CAP predictions at genus level..................... 59
Table 12. Confusion matrix of normalized CAP predictions at family level.................... 62
Table 13. Global ANOSIM results from the ecological traits assessment of shape
indicator measurements using a Bray Curtis MatriX .......cccocevviiiiiniiiinneciesc e 65
Table 14. Global ANOSIM results from the ecological traits assessment of landmark
configuration analysis using a Bray CurtiS MatriX........c.cccveriuveeriieeeiiiiee i 69
Table 15. Procrustes ANOVA of Centroid Size for ecological traits .............ccceevvverinennne 69
Table 16. Procrustes ANOVA of Body Shape for ecological traits...........cccocveriiiiiinnnnne 69
Table 17. Global ANOSIM results from the ecological traits assessment of outline
analysis using a Bray Curtis MaIiX ......ccooveeiiirieiieieiiiee e siee et sieeessineessineessnnee e 76
Table 18. Confusion matrix of normalized CAP morphotype predictions ............ccccuueene 79
Table 19. Confusion matrix of normalized CAP DVM type predictions............ccceevuuenne 81
Table 20. Confusion matrix of normalized CAP for daytime depth predictions .............. 82

Vi


file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011601
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011601
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011601
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011601
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011601
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011601
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011601
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011601
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011601
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011601
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011601
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011601
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011601
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011601
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011601
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011601
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011601
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011601
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011601
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011601

Table of Contents

AADSITACE ...ttt i
ACKNOWICAZEMENLS ... il
LSt OF FIGUIES ... il
LSt OF TabIES ...t vi
INETOAUCTION ...t 1
The Role of Computer-Aided Vision in Morphometric ARGLYSeS ............cccoeuviiviiiieriininnnn. 8
STUAY ATINIS 1.ttt bbb r e 10
IMEETROMS. ... 11
DAtA COILECIION ...ttt 11
Species Selection ANd TFAILS............ccccoouiiiiiiiiii e 13
Imaging Process and PreParQlion .............c.cccuuveuiiiiiiaiieiieeses e 16
Shape Indicator MeaSUFEMENES ...............ccoicuiiiieiii e 18
Landmark Configuration ANGLYSIS ...........cccouiiiiiiiiiiiiiei s 20
OULTINE ANGIYSIS ...t 22
MUltivariarte ANGLYSES .........c..ccoiiiiiiieii e 24
PrediCtive POWEF ..........ccccuiiiii ettt 25
RESUILS .. 26
TeSting vS. TAXONOMLY ............ococveiiiiiiii et 26
Shape Indicator MeaSUFEMENES ...............ccuuciiiieeiii e 26
Landmark Configuration ANGIYSIS .............c.cccoioieiiiiiieiic e 35
OULTINE ANGIYSIS ...t nnns 44
Predicting Taxonomic Identify ...................ccccoooeiiiiiiiiiiiiiieni e 54
Predicting SPECIes ..........coouuiiiiiii i 54
Predicting GERUS............cooieiii s 54
Predicting Family ... 62
TESHING VS. THAILS ... 64
Shape Indicator MeaSUFEMENES ...............couvoiiiieiiii e 64
Landmark Configuration ANGIYSIS .............c.cccciiiiiiiiiiiiii e 68
OULTINE ANGALYSIS ...t 73
Predicting TraALLS .................coooiiiiiii e 79
Predicting MOVDROTYPES .........c.ooceiiiiiieieeeeeeee e 79
Predicting DVM (YPeS ........cooouiiieiie ettt 81
Predicting Daytime DEPIRS .............ccocouiioiiiiiiiiiiee e 81
DISCUSSION ..ttt r e n e e e n e e e n e e ne e ne e 85
Part 1: Body Shape vs. TaXONOMY ...........ccoocuiiiiiiieiii e 85
Part 2: Body Shape VS. TFAILS .........coooiiiiiiiiieieeee e 86
Part 3: Evaluation of Computer-Aided Moprhometric Techniques .............ccccccovvvcuennne. 88

vii


file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011599
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011600
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011601
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011599
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011599
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011603
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011599
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011599
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011604
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011605
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011606
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011607
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011608
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011609
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011609
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011609
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011610
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011611
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011611
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011611
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011611
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011611
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011611
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011611
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011611
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011611
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011611
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011611
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011611
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011611
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011611
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011611
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011611
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011612
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011611
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011611
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011611

Part 4: Considerations for FULUTEe WOFK ............ccccuviiiiiiiiiiiciiie e 91
(07071761 10 S 103 s TSRS UPRUPRTPR 95
RETCICIICES ...t ne e 96

viii


file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011611
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011613
file:///C:/Users/mtwis/Downloads/Table-of-Contents-Template-Word-10.docx%23__RefHeading___Toc12011614

Introduction
Trait-based ecology is an approach that characterizes important characteristics and

functional features of individuals to better understand and predict their interactions with other
species and their environments (Kremer et al., 2016). McGill et al. (2006) defined traits as
heritable features that can be measured at the individual level and may include measures of
organismal morphology, physiology, behavior, and/or phenology linked to ecological functions
(e.g., resource acquisition, growth, reproduction, and survival; Violle et al., 2007; Kremer et al.,
2016; Caillon et al., 2018; Figure 1). The rationale behind trait-based ecology is that the
functional roles played by individual organisms within their ecosystems are better represented by
their traits rather than their taxonomic classification (Kigrboe et al., 2018). For example, many
marine taxa change their functional roles throughout their lives as they grow (i.e., swordfish
larvae feed on zooplankton, and as they grow, their position within the food web switches to an
apex predator feeding on larger fishes and cephalopods; Rooker et al., 2012). Functional changes
(e.g., ontogenic dietary shifts) over an individual's life would not be captured by its species
identity. An individual’s identity represents all the traits they express as defined by their niche
space and does not necessarily focus on particular traits of interest. Rather than solely focusing
on the identity of the individual, the use of their functional traits aids in classifying individuals in
an ecological context and identifying what ecosystem services those individuals provide (Petchy
et al., 2004; Mouillot et al., 2013; Violle et al., 2014).

In the marine realm, fishes have been the focus of many trait-based studies due to their
commercial and ecological importance (e.g., Blanchard et al., 2005; Collins et al., 2005; Piet &
Jennings, 2005). Common trait-based approaches include the use of size- and shape-based
morphometrics (i.e., the practice of quantitatively analyzing the shape, size, and overall structure
of an individual or object; Mindel, 2016) and meristics (i.e., counts of important features; gill
rakers, fins, spines; Turan et al., 2006; Mojekwu & Anumudu, 2015; Figure 2(a); Figure 3(b)).
The morphology of a fish provides insights into its behavior and life history (Wainwright, 1991).
For example, fish body shape directly impacts locomotion (Webb, 1984; Tytell et al., 2010),
defensive strategies (Tytell et al., 2010), niche determination (Farré et al., 2016b), trophic
positions (Farré et al., 2016b), and the ability to acquire food (Wainwright & Richard, 1995;

Langerhans & Resnick, 2010). Shape- and size-based approaches like these have the potential to



allow the structure and function of poorly studied ecosystems and their assemblages to be

assessed (Degen et al., 2018).
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Figure 1 — Unified typology depicting functional traits. Traits are classified by type and
ecological function (Adapted from Martini et al., 2021).

One such environment where trait-based approaches could be usefully applied is the deep

sea (>200m water depth; Robison, 2009). The deep sea is the largest habitat on Earth, comprising

the seafloor and water column, and houses the most abundant fishes on the planet (Ingels et al.,

2016; Sutton & Milligan, 2018). In the pelagic realm, deep-sea fishes play important roles in

open-ocean food webs, and create connectivity between surface waters and the deep sea. For

example, commercially important apex predators and marine mammals (e.g., swordfishes and

northern elephant seals) rely on these deep-sea fishes migrating from depth to the surface layers




as a food source (Drazen & Sutton, 2017; Sutton et al., 2020b). Additionally, deep-sea fishes aid
in global biological processes such as sequestering carbon and recycling nutrients (Thurber,
2014; Levin et al., 2019; Marks et al., 2020).

In deep-living pelagic fishes, body shape has been linked to locomotor ability, feeding
guilds, and hunting strategies (Videler, 1993). Etmopterus spp., Isistius spp., Tetragonurus spp.,
and Squaliolus spp. are some predators that typically show fusiform or torpedo-like body shapes,
while Idiacanthus spp., Eustomias spp., and Monognathus spp., are some species that show
elongated, eel-like body shapes. High-speed endurance swimming (associated with e.g., a
fusiform body shape; Figure 2(a)) is not as beneficial regarding hunting and escaping predators
at depth as it is closer to the surface due to limited energy flux in the deep sea (Childress, 1995;
Seibel et al., 2000; Neat & Campbell, 2013). The energy flux to the deep sea is generated in the
euphotic zone and is transported to depths as small particles, which decreases exponentially with
depth (Buesseler et al., 2007; Smith et al., 2008). Priede and Tytler (2006) demonstrated with
metabolic rate calculations that as the speed of the fish increases, the metabolic rate increases.
The increased metabolic rates become much harder to maintain when prey is scarce. As a result,
deep-sea fishes have evolved several adaptations to reduce energy expenditure and focus on
growth and reproduction. Elongated, eel-like fishes have been estimated to be four to six times
more efficient at swimming regarding energy consumption than non-eel-like fishes (van
Ginneken et al., 2005). Borazjani and Sotiropoulous (2009) investigated the hydrodynamics of
anguilliform swimmers and predicted that this form of swimming with elongated bodies would
become increasingly efficient as the water viscosity increases. As water viscosity increases with
increasing depth (increasing pressure and decreasing temperature), the efficiency of anguilliform
swimmers increases (Borazjani & Sotiropoulous, 2009). Additionally, body size and shape are
basic-level traits that may contribute to higher-level traits such as differing DVM patterns and
daytime depth distributions (Riddell & Leggett, 1981; Kipanyula & Maina, 2016). For example,
certain pelagic species that remain at depth exhibit more watery tissues, weak muscles, and
reduced fins (e.g., Cyclothone spp.; Martinez et al., 2021). However, nearly all understanding of
fish locomotor diversity, body shapes, migration patterns, and habitat utilization comes from
observations of shallower-water inhabitants, but many factors that affect locomotion change with

depth (Martinez et al., 2021). Further investigation is needed to identify how deep-sea fish's body



shape varies with the structural complexity of their habitats (Claverie & Wainwright, 2014;
Friedman et al., 2020; Larouche et al., 2020).

Figure 2 — (a) Depiction of how benthic and pelagic fish body shapes vary with depth. Shallow
waters encompass 0-200 m, intermediate waters encompass 200-1000 m, and deep waters
encompass 1000-6000 m. (b) Morphometrics measurements are typically measured when
describing a species (Adapted from Martinez et al., 2021).

Within the deep-pelagic realm, the stomiiform fishes exhibit exceptionally high
morphological and species diversity (Gjgsater, 1980; Fink, 1985; Sutton, 2003; Sutton et al.,
2020Db). The Order Stomiiformes comprises four families ((Gonostomatidae (bristlemouths),
Phosichthyidae (lightfishes), Sternoptychidae (hatchetfishes), and Stomiidae (dragonfishes and
their relatives)), and a total of 51 genera and 321 known species (Fricke et al., 2022).
Stomiiformes contains some of the most abundant predators of the mesopelagic zone (i.e., waters
extending from 200 to 1,000 m; Eustomias schmidti, Photostomais guernei; Sutton, 2003; Marks
et al., 2020). Due to their migratory behavior and consumption of migratory taxa, piscivorous
stomiiform fishes play important roles as trophic mediators and assist in carbon sequestration in

deep-sea ecosystems (Marks et al., 2020). Sutton (2003) described three main body plans that



encompass all known species within order Stomiiformes. Body plan A includes fishes from the
family Stomiidae, which are usually elongated, black, or dark brown, and the dorsal and anal fins
are placed farther back on the body. Stomiids have several defining characteristics, including
fang-like dentition and the presence of barbels (Figure 3(a); Sutton, 2003). Body plan B is
usually observed in species that are a part of the families Gonostomatidae (Figure 3(d)),
Phosichthyidae (Figure 3(c)), and some species of Sternoptychidae (i.e., Maurolicinae spp.).
Species included in plan B tend to exhibit a relatively compressed and elongated, “minnow-like”
body (Figure 3(c)). Within body plan B, the dorsal and anal fins tend to occur mid-body, with
studded bristle-like teeth. Body plan C is exhibited by most species in the family
Sternoptychidae (Figure 3(b)). The typical body shape observed is laterally compressed, short,
and has an abdominal keel to give the taxa a “hatchet-like” look. While the morphology of
stomiiform fishes has been extensively studied and described, little is known about inter- and

intra-specific variability of body shapes and functional traits (e.g., DVM “types”).



Figure 3 - Body plans of the four families within Order Stomiiformes: Stomiidae (A),
Sternoptychidae (B), Phosichthyidae (C), and Gonostomatidae (D) (Adapted from Sutton et al.,
2020b). Images are not drawn to scale.

A key behavioral trait exhibited by many mesopelagic species, including many
stomiiform fishes, is diel vertical migration (DVM). DVM is the largest migration (by biomass)
on the planet and is exhibited every day by trillions of organisms in the World Ocean (Hays,
2003). A recent global survey estimated that approximately 50% of sound-scattering
mesopelagic biomass undergoes some form of DVM (Klevjer et al., 2016). While several
patterns of DVM have been identified, the general form involves fauna remaining at depth
(typically in the mesopelagic zone) during the day, and migrating to surface waters (typically the
epipelagic zone; i.e., waters extending from 0 to 200 m), at night (Badcock & Merrett et al.,
1976). Several migration behavioral “types” have been described for species participating in
DVM. In the present study, I followed the definitions provided by Staby and Salvanes (2018).
They identified seven types of migration patterns, including: 1) complete migrators that migrate

to mesopelagic depths (below 200 m) during the day and back to the epipelagic zone at dusk, 2)



seasonal migrators, 3) non-migrating fishes that always remain at depth, 4) partial migrators that
follow a similar pattern, but only a portion of the population migrates each day, and 5) reverse
migrators that follow the opposite patterns of complete and partial migrators by migrating to the
epipelagic zone during the day and back to the mesopelagic zone at dusk (Staby & Salvanes,
2018). The migration type, timing, and extent of DVM may vary between species, stocks,
regions, age, life stage, and environmental conditions (e.g., changes in photoperiod with regards
to diel, seasonal, and lunar variability; Gjgsaeter & Kawaguchi, 1980; Staby et al., 2011; Dypvik
et al., 2012). Stomiiform fishes, for example are reported to exhibit a variety of DVM “types”
(Sutton, 2003), including complete migration, non-migration, and partial migrations, and differ
in the frequency of migration and lengths of time spent at different depths (e.g., Miya & Nemoto,
1986; Miya & Nemoto, 1987; Sutton, 2003).

For smaller migratory fishes DVM is especially energetically costly due to long vertical
ascents and descents within the water column; therefore, the benefits from DVM must be worth
the energetic cost compared to non-migration (Afonso et al., 2014; Brierley, 2014). The deeper
the fish goes, the more energetically expensive it becomes to fill the swim bladder, as the swim
bladder is filled with oxygen from the bloodstream. Predator avoidance and hunger-driven
strategies are the most accepted hypotheses selected for DVM. These have been well explained
by previous studies showing that as the abundance of prey (e.g., zooplankton and micronekton)
decreases, DVM occurs less often (i.e., partial migration patterns; Zaret & Suffern, 1976; Stich
& Lampert, 1981; Pearre, 2003). DVM fishes inhabit deeper depths (e.g., 200-1000 m) during
the day to avoid epipelagic visual predators (Romero-Romero et al., 2019) while migrating to
surface layers (0-200 m) at night allows fishes to feed upon zooplankton and other fishes that are
most abundant in the epipelagic zone (Wang et al., 2019) compared to the relatively energy-poor
mesopelagic environment. Specific migration cues are not yet fully understood (Freer & Hobbs,
2020) but likely include changes in light intensity linked to depth, weather conditions (e.g.,
clouds), turbidity, time of day, satiation, and season (Angel & Pugh, 2000).

Fishes participating in DVM can swim hundreds of meters in 24 hours and need to have
specific adaptations to endure the energy expenditure and risks associated with migrating large
distances. Deep-sea fishes that participate in DVM have a variety of body forms including;

anguilliform or elongation (e.g., Idiacanthus spp. and Stomias affinis), compressiform (e.g.,



Argyropelecus spp.), elongated compressiform (e.g., Chauliodus spp.; Stomias boa; Stomiidae
spp.), depressed (e.g., Lophiodes spp.), and fusiform or perch-like body forms (e.g., Gadiformes
and lanternfishes; Sutton, 2003; Sutton, 2020b; Staby & Salvanes, 2018). In vertically migrating
deep-sea fishes, the advantages and disadvantages of different body shapes and their influence on
migration patterns are not widely known. However, there are some advantages to certain body
forms that may play a role in DVM. Elongation or anguilliform body shapes have been known to
conserve energy better than other body forms concerning sustained swimming periods (Sébert et
al., 2009). Non-migrating species of deep-sea fishes tend to exhibit a reduction in the number
and size of fins and an elongation of the body (Sutton, 2003; Neat & Campbell, 2013) and a
reduction in skeletal density and degradation of muscle in the body. While these latter
adaptations may benefit fishes focusing on growth and reproduction, they are not sustainable for
long ascents and descents for food acquisition (Neat & Campbell, 2013). While the morphology,
locomotor abilities, and behavior of stomiiform fishes have been extensively studied and
described through taxonomic assessments (Fink, 1985; Eduardo et al., 2020; Sutton et al.,
2020b), the connections between their intraspecific traits, form, and function regarding diel

vertical migration (DVM) types, and daytime depth distributions are not well known.

The Role of Computer-Aided Vision in Morphometric Analyses

By studying subtle changes in the morphology of important structures on and within
fishes (e.g., fins or swim bladders), accurate descriptions of individuals’ shapes can be obtained
and used to describe the species’ overall form (Bonhomme et al., 2014). Traditional
morphometric analyses rely upon numerous shape indicator measurements (e.g., lengths, areas,
and angles; Figure 2(b); Hubbs & Lagler, 1964) to recreate selected aspects of the shape of the
individual (Bookstein et al., 1985; Caillon et al., 2018). The purpose of computer-aided
morphometric techniques is to quantify and compare the entire shape of an organism in a
uniform network to increase the likelihood of describing morphometric differences within and
between species (Bonhomme et al., 2014; Rohlf, 1990).

Three general styles of computer-aided morphometric techniques are often recognized,
distinguished by the nature of the data being analyzed (Figure 4). Shape indicator measurements

(SIM) can be described as size metrics (i.e., continuous traits) that are favored for explaining size



changes and are calculated by computer (Rosin, 2005). For example, the SIM of circularity uses
the size metrics of perimeter and area to describe how circular an individual is. Landmark
configuration analysis (LCA) uses discrete anatomical Cartesian geometric coordinates within a
2- or 3-dimensional plot to describe the shape of an organism (Webster & Sheets, 2010). The
landmark coordinates are homologous for each specimen between or within populations and
represent biologically significant points on all specimens in the study (Bookstein, 1991). Finally,
outline analysis quantifies the outline (i.e., perimeters) of organisms without fixed landmarks
through Elliptical Fourier analysis (EFA; MacLeod, 2002; Webster & Sheets, 2010). When
computer-aided morphometric techniques are used in conjunction with multivariate statistics,

they offer a valuable tool to graphically display differences in shape (Rohlf et al., 1996).

a) b)

Figure 4 - Progression of morphometric measurement techniques: (a) linear measurements, (b)
landmark-based computer-aided measurements, and (c) both landmark and outline-based
computer-aided morphometric measurements (Adapted from Zeldtich et al., 2012).

Previous studies within deep-sea fish ecology have described computer-aided
morphometric analyses as a novel, and potentially powerful tool for quantifying and comparing
an individual's body shape (Mindel et al., 2016; Caillon et al., 2018; Radinovi¢ & Kajtez, 2021).
A study conducted by Caillon et al. (2018) used elongation of the body and development of the
dorsal, caudal, and pelvic fins to test if outline analysis (i.e., EFA; Kuhl & Giardina, 1982) was
effective in describing the morphological diversity of shape for 85 fish species found in the
North Sea. Caillon et al. (2018) found that EFA effectively described morphological and
functional diversity. In a community, functional diversity (i.e., the value and variety of functional
traits that organisms can exhibit within a community; Tilman, 2001) is an important index to
understand because it demonstrates how a community can affect the surrounding ecosystem. In
another example of a trait-based approach study, Mindel et al. (2016) examined the

morphological traits of head size, gape size, mouth angle, eye position, and caudal fin aspect



ratio. These morphological traits were used to assess the functional diversity of a demersal fish
assemblage along a depth gradient down the continental slope in the Northeast Atlantic.
Functional richness (i.e., the amount of occupied niche space by different species within a
community; Mason et al., 2005) and size diversity (i.e., the range of sizes found within a
community; Quintana et al., 2015) were both highest at around the 800-1000 m depth range.
Caillon et al. (2018) and Mindel et al. (2016) used computer-aided techniques to describe and
better understand their communities. Using these quantitative tools rather than solely using

taxonomic descriptions revealed morphometric differences between species.

While computer-aided morphometric analyses are becoming an increasingly common
tool for examining shape variation of fixed fish specimens, the effects of preservation as a
potential source of error are not well known (Sotola et al., 2019). Previous studies have
suggested that the preservation of biological specimens may result in some change of body shape
(Roper & Sweeney, 1981; Vervust et al., 2009; Sotola et al., 2019). For example, standard body
lengths tend to decrease after ethanol preservation, and some species of fish increased in weight
when treated with a 10% formalin solution (Shields & Carlson, 1996; Greszkiewicz & Fey,
2018). Roper and Sweeney (1981) suggested that freezing specimens could result in an abnormal

shape and configuration. The present study will consider the effects of fixation on body shape.

Study Aims
In this study, | used preserved stomiiform species of the most abundant species collected

from the northern Gulf of Mexico by two intensive survey programs to:

1. Assess the feasibility of using computer-aided morphometric tools to quantify body
shapes using three common morphometric methods of increasing complexity (SIMs,
LCA, and outline analysis). The success of the techniques was assessed by measuring
their ability to predict taxonomic identity at species, genus, and family levels.

2. Correlate measured body shapes with ecological traits primarily related to DVM
behavior, daytime depth distributions, and morphotypes within each species across a

range of body sizes.

10



Methods
Data Collection
This project used fishes previously collected during the Offshore Nekton Sampling and

Analysis Program (ONSAP) between November 2010 and September 2011 and the Deep Pelagic
Nekton Dynamics of the Gulf of Mexico (DEEPEND) research program (2015-2018; Figure 5;
Cook et al., 2020). The ONSAP data were collected during two cruise series that used different
research vessels main gear types (Sutton et al., 2020a) to collect samples. The M/V Meg Skansi
cruise series utilized a 10-m? Multiple Opening/Closing Net and Environmental Sensing System
(MOCNESS) midwater trawl, and the FRV Pisces cruise series used a large, high-speed rope
trawl (HSRT; Sutton et al., 2020a). The HSRT used during the FRV Pisces cruise series had a
large, slanted opening (mouth area of ~165 m?) that tapered towards the back of the net (to ~19
mm?), allowing for larger and more mobile fauna to be collected (Judkins et al., 2016; Marks et
al., 2020; Sutton et al., 2020a); the HSRT was fished as one oblique tow to depth.

During the Meg Skansi and DEEPEND sampling, micronekton were obtained using a 10-
m2 MOCNESS that was deployed at five discrete-depth intervals (0-200 m, 200-600 m, 600-
1000 m, 1000-1200 m, and 1200-1500 m; Cook et al., 2020). Sampling occurred during the day
(centered around solar noon) and at night (centered around solar midnight) to examine faunal

depth distributions and vertical migration behaviors (Cook et al., 2020).

Micronekton obtained from the three sampling regimes was processed similarly (Cook et
al., 2020). Specimens were fixed in a 10% formalin:seawater solution and dispersed to
predetermined laboratories depending on taxon, where experts identified the organisms to the
lowest taxonomic level possible (Cook et al., 2020) before being transferred to ethanol for long-
term storage. Most specimens (e.g., fishes, crustaceans, and gelatinous zooplankton) collected
from both programs were brought back to the Oceanic Ecology Laboratory and the Deep-Sea
Ecology Laboratory, located at the Oceanographic Center at Nova Southeastern University
(NSU) in Dania Beach, FL, where they are currently stored (Cook et al., 2020).
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Species Selection and Traits
For the present study, 23 species of stomiiform fishes were selected, spanning all four

families (Table 1), representing the most abundant taxa in the collection, a range of different
DVM “types” and including specimens from the three morphotypes previously identified by
Sutton (2003). For each species, 9-10 specimens were selected for analysis, covering a range of

body lengths for each species (Table 1).

The following DVM “types” were applied to the stomiiform fishes analyzed during this
study, based on patterns described previously in the literature: 1) Non-migrators, 2) Complete
migrators or migrators that move to mesopelagic depths during the day, and 3) Partial migrators

where only a portion of individuals migrate each day (Staby & Salvanes, 2018).

The DVM patterns and the daytime depth distributions of the selected stomiiform fishes
were identified and assigned from qualitative patterns observed in species T-plots (Figure 6),
which were created using the standardized counts (total counts per 100000 m?) per depth interval
for 23 stomiiform species caught during the DEEPEND and ONSAP programs. Previous
literature was used to confirm the DVM “types" for each species analyzed during this study.
(Priede, 2006; Staby & Salvanes, 2018; R. Milligan, unpublished data). The morphotypes

previously identified by Sutton (2003) were also assigned to each species.
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Table 1: List of the dominant stomiiform fishes that were assessed during this study. Morphotypes followed the body plans described by Sutton
(2003). Size ranges represented the median standard-length measurement of specimens analyzed within this study. Daytime depth distributions
were based on individuals captured within the northern Gulf of Mexico. The species and genus identifiers represented the code used to identify
individuals. The number of individuals was representative of how many specimens per species were used (Data collected from Sutton, 2003;
Sutton et al., 2020b. DVM type and daytime depths were assessed by R. Milligan, unpublished data).

14’

Species Daytime Depth DVM Type Morphotype Species and Number of Standard length
(following Sutton, 2003) Genus Individuals measurements
Identifier

Cyclothone braueri 200-600 m Non-migrator B CB 10 21-40 mm
Argyropelecus gigas 200-600 m Non-migrator C AG 10 9-34 mm
Cyclothone obscura 1000-1500 m Non-migrator B CO 10 27-49 mm
Argyropelecus hemigymnus 200-600 m Non-migrator C AH 10 10-28 mm
Cyclothone alba 200-600 m Non-migrator B CA 10 17-27 mm
Cyclothone pseudopallida 200-1000 m Non-migrator B CP 10 26-44 mm
Cyclothone pallida 200-1200 m Non-migrator B CPA 10 25-46 mm
Cyclothone acclinidens 600-1000 m Non-migrator B CAC 10 26-34 mm
Polyipnus clarus 200-600 m Non-migrator o PC 9 15-29 mm
Sternoptyx pseudobscura 600-1200 m Non-migrator C SP 9 14-22 mm
Sigmops elongatus 200-1000 m Complete migrator B SE 9 23-126 mm
Vinciguerria nimbaria 200-600 m Complete migrator B VN 9 17-33 mm
Argyropelecus aculeatus 200-1000 m Complete migrator C AA 9 18-33 mm
Pollichthys mauli 200-600 m Complete migrator B PM 9 22-49 mm
Stomias affinis 200-600 m Complete migrator A SA 9 20-113 mm
Sternoptyx diaphana 200-1000 m Complete migrator C SD 9 18-28 mm
Maurolicus weitzmani 0-600 m Partial migrator B MW 9 21-50 mm
Margrethia obtusirostra 200-600 m Partial migrator B MO 9 17-33 mm
Gonostoma atlanticum 200-600 m Partial migrator B GA 9 15-20 mm
Vinciguerria poweriae 200-600 m Partial migrator B VP 9 18-35 mm
Valenciennellus tripunctatus 200-600 m Partial migrator B VT 9 23-33 mm
Photostomias guernei 200-600 m Partial migrator A PG 9 30-113 mm
Chauliodus sloani 200-1000 m Partial migrator A Cs 10 38-171 mm




Standardized Counts (N x 10°m3)

Depth (m)

Figure 6 - Vertical distribution plots for 23 stomiiform fishes captured with a MOCNESS net between 2011 - 2017. The white boxes
represent captures during the day (centered around solar noon), and the black boxes represent the captures at night (centered around

solar midnight). Each bar represents the total number of species captured and was standardized by trawl volume and the depth range
sampled (R. Milligan, unpublished data).
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Imaging Process and Preparation
The photographs for analysis were taken using a Canon DSLR EOS 77D camera with a

Tokina ATX-1 100 mm, F2.8 FF macro lens. The camera was mounted on a custom imaging

stand that allowed the camera to be mounted at a fixed height above the specimen (Figure 7).
The specimens were illuminated using a combination of two Neewer dimmable 5600K USB

LED video lights, battery-powered LED push-lights and the on-camera flash. For computer-

aided analyses, the best illumination of the specimen provided a sharp contrast between the

background of the image and the specimens to capture a clear outline.

Figure 7 - Set-up for photograpﬁing the specimens. Lights were placed on either side of the
specimen, and the camera was suspended above the transparent tray and ruler (adapted from
Navarro et al., 2016).

For consistency of images, specimens were always oriented towards the left (Figure 8).
Specimens were then placed in a glass petri dish filled with ethanol, a plastic ruler underneath to
provide a scale, and were photographed over a matte black or white background (Figure 8).
Depending on the specimens used, achieving a neutral body posture for each individual was not
straightforward. The body of a fish is a flexible structure, and the specimen shape will be
influenced by both the specimen and its mode of preservation. Due to the preservation
techniques utilized, image analysis techniques, and specimen conditions, it was not possible to
accurately and repeatably capture the shape of the fins and therefore, only the body shape of each

individual was analyzed.
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Each image went through a series of quality control checks before being accepted for
analysis, including: 1) no bubbles or debris within the ethanol the specimens were submerged in,
2) no warped specimens, and 3) sharp focus of the specimen’s outline. If any image did not meet
the quality control criteria, they were retaken. In addition, each specimen was given a unique
identifier that remained consistent throughout the study. Each identifier consisted of two letters
and three numbers where the letters represented the genus and species (i.e., AG = Argyropelecus
gigas; Table 2), and the numbers were unique to the individual of that species (i.e., AG001= the
first specimen of the species Argyropelecus gigas).
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Figure 8 - Standard orientation and imaging set-up of specimens to photograph the left side of
the body. This example is specimen AG008. Note the damage to the fins.
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Shape Indicator Measurements
SIMs were calculated in R ver. 4.0.2 (R Core Team, 2020) via the Momocs package

(Modern Morphometrics; Bonhomme et al., 2014; Claude, 2008; R Development Core Team,
2013). SIMs are equations that use size metrics to describe the shape of an object being studied.
For example, the caliper size, also known as “Feret’s diameter,” describes the longest distance
between two points of the shape. SIMs are helpful for general descriptions of the object’s shape
(e.g., how circular or elongated a specimen is), and the measurements included in this method
can be found in Table 2 with the equation and a brief definition. The Momocs package is coded
to generate 15 SIMs for each specimen analyzed. Once the SIMs were calculated in Momocs,
they were analyzed in PRIMER ver. 7 (Clarke & Gorley, 2015; see the Multivariate Analyses

section below).
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Table 2 - The shape indicator measurements, equations, definitions, purposes, and the references used within this study.

2

Shape Indicator Equation Definition Purpose of measurement References
Measurements
Caliper P & F > isequal to the ratio of the object Calculates the longest distance between two points the Rosin, 2005
KF>»>=- perimeter (P) and pi. shape provided. Also known as Feret’s diameter
T
Centroid Size Centroid size is the square root of the sum Centroid size is the center of a plane figure is the Rosin, 2005

the convex hull area

solid object and a value of less than one will signify an
object having an irregular boundary (e.g., contains holes).

cs = Zn | | of squared distances of all landmarks from arithmetic mean position of all points in the figure
= e, -t . : .
i their centroid or central point
Haralick Circularity UR R is the distance between the center and Circularity calculates the compactness (e.g., how close Haralick, 1974
oR any point on the perimeter, p is the together the outline is) of the individual. High circularity
expectation and o is the standard deviation values correspond to circular shapes. Normal circularity
measurements are biased to digitization noise of an image
Convexity area(X) Ratio of the convex hull (CH) of region X | Convexity is calculated using a ratio of eigenvalues (e.g., Rosin, 2005
area(CH(X)) by the area of CH(X) inertia axes of coordinates) and describes how the outline
is curved outwards.
Eccentricity Eccentricity = 4 Ratio of the length of the maximum chord The eccentricity bounding box is the measure of the Rosin, 2005
Bounding Box B A to the maximum chord B which is aspect ratio. The ratio of the length of the major axis to
perpendicular to A the minor axis, specifically the length vs. width ratio.
Elongation [ |2+ | 60 |2 N is the number of points on the boundary. Calculates the elongation of a shape Rosin, 2005
s(n)=—7——— The sequences a(n) and b(n) are the
Viaw [+ [? complex Fourier coefficients. They are
used to derive a set of descriptors s(n) that
are invariant to translation, rotation, and
scaling.
Rectangularity area(X) Ratio of the area of region X to the area of Calculates how closely an object resembles a rectangle. Rosin, 2005
area(MBR) its minimum bounding rectangle (MBR)
Solidity Solidity =—22ntour area Calculates the ratio of the shape area and Measures the density of an object. A value of 1 signifies a Rosin, 2005
convex hull area
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Landmark Configuration Analysis
LCA involves a computer-aided program placing predetermined points on the outline’s

critical defining features, where the computer then calculates the pairwise Euclidean distances
between every pair of points using a matrix (Richtsmeier, et al., 1992; Richtsmeier, et al., 2002).
Numerous studies have defined landmarks on fish to study their morphology. However, due to
the diverse body shapes of deep-sea fishes, for this study five commonly used landmarks that are
easily recognizable and present on all species of fishes were chosen (following Loy et al., 2000,
Elmer et al., 2010, Farre et al., 2016a). The five landmarks used in this study included: (1) snout
tip; (2) anterior insertion of the dorsal fin; (3) dorsal and (4) ventral insertion of the caudal fin;
and (5) anterior insertion of the pelvic fin (Figure 9). The x and y coordinates of each landmark
were extracted by first using the digitizing program tpsUtil64 (Rohlf, 2015) to convert
photographs to .tps files. Before placing landmarks on each fish’s body, the number of pixels per
centimeter (cm) of each image was manually set using the “set scale factor” function. The ratio
of pixels to centimeters was set by placing a point on the zero-centimeter mark of a ruler and
then tracing a straight line until the one-centimeter mark was reached. Setting the scale was
completed manually and done one picture at a time to ensure that the scale was the same for each
picture. Next, the landmarks were added manually to each specimen. The .tps file containing all
the images from this study was created to allow for the manual digitization of each fish’s body
with the program tpsDig232. The digitized points were converted to each landmark (X, y)
coordinates within the fish body structure. The same procedure was followed for digitizing
landmarks on every specimen’s body to minimize human error in the digitizing process (Dhingra
et al., 2019). Once each landmarks (X, y) coordinates were collected, a .tps file containing all the
landmarks was created and uploaded into the program MorphoJ, version 1.07a, which allows for
the computer-aided geometric morphometric analysis of two- and three-dimensional landmark
data (Klingenberg, 2011).
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Figure 9 - Five landmark points used during landmark configuration analysis: the snout tip (1);
the anterior insertion of the first dorsal fin (2); the dorsal and ventral insertion of the caudal fin
(3 and 4); and the insertion of the pelvic fin (5). Figure adapted from Caillon et al (2018).

After the landmark coordinates were collected a Procrustes fit aligned by principal axes
was run to extract shape information from the dataset by Procrustes superimposition. A
Procrustes superimposition centers, aligns, and scales all specimens using the centroid of
landmarks, then scales and rotates to minimize deviations of points from the average location of
landmarks. The Procrustes Superimposition Alignment removes an object's size, position, and
rotation (Gower, 1975), allowing for unbiased comparison of relative landmark locations
between specimens by removing any differences in the mean landmark locations. Once the
alignment was completed, the outliers within the data were assessed using Mahalanobis distance
as an additional validation step. The Mahalanobis distance (i.e., squared distance metric that
finds the distance between a point and a distribution) uses covariance between variables in order
to find the distance between two points. Klingenberg (2011) suggested that the Mahalanobis
distances, in the case of morphometric datasets, should be taken as an approximate guide. Many
morphometric datasets do not conform to multivariate normal distributions and long-tailed
distributions are rather common. Due to the variety of species assessed during this study, there
was an extensive range of body shapes. Following Klingenberg (2011), outliers were visually
assessed by comparing the theoretical and observed distribution of the observation values. Any
individuals falling outside the main distribution were considered strong deviations from the

dataset and were excluded.

After the validation steps were completed, multiple figures were created to represent the

configuration of all landmarks and visualize the results. Wireframe figures (i.e., a set of lines
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connecting the landmarks) were first created to confirm that the landmarks were correctly placed
in the digitizing process. Transformation grids were created to compare the differences in
landmark locations between each individual within each taxonomic and functional group, and
warped outline drawings were created to compare each landmark to the group average. These
figures were created for each individual to visually assess the placement of landmarks on a
spatial plane. Finally, numerous multivariate analyses were run to compare similarities and

differences between landmarks of individuals (see the Multivariate Analyses section below).

Outline Analysis
Preparation for outline analysis involved two major steps. The first step was editing

photographs using the free image manipulation software GNU Image Manipulation Program
(GIMP, ver. 2.10.14; GIMP Development Team 2020). GIMP was used to isolate specimens
from each image's background to remove pixel noise (i.e., variations in image brightness or
color) or any other visual distortion of the pixels. Once the pixel noise was removed, the
specimen’s outline was manually traced using the path tool in GIMP and then converted to a
black mask. The background of the image was then converted to white to create a clear
separation of pixels from the specimen and background of the image. The outline created from
the analysis is a closed polygon produced by pixels placed on the (X, y) coordinate plane (Figure
10; Bonhomme et al., 2014). The second image preparation step was cropping silhouettes created
in GIMP. The silhouettes were manually cropped using a batch cropping ROI (region of interest)
macro in ImageJ software (Strock, 2021).

Figure 10 - Left image represents the original photograph of the individual PC012 (i.e., the
twelfth specimen of the species Polyipnus clarus). The right image represents the silhouette of
the individual PCO12 created in GIMP.
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Momocs (Modern Morphometrics; Bonhomme et al., 2014; Claude, 2008; R
Development Core Team, 2013) is an image-analysis package for R (ver. 4.0.2; R Core Team,
2020), that is used to identify and extract outlines of complex shapes. Momocs was used to
quantify the outline of the fishes being studied using the Elliptic Fourier Analysis (EFA;
Bonhomme et al., 2014). Fourier-based approaches are powerful tools used to extract geometric
information from outlines (Dhingra et al., 2019). Fourier-based approaches work based on the
Fourier series, where complex periodic functions are decomposed into simpler trigonometric
functions (i.e., sine and cosine). Sine and cosine waves have frequencies that are integer
multiples or harmonics of one another. Within each harmonic, there are levels that are made up
of four coefficients that respond to the effects of the cosine and sine on the x-axis (coefficients A
and B) and the y-axis (coefficients C and D) of the 2D plot. The bodies of stomiiform fishes can
be represented by these periodic functions because if a closed outline is traced, a reference point
will periodically and repeatedly be crossed, making a closed outline a periodic function (Figure
10; Bonhomme et al., 2014), and allowing the geometry of the closed outline (the “shape”) of the
stomiiform fishes to be quantified. In EFA, the first (higher-order) harmonics extract the gross
shape of an outline. As additional (lower-order) harmonics are added, they are able to describe
increasingly fine-scale sinuosities in the outline (Bonhomme et al., 2014; Dhingra et al., 2019),
but can lead to overfitting if allowed to generate a perfect fit. To avoid this issue, the number of
harmonics required to best fit each outline to 90%, 95%, and 99% accuracy were estimated and

compared using the process described below.

Silhouettes were uploaded into the Momocs package using the “import_jpg” function and
compiled to create “coordinate outline matrices” (i.e., coo; a group of extracted outlines). During
this step, each of the outlines were measured, scaled, and centered. Using the “stack” and
“panel” functions the outlines were placed in panels and stacked on top of each other to compare
their body shapes visually. Additionally, outlines were smoothed to remove excess noise from
the outlines. Deviations from each outline's centroid size (i.e., center) were plotted and visually
assessed. The number of harmonics producing the best-fitting outlines (at 90-99% accuracy)
were determined for each specimen using reconstructed shapes and Ptolemy figures (Dhingra et

al., 2019). Finally, the principal components corresponding to the Fourier harmonics for the best-
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fitting outlines were extracted from each specimen and analyzed using multivariate analyses in

Primer v7 software (Multivariate Analyses section below).

Multivariate Analyses
The multivariate analyses for the three morphometric methods were analyzed in PRIMER

ver. 7 (Clarke & Gorley, 2015) with PERMANOVA. Principal Components Analyses (PCA)
were conducted using SIMs, LCA, and outline analyses to compare major shape variations
among individuals to identify which variables (indicators and landmarks) correlated with

different taxonomic and functional groups.

Multiple analyses of similarities (ANOSIM) tests were conducted to determine whether
significant differences of body shape could be detected between each taxon at species, genus,
and family levels and also between each ecological traits type (DVM type, daytime depth
distribution, and morphotype group; Clarke & Gorley, 2015). The prediction of taxonomic
identity was used to test the effectiveness of computer-aided morphometric tools. ANOSIM
analyses were conducted for all three morphometric methods and were used to isolate the effect
each factor had on body shape (Somerfield et al., 2021a). ANOSIMs were run as one-way,
unordered, crossed designs with 999 permutations, and resulted in an R statistic and a p-value
that were interpreted together. A p-value that was less than 0.05 indicated there were significant
differences between groups. The R statistic ranges from -1 to 1, with positive values indicating
greater separation between groups than within groups, and negative R values indicating more
separation within groups than between groups. Values close to zero typically indicate no strong
group structuring is present (Somerfield et al., 2021b). Correlation matrices visualizing the
ANOSIM results were created using the package corrplot in R (ver. 4.0.2; Wei & Simko, 2017,
R Core Team, 2020). Tests on traits were accompanied with similarity percentages (SIMPER)
analyses where significant ANOSIM results occurred to identify the shape indicators, harmonics,

and landmarks that were most responsible for the dissimilarity between body shapes.

Finally, a Procrustes ANOVA was used to assess statistical hypotheses describing
patterns of shape variation and covariation for a set of Procrustes shape variables for LCA
(Marcy et al., 2018). The hypothesis being tested was if the body shape extracted from the
Procrustes landmarks of stomiiform fishes changed with functional traits and taxonomy. It was
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hypothesized that the body shape of stomiiform fishes differs based on their taxonomic rank and
ecological characteristics. Procrustes ANOVAs and ANOSIMs are similar tests to one another,
however, a Procrustes ANOVA was used to assess the Procrustes average distances among

specimen landmarks.

Predictive Power
Canonical Analysis of Principal Coordinates (CAP) was conducted in PRIMER ver. 7

(Clarke & Gorley, 2015) to assess whether the different morphometric analyses used within this
study could correctly predict various taxonomic resolutions and ecological traits that describe the
identity of individuals. The taxonomic resolutions were used to test the efficacy of the different
morphometric methods. The ecological traits used as predictive power include morphotypes,
DVM types, and daytime depth distributions. A CAP was conducted separately for SIMs, outline

analysis, and LCA to evaluate the predictive power of each method.
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Results
A total of 216 fishes from 23 species were successfully photographed and used in this

study (Table 1). However, due to the preservation techniques, damage from capture, and
curvature of specimens, only body shape was included in the three morphometric analyses, as the
remaining morphological features (i.e., fins and barbels) could not be consistently imaged.

Therefore, the image analysis techniques used would not have been accurate.

Testing vs. Taxonomy
Shape Indicator Measurements
Seven of the fifteen SIM equations were excluded from this study due to the covariation

between the SIMs. The eight SIMs and their equations used within this study are listed in Table
2.

PC 1 and PC 2 together explained 75.7% of the cumulative variance in the data, with
Eccentricity Bounding Box (EBB; correlation = -0.459) and Elongation (EL; correlation =
0.459), creating the strongest correlation along PC 1. Rectangularity (REC; correlation = -0.674)
and Solidity (SOL; correlation = -0.620) correlated most strongly with PC 2 (Figure 16). The
EBB (i.e., length and width ratio; Table 2) and EL (i.e., the lengthening of an object; Table 2) of
individuals were responsible for the largest shape variation along PC 1. Species that exhibited
higher EBB measurements (e.g., Argyropelecus aculeatus and Polyipnus clarus) had lower EL
values, and vice versa (e.g., Stomias affinis and Chauliodus sloani) had the lowest EBB. The
length and width of stomiiform fishes had the strongest effect on PC 1 (Figure 16(a)).

As expected, the ANOSIM results showed significant effects of taxonomy (i.e., species,
genus, family) on stomiiform fishes body morphology (p = 0.001; Table 3). Genus was observed
to significantly effect SIMs (ANOSIM: Global R =0.614; p = 0.001; Table 3) and formed the
strongest groupings (Figure 16(b)). The genera of Maurolicus and Sternoptyx formed the largest
amount of pairwise perfect separation between groupings (Pairwise ANOSIM: R =1.0;p =
0.001; Figure 13; Figure 14; Figure 16(b)). Chauliodus, Photostomias, and Pollichthys
individuals formed more separation within their groups than in between groupings (Pairwise
ANOSIM results are shown in Figure 13 and Figure 14). The differences of body morphology

among genera were driven by caliper size (SIMPER: 5.38-25.78% dissimilarity), centroid size

26



(SIMPER: 1.68-7.13% dissimilarity), and Haralick circularity (SIMPER: 0.01-0.02 %

dissimilarity).

Of the three taxonomic resolutions assessed, species had the second largest effect on
body morphology (ANOSIM: Global R =0.601; p = 0.001; Table 3). Argyropelecus aculeatus,
Cyclothone alba, Sternoptyx diaphana, and Sternoptyx pseudobscura were species that formed
the strongest intra-specific groupings (Pairwise ANOSIM: R = 1.0; p = 0.001; Figure 11; Figure
12; Figure 16(a)). Argyropelecus spp., Cyclothone spp., Vinciguerria spp., Chauliodus sloani,
Photostomias guernei, and Pollichthys mauli formed the strongest inter-specific groupings
(Pairwise ANOSIM results are shown in Figure 11 and Figure 12). Additionally, Cyclothone
pallida and Sigmops elongatus individuals formed no differences between or among their
groupings (Pairwise ANOSIM: R =0; p = 0.417; Figure 16(a)) and were indistinguishable from
other fishes’ by body shape. The SIMPER results showed the three SIMs contributing the most
to dissimilarity between stomiiform fish body shapes: 1) caliper size (SIMPER: 6.03-25.76%
dissimilarity), 2) centroid size (SIMPER: 1.82-7.73% dissimilarity), and 3) Haralick circularity
(SIMPER: 0.01-0.03% dissimilarity), which are associated with elongated and circular bodies.

Family had a significant effect on SIMs (Global R = 0.408; p = 0.001; Table 3). Families
Gonostomatidae and Phosichthyidae formed insignificant intra-specific groupings (Pairwise
ANOSIM: R = 1.0; p = 0.001; Figure 15; Figure 16(c)). As expected, the significance of SIMs
improved with increasing taxonomic rank. Similarly, to species and genus the SIMs that
contributed the most to dissimilarity within body morphology were caliper size (SIMPER: 11.50-
18.98% dissimilarity), centroid size (SIMPER: 3.45-5.05% dissimilarity), and Haralick
circularity (SIMPER: 0.00-0.02% dissimilarity). Overall, the stomiiform fishes body morphology
formed groupings between their taxonomic ranks driven by differences in caliper size, centroid

size, and Haralick circularity.
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Table 3 - Global ANOSIM results from taxonomic rank assessment of shape indicator
measurements using a Bray Curtis matrix. Pairwise groupings were tested as unordered factors.
The bolded R statistics and their corresponding p-values are those that were significant on the p-
value (p=<0.03).

Taxonomic Rank Global R Statistic p-value
Species 0.601 0.001
Genus 0.614 0.001
Family 0.408 0.001

28



T T
0.6 04 0.2 0 0.2 0.4 0.6 0.8 1

-—

.
S
@

Figure 11 - Correlation matrix of ANOSIM R statistics from species assessment of shape
indicator measurements using a Bray Curtis matrix. Pairwise groupings were tested as
unordered factors. The colored squares represented the significance of the values. The darker
colored squares represented higher R statistics and the lighter colored squares represented
lower values. Species and genus identifiers followed descriptions in Table 1.
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Figure 12 - Correlation matrix of ANOSIM p-values from species assessment of shape indicator
measurements using a Bray Curtis matrix. Pairwise groupings were tested as unordered factors.
The colored squares represented the significance of the values. The darker colored squares
represented higher p-values and the lighter colored squares represented lower values.
Significant p-values are those that had a value less than 0.05. Species and genus identifiers
followed descriptions in Table 1.
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Figure 13 - Correlation matrix of ANOSIM R statistics from genus assessment of shape indicator
measurements using a Bray Curtis matrix. Pairwise groupings were tested as unordered factors.
The colored squares represented the significance of the values. The darker colored squares
represented higher R statistics and the lighter colored squares represented lower values.
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Figure 14 - Correlation matrix of ANOSIM p-values from genus assessment of shape indicator
measurements using a Bray Curtis matrix. Pairwise groupings were tested as unordered factors.
The colored squares represented the significance of the values. The darker colored squares
represented higher p-values and the lighter colored squares represented lower values.
Significant p-values are those that had a value less than 0.05.
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Figure 15 - Correlation matrix of ANOSIM results from family assessment of shape indicator
measurements using a Bray Curtis matrix. Pairwise groupings were tested as unordered factors.
Figure A represents the R statistic values and Figure B represents the corresponding p-values.
The colored squares represented the significance of the values. The darker colored squares
represented higher R statistics and p-values and the lighter colored squares represented lower
values. Significant p-values are those that had a value less than 0.05.
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Figure 16 - Normalized principal component analysis of species (a), genus (b), and family (c) through shape indicator measurements.
PC 1 explained 52.4% of the variance within the data, and PC 2 explained 23.2% of the variance within the data. Caliper size (CA),
centroid size (CS), Haralick circularity, (CH), convexity (CO), eccentricity bounding box (EBB), elongation (EL), rectangularity
(REC), and solidity (SOL). All genera were represented by a different symbol shape.
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Landmark Configuration Analysis
Using the Mahalanobis distance, the landmarks for all 216 individuals were assessed for

outliers. The species assessed within this study exhibited a large variety of body shapes. No
observations were found to have deviated from the mean, therefore no landmarks were excluded

from this study.

A principal component shape changes, or “wireframe” analysis, (Figure 17) was
conducted within MorphoJ and represented the mean landmark outline calculated from the
Procrustes superimposition of all fishes from this study’s sample set. The wireframe analysis
represented how the landmark locations changed along PC 1 (x-axis) and PC 2 (y-axis). Overall,
for PC 1 and PC 2 landmark five (i.e., insertion of the pelvic fin; Figure 9) showed the most
variation between species (i.e., the longest line/deviation from the mean landmark positions).
The landmark with the second-largest shape change for PC1 was landmark one (i.e., the snout
tip; Figure 9), followed by landmark two (i.e., the anterior insertion of the first dorsal fin),
landmark three (i.e., the dorsal insertion of the caudal fin), and finally, landmark four (i.e.,
ventral insertion of the caudal fin) for all species. Overall, landmark five showed the largest
variation along PC 1 and PC2 from the average body shape of fishes assessed in this study. The
largest differences between PC 1 and PC 2 were the landmarks following the largest shape
change (i.e., landmark five). Where PC 1 landmark changes from the largest to smallest
variations: 1) landmark five; 2) landmark one; 3) landmark two; 4) landmark three; and 5)
landmark four, and PC 2 changes were as follows: 1) landmark five; 2) landmark two; 3)
landmark one; 4) landmark four; and 5) landmark three (Figure 23). Similarly to SIMs results,
landmark changes involving the length or elongation of an individual resulted in the greatest

changes.

Additionally, a PCA conducted within PRIMER (Clarke & Gorley, 2015) assessed the
variation of body shape (through LCA) with regards to an individual’s taxonomy (Figure 23).
PC 1 and PC 2 together explained 72.8% of the cumulative variance in the data. Outliers were
removed from the analysis to ensure they were not affecting the results of the PCA. There were
no significant differences found with the PCA results when they were removed, and therefore,
were included. The y-coordinate homologous landmarks Y1 and Y4 (correlation = -0.453), and

Y3 (correlation = -0.457) had the highest absolute values for PC 1. The x-coordinate landmark of
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X1 (correlation = 0.302) and the y-coordinate landmark Y4 (correlation = 0.196) had the highest
absolute values for PC 2. The shape of stomiiform fish landmarks had the greatest change
between individuals along the y-axis for PC 1 and PC 2. The position of the snout tip (i.e.,
landmark one) and the dorsal and ventral insertion of the caudal fin (i.e., landmarks 3 and 4)

were the landmarks that showed the greatest change when compared to taxonomy.

PCt PC2

A B

Figure 17 - Principal component analysis on the Procrustes superimposition. The wireframe
figures represented the outline of stomiiform fishes body shapes, where the dark blue outline
represented the mean outline, and the light blue outline represented the shape variation of the
principal components. Figure A depicted the shape changes of PC 1 and Figure B depicted the
shape changes of PC 2.

Species had a significant effect on landmark placement (ANOSIM: Global R = 0.551; p =
0.001; Figure 23(a); Table 4). Perfect separation was observed when Sternoptyx diaphana and
Sternoptyx pseudobscura individuals were compared to other species from different families
(ANOSIM: R = 1.0; p = 0.001; Figure 18; Figure 19). The three highest contributing landmark
coordinates to dissimilarity between body shapes were X4 (SIMPER: 1.16-2.85% dissimilarity),
X3 (SIMPER: 1.80-2.08% dissimilarity), and X1 (SIMPER: 0.66-2.26% dissimilarity). The x-

coordinates contributed more to the dissimilarity of species within this study.

A significant effect of genus on landmarks was observed (ANOSIM: Global R = 0.609; p
=0.001; Figure 23(b); Table 4). The genera of Photostomias and Sternoptyx individuals resulted
in perfect separation between genera, making them more distinct from one another (Pairwise
ANOSIM: R =1.0; P =0.001; Figure 20; Figure 21). Similar to species, the three highest
landmark coordinates contributing to dissimilarity were X4 (SIMPER: 1.27-3.28% dissimilarity),
X3 (SIMPER: 1.21-3.30 % dissimilarity), and X2 (SIMPER: 1.12-2.67 % dissimilarity).
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Family had a significant effect on landmarks (ANOSIM: Global R = 0.390; p = 0.001,
Figure 23(c); Table 4) Sternoptychidae and Stomiidae formed the strongest groupings between
families (Pairwise ANOSIM: R = 0.672; p = 0.001; Figure 22). Gonostomatidae and
Phosichthyidae families formed the weakest groupings (Pairwise ANOSIM: R =0.163; p =
0.002). The landmark coordinates that contributed the most to separation between body shapes
were X2 (SIMPER: 0.87-2.91% dissimilarity), X3 (SIMPER: 1.82-2.83% dissimilarity), and X4
(SIMPER: 1.62-2.87% dissimilarity).

The centroid size and body shape of the average Procrustes landmarks significantly

differed with the taxonomic rank of an individual (p = <0.0001; Tables 5-6).

Table 4 - Global ANOSIM results from taxonomic rank assessment of landmark configuration
analysis using a Bray Curtis matrix. Pairwise groupings were tested as unordered factors. The
bolded R statistics and their corresponding p-values are those that were significant on the p-

value (p<0.03).
Taxonomic Rank Global R Statistic p-value
Species 0.551 0.001
Genus 0.609 0.001
Family 0.39 0.001
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Figure 18 - Correlation matrix of ANOSIM R statistics from species assessment of landmark
configuration analysis using a Bray Curtis matrix. Pairwise groupings were tested as unordered
factors. The colored squares represented the significance of the values. The darker colored
squares represented higher R statistics and the lighter colored squares represented lower values.
Species and genus identifiers followed descriptions in Table 1.
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Figure 19 - Correlation matrix of ANOSIM p-values from species assessment of landmark
configuration analysis using a Bray Curtis matrix. Pairwise groupings were tested as unordered
factors. The colored squares represented the significance of the values. The darker colored
squares represented higher p-values and the lighter colored squares represented lower values.
Significant p-values are those that had a value less than 0.05. Species and genus identifiers
followed descriptions in Table 1.
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Figure 20 - Correlation matrix of ANOSIM R statistics from genus assessment of landmark
configuration analysis using a Bray Curtis matrix. Pairwise groupings were tested as unordered
factors. The colored squares represented the significance of the values. The darker colored
squares represented higher R statistics and the lighter colored squares represented lower values.
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Figure 21 - Correlation matrix of ANOSIM p-values from genus assessment of landmark
configuration analysis using a Bray Curtis matrix. Pairwise groupings were tested as unordered
factors. The colored squares represented the significance of the values. The darker colored
squares represented higher p-values and the lighter colored squares represented lower values.
Significant p-values are those that had a value less than 0.05.
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Figure 22 - Correlation matrix of ANOSIM results from family assessment of landmark
configuration analysis using a Bray Curtis matrix. Pairwise groupings were tested as unordered
factors. Figure A represents the R statistic values and Figure B represents the corresponding p-
values. The colored squares represented the significance of the values. The darker colored
squares represented higher R statistics and p-values and the lighter colored squares represented
lower values. Significant p-values are those that had a value less than 0.05.

Table 5 - Procrustes ANOVA of Centroid Size

Effect SS MS df F P (param.)
Family 394.795 131.598 3 14.86 <0.0001
Genus 542.812 41.755 13 21.91 <0.0001
Species 329.580 17.346 19 9.18 <0.0001
Residuals 364.801 1.890 193
Table 6 - Procrustes ANOVA of Body Shape
Effect SS MS df F P (param.) | Pillai tr.
Family 7.356 0.409 18 8.16 <0.0001 3.14
Genus 12.878 0.165 78 126.70 <0.0001 3.41
Species 11.352 0.099 114 82.83 <0.0001 3.38
Residuals 1.392 0.001 1158
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Figure 23 - Normalized principal component analysis of species (a), genus (b), and family (c) through landmark configuration
analysis. PC 1 explained 40.2% of the variance within the data, and PC 2 explained 32.6% of the variance within the data. X-
coordinate of landmark one (X1), Y-coordinate of landmark one (Y1), X-coordinate of landmark two (X2), Y-coordinate of landmark
two (Y2), X-coordinate of landmark three (X3), Y-coordinate of landmark three (Y3), X-coordinate of landmark four (X4), Y-
coordinate of landmark four (Y4), X-coordinate of landmark five (X5), Y-coordinate of landmark five (Y5). All genera were

represented by a different shaped symbol.
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Qutline Analysis
The fish outlines were described to 99% accuracy using eleven harmonic coefficients

defined by Elliptical Fourier Analysis (Figure 24). | opted not to use 100% accuracy (12
harmonic coefficients) due to the risk of overfitting the outlines. The reconstructed shapes using

11 harmonic coefficients can be viewed in Figures 25-26.

A PCA conducted within R using the Momocs package (ver. 4.0.2; R Core Team, 2020)
used 11 EFA harmonics to compare stomiiform fish body shapes. PC 1 and PC 2 together
explained 81% of the cumulative variance in the shape data. PCs 1-11 represented 99% of the
cumulative variance in the data (Figures 32-34) and were extracted for multivariate analyses in
PRIMER v7 software.

Calibrated harmonic power of elliptical fourier

o
S 7 — ——— ——m—
— T =E=m=="% v
1
5 EE. T
2 o | T .-
g
(&) |
= 1
S : ]
E o | i “
s @ o
"6 |
£
= - |
w o= T
w
=
©
-
o
E ]
o !
1
1
I

| T T | | | | | | |
h1 h2 h3 h4 h5 h& h7 h8 h9 h10

Harmaonic rank

Figure 24 - Box and whisker plot of calibrated harmonic power for the elliptical Fourier
analysis.
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Figure 25 - Ptolemy figures of the species Argyropelecus aculeatus and Photostomias guernei.
Figure A represented 11 harmonics quantifying 99% of the cumulative harmonic power for
Argyropelecus aculeatus individuals. Figure B represented 11 harmonics quantifying 99% of the
cumulative harmonic power for Photostomias guernei individuals. The scale of each figure were
estimated as the magnitude of the semi-major axis of the ellipse as defined by the first harmonic.

T > Ty >

Figure 26 - Example showing the shape each harmonic represented when quantifying a
Maurolicus weitzmani outline. 11 harmonics were chosen to retain 99% of the cumulative
harmonic power. The gray and blue shapes were the quantified outline with increasing numbers
of Fourier harmonics.

Taxonomic comparisons (i.e., species, genus, family) showed significant effects on the
body shape of stomiiform fishes (ANOSIM: p = 0.001; Table 7). Overall, species significantly
affected an individual's shape based on EFA (ANOSIM: Global R = 0.296; p = 0.001; Figure 27,

Figure 28; Figure 32), however, pairwise comparisons between Cyclothone spp., Argyropelecus

spp., and Chauliodus sloani individuals formed weaker inter-specific groupings (Pairwise
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ANOSIM results are shown in Figure 27 and Figure 28). Unlike the ANOSIM results from SIMs

and LCA, no pairwise species comparisons resulted in perfect separation.

Genus had a significant effect on an individual's harmonics (ANOSIM: Global R =
0.387; p = 0.001; Figure 29; Figure 30; Figure 33). Cyclothone, Pollichthys, Gonostoma, and
Margrethia resulted in statistically insignificant groupings defined by their genera (p > 0.05;

Pairwise ANOSIM results are shown in Figure 29 and Figure 30).

A significant effect of family on body shapes was observed (ANOSIM: Global R =
0.192; p = 0.001; Figure 34; Table 7). Relatively strong group separation was observed between
Stomiidae and Gonostomatidae families (Pairwise ANOSIM: R =0.372; p = 0.001; Figure 31).
The pairwise comparisons between Sternoptychidae and Phosichthyidae (Pairwise ANOSIM: R
=-0.025; p = 0.675; Figure 31) and Gonostomatidae and Phosichthyidae (Pairwise ANOSIM: R
=-0.04; p = 0.717; Figure 31) revealed insignificant groupings.

Table 7 - Global ANOSIM results from taxonomic rank assessment of outline analysis using a
Bray Curtis matrix. Pairwise groupings were tested as unordered factors. The bolded R statistics
and their corresponding p-values are those that were significant on the p-value (p<0.05).

Taxonomic Rank Global R Statistic p-value
Species 0.296 0.001
Genus 0.387 0.001
Family 0.192 0.001
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Figure 27 - Correlation matrix of ANOSIM R statistics from species assessment of outline
analysis using a Bray Curtis matrix. Pairwise groupings were tested as unordered factors. The
colored squares represented the significance of the values. The darker colored squares
represented higher R statistics and the lighter colored squares represented lower values. Species
and genus identifiers followed descriptions in Table 1.
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Figure 28 - Correlation matrix of ANOSIM p-values from species assessment of outline analysis
using a Bray Curtis matrix. Pairwise groupings were tested as unordered factors. The colored
squares represented the significance of the values. The darker colored squares represented
higher p-values and the lighter colored squares represented lower values. Significant p-values

are those that had a value less than 0.05. Species and genus identifiers followed descriptions in
Table 1.
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Figure 29 - Correlation matrix of ANOSIM R statistics from genus assessment of outline analysis

using a Bray Curtis matrix. Pairwise groupings were tested as unordered factors. The colored
squares represented the significance of the values. The darker colored squares represented
higher R statistics and the lighter colored squares represented lower values.
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Figure 30 - Correlation matrix of ANOSIM p-values from genus assessment of outline analysis
using a Bray Curtis matrix. Pairwise groupings were tested as unordered factors. The colored
squares represented the significance of the values. The darker colored squares represented

higher p-values and the lighter colored squares represented lower values. Significant p-values
are those that had a value less than 0.05.
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Figure 31 - Correlation matrix of ANOSIM results from family assessment of outline analysis
using a Bray Curtis matrix. Pairwise groupings were tested as unordered factors. Figure A
represents the R statistic values and Figure B represents the corresponding p-values. The
colored squares represented the significance of the values. The darker colored squares
represented higher R statistics and p-values and the lighter colored squares represented lower
values. Significant p-values are those that had a value less than 0.05.
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Figure 32 - Normalized PCA-ordinations of body shape among the 23 stomiiform fish species.
Numbers next to the axis labels indicated the percentage of explained variation in morphology
for that axis in a given ordination (PC 1 = 66% and PC 2 = 16%). Points that fell within the

minimum convex polygons represented the realized morphology of body shape for each species.

Gray body shape silhouettes depicted the full continuum of morphospace among all species as
calculated using harmonic coefficients through EFA.
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Figure 33 - Normalized PCA-ordinations of body shape among stomiiform fish genera. Numbers
next to the axis labels indicated the percentage of explained variation in morphology for that
axis in a given ordination (PC 1 = 66% and PC 2 = 16%). Points that fell within the minimum

convex polygons represented the realized morphology of body shape for all genera. The

Stomiiform genera included: 1) Argyropelecus, 2) Cyclothone, 3) Chauliodus, 4) Gonostoma, 5)
Margrethia, 6) Maurolicus, 7) Polyipnus, 8) Photostomias, 9) Pollichthys, 10) Stomias, 11)
Sternoptyx, 12) Sigmops, 13) Vinciguerria, and 14) Valenciennellus. Gray body shape
silhouettes depicted the full continuum of morphospace among all genera for each individual as
calculated using harmonic coefficients through EFA.
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Figure 34 - Normalized PCA-ordinations of body shape among stomiiform fish families.
Numbers next to the axis labels indicated the percentage of explained variation in morphology
for that axis in a given ordination (PC 1 = 66% and PC 2 = 16%). Points that fell within the
minimum convex polygons represented the realized morphology of body shape for each family.
The Stomiiform families included: 1) Sternoptychidae, 2) Phosichthyidae, 3) Gonostomatidae,
and 4) Stomiidae. Gray body shape silhouettes depicted the full continuum of morphospace
among all families for each individual as calculated using harmonic coefficients through EFA.

Predicting Taxonomic ldentity
Predicting Species
CAP analysis showed that LCA data were able to predict species identity 58% of the time

among the present sample set (Figure 35(a)). SIMs were the second-best at predicting species
identity (44%; Figure 35(b)), and outline analyses were not as good a predictor at species level
as LCA and SIMs were (32%; Figure 35(c)). The confusion matrix summarizing LCA, SIMs,

and outline analyses predictive performance of species is listed in Tables 8-10.

Predicting Genus
When identifying individuals to their genus, LCA had the highest percentage (79%) of

individuals correctly identified (Figure 36(a)), outline analysis had the second-best predictive
power (54%; Figure 36(c)), and SIMs were the worst predictors (52%; Figure 36(b)). The
confusion matrix of genus prediction performance is listed in Table 11.
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Table 8 - Confusion matrix of normalized CAP predictions at species level for landmark configuration analysis. Species and genus

identifiers followed descriptions in Table 1.

Original |AA| AG | AH [CA|CAC|CB|CO|CP|CPA|CS | GA | MO | MW | PC |PG PM|SA |SD | SE | SP |VN | VP | VT |Total

Group

AA
AG

AH

CA
CAC
CB

Co
CP

CPA
CS

GA
MO

MW
PC
PG
PM
SA
SD
SE

SP

VN

VP

VT
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Table 9 - Confusion matrix of normalized CAP predictions at species level for shape indicator measurements. Species and genus

identifiers followed descriptions in Table 1.
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Group

AA
AG

AH

CA
CAC

CB

Cco

CP
CPA

CS

GA

MO

MW

PC
PG
PM
SA

SD
SE

SP

VN

VP

VT




Table 10 - Confusion matrix of normalized CAP predictions at species level for outline analysis. Species and genus identifiers

followed descriptions in Table 1.
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Figure 35 — Normalized metric CAP of all individuals using the landmark configuration analysis method (A), shape indicator
measurements (B), and outline analysis (C), grouped by species. Each genus is represented by a different symbol shape.
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Table 11 - Confusion matrix of the normalized CAP predictions at genus level. Genera are represented by a two-letter code: 1)
AR=Argyropelecus; 2) CY=Cyclothone; 3) CH=Chauliodus; GO=Gonostoma; 4) MA=Margrethia; 5) MU=Maurolicus; 6)
PO=Polyipnus; 7) PH=Photostomias; 8) PL=Pollichthys; 9) ST=Stomias; 10) SE = Sternoptyx; 11) SI=Sigmops; 12)
VI=Vinciguerria; 13) VT=Valenciennellus.

Original Group | AR |[CY |CH |GO |MA | MU | PO | PH |PL | ST | SE | SI | VI | VT | Total | % Correct
Argyropelecus 25 0 0 0 1 0 3 0 0 0 0 0 0 0 29 86%
Cyclothone 0 24 5 6 0 0 0 3 4 6 0 11 1 0 60 40%
Chauliodus 0 0 2 1 0 0 0 3 2 1 0 1 0 0 10 20%
Gonostoma 0 0 0 6 0 0 0 0 0 1 0 0 1 1 9 67%
Margrethia 0 0 0 1 4 1 0 0 0 0 0 0 1 2 9 44%
Maurolicus 0 0 0 0 0 8 0 0 0 0 0 0 0 1 9 89%
n Polyipnus 3 oo 0 0 0 6 o |lolo]olo|lo]| o 9 67%
= Photostomias 0o |1 a]o oo |o]1]o|2]ol1]o]fo 9 11%
n Pollichthys 0 2 1 0 1 0 0 0 2 0 0 3 0 0 9 22%
Stomias 0 1 0 1 0 0 0 3 0 3 0 1 0 0 9 33%
Sternoptyx 0 0 0 0 0 0 4 0 0 0 14 0 0 0 18 78%
Sigmops 0 0 1 0 0 0 0 0 2 0 0 5 1 0 9 56%
Vinciguerria 0 0 0 2 3 4 0 0 0 0 0 1 6 2 18 33%
Valenciennellus 0 0 0 0 1 1 0 0 0 0 0 0 1 6 9 67%
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(Table 11.

Cont.)

Original Group | AR |[CY |CH |GO |MA | MU | PO | PH |PL | ST | SE | SI | VI | VT | Total | % Correct

Argyropelecus 20 0 0 4 0 0 5 0 0 0 0 0 0 0 29 69%

Cyclothone 0 54 0 0 0 0 0 0 0 0 0 6 0 0 60 69%

Chauliodus 0 0 9 0 1 0 0 0 0 0 0 0 0 0 10 90%

Gonostoma 1 0 0 8 0 0 0 0 0 0 0 0 0 0 9 89%

Margrethia 0 2 0 0 3 1 0 0 0 0 0 0 2 1 9 33%

Maurolicus 0 0 0 0 1 8 0 0 0 0 0 0 0 0 9 89%

8 Polyipnus 2 0 0 0 0 0 7 0 0 0 0 0 0 0 9 78%

- Photostomias 0 0 0 0 0 0 0 9 0 0 0 0 0 0 9 100%
Pollichthys 0 0 0 0 1 0 0 0 6 0 0 0 1 1 9 67%

Stomias 0 0 0 1 0 0 0 0 0 7 0 0 1 0 9 78%

Sternoptyx 2 0 0 0 1 0 0 0 0 0 15 0 0 0 18 83%

Sigmops 0 0 0 1 0 0 0 0 0 0 0 8 0 0 9 89%

Vinciguerria 0 0 0 3 1 3 0 0 1 0 0 1 9 0 18 50%
Valenciennellus 0 0 0 1 0 0 0 0 0 0 0 0 0 8 9 89%
Argyropelecus 16 0 0 0 1 0 9 0 0 0 1 0 0 2 29 55%

Cyclothone 0 46 3 2 0 0 0 1 1 0 0 2 4 1 60 77%
Chauliodus 0 2 0 0 0 0 0 1 1 1 0 3 1 1 10 0%

Gonostoma 0 0 0 1 0 0 0 1 0 1 0 1 1 4 9 11%

Margrethia 0 0 0 0 2 4 0 1 0 0 0 0 1 1 9 22%

o Maurolicus 0 0 0 0 0 7 0 0 0 0 0 0 2 0 9 78%
£ Polyipnus 2 0 0 0 0 0 6 0 0 0 1 0 0 0 9 67%
g Photostomias 1 1 2 3 0 0 0 0 0 2 0 0 0 0 9 0%
(@) Pollichthys 0 5 0 0 0 1 0 0 0 1 0 2 0 0 9 0%
Stomias 0 2 1 0 0 0 0 5 0 1 0 0 0 0 9 11%

Sternoptyx 0 0 0 0 0 0 0 0 0 0 18 0 0 0 18 100%

Sigmops 0 3 1 0 0 0 0 2 0 0 0 2 1 0 9 22%

Vinciguerria 0 2 0 0 0 4 0 0 0 0 0 0 11 1 18 61%
Valenciennellus 0 0 0 1 0 1 0 0 0 0 0 0 7 9 78%
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Figure 36 — Normalized metric CAP of all individuals using the landmark configuration analysis method (a), shape indicator
measurements (b), and outline analysis (c), grouped by genus.
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Predicting Family
When identifying individuals to their families, LCA had the highest percentage (81%) of

individuals correctly identified (Figure 37(a)), and SIMs had the second-highest predictive

power (68%; Figure 37(b)). Of the three morphometric techniques, outline analyses were not as
precise a predictor (66%) as LCA and SIMs (Figure 37(c)). The confusion matrix of family
prediction performance from the three morphometric methods used are listed in Table 12. The
outlier (i.e., Sternoptychidae individual) of Figure 37(a) was removed and the CAP analysis was
repeated to compare the results, ensuring they were not affected. No significant differences were

observed after the outlier was removed, and therefore, was included within the analyses.

Table 12 - Confusion matrix of the normalized CAP predictions at family level.

Original Group | Sternoptychidae | Gonostomatidae | Stomiidae | Phosichthyidae | Total | %
Correct

Sternoptychidae 57 0 0 17 74 | T1%

SIMS Gonostomatidae 3 52 18 14 87 | 60%
Stomiidae 0 11 17 0 28 | 61%
Phosichthyidae 0 6 2 19 27 | 70%
Sternoptychidae 58 1 0 15 74 | 78%

LCA Gonostomatidae 4 72 0 11 87 | 83%
Stomiidae 0 4 22 2 28 | 79%
Phosichthyidae 2 2 0 23 27 | 85%
Sternoptychidae 57 0 0 17 74 | TT%
Outline Gonostomatidae 2 50 15 20 87 | 57%
Stomiidae 1 8 17 2 28 | 61%
Phosichthyidae 0 8 1 18 27 | 67%
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Testing vs. Traits
Shape Indicator Measurements (SIMs)
Strong group separation was observed between morphotypes (ANOSIM: Global R =

0.706; p = 0.001; Figure 41(a); Table 13). All morphotypes were significantly different from
each other (p = 0.001; Figure 39), where morphotype C (i.e., laterally compressed and short
body shape) was especially distinct from morphotypes A (i.e., elongated body shape) and B (i.e.,
compressed and elongated body shape). While morphotypes A and B were the most similar
(albeit different; Pairwise ANOSIM results are shown in Figure 39). Differences between
morphotypes were driven mainly by caliper size (SIMPER: 12.42-21.64% dissimilarity),
centroid size (SIMPER: 3.72-5.68% dissimilarity), Haralick circularity (SIMPER: 0.02-2.04%
dissimilarity), and eccentricity bounding box (SIMPER: 0.00-0.21% dissimilarity).

A significant relationship between DVM types on SIMs was observed (ANOSIM: Global
R = 0.076; p-value: 0.001; Figure 41(b); Table 13). All pairwise comparison p-values between
groups were also statistically significant (<0.050). Complete migrators and partial migrators
formed the strongest intra-specific groupings (Pairwise ANOSIM: R = 0.114; p = 0.001; Figure
38), and non-migrators and partial migrators formed the weakest groupings (Pairwise ANOSIM:
R =0.114; p = 0.001; Figure 38). The SIMs that contributed the most to dissimilarity between
body shapes for the DVM types were: 1) caliper size (SIMPER: 14.06-15.10% dissimilarity); 2)
centroid size (SIMPER: 4.04-4.27% dissimilarity); and 3) Haralick circularity (SIMPER: 0.00-
0.01% dissimilarity).

Overall, daytime depth distributions exhibited significant effects on SIMs (ANOSIM:
Global R =0.066; p = 0.039; Figure 41(c); Table 13), however, there were some insignificant
pairwise groupings (p > 0.05; Figure 40). The daytime depths of 600-1000 m to 600-1200 m,
1000-1500 m to 600-1200 m, 200-1200 m to 600-1200 m, and 0-600 m to 600-1200 m showed
perfect separation between groups (Pairwise ANOSIM: R =1.0; p = 0.001; Figure 40), and these
daytime depths included five species. The highest contributing SIMs were caliper size (SIMPER:
5.90-19.24% dissimilarity), centroid size (SIMPER: 1.74-4.26% dissimilarity), and Haralick
circularity (SIMPER: 0.01-0.03% dissimilarity).
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Table 13 - Global ANOSIM results from the ecological traits assessment of shape indicator
measurements using a Bray Curtis matrix. Pairwise groupings were tested as unordered factors.
The bolded R statistics and their corresponding p-values are those that were significant on the p-

value (p<0.03).
Ecological Trait Global R Statistic p-value
Morphotypes 0.706 0.001
DVM types 0.076 0.001
Daytime depths 0.066 0.039
3
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Figure 38 - Correlation matrix of ANOSIM results from DVM types assessment of shape
indicator measurements using a Bray Curtis matrix. Pairwise groupings were tested as
unordered factors. Figure A represents the R statistic values and Figure B represents the
corresponding p-values. The colored squares represented the significance of the values. The
darker colored squares represented higher R statistics and p-values and the lighter colored
squares represented lower values. Significant p-values are those that had a value less than 0.05.
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Figure 39 - Correlation matrix of ANOSIM results from morphotypes assessment of shape
indicator measurements using a Bray Curtis matrix. Pairwise groupings were tested as
unordered factors. Figure A represents the R statistic values and Figure B represents the
corresponding p-values. The colored squares represented the significance of the values. The
darker colored squares represented higher R statistics and p-values and the lighter colored
squares represented lower values. Significant p-values are those that had a value less than 0.05.
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Figure 40 - Correlation matrix of ANOSIM results from daytime depths assessment of shape indicator measurements using a Bray
Curtis matrix. Pairwise groupings were tested as unordered factors. Figure A represents the R statistic values and Figure B
represents the corresponding p-values. The colored squares represented the significance of the values. The darker colored squares
represented higher R statistics and p-values and the lighter colored squares represented lower values. Significant p-values are those
that had a value less than 0.05.
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Landmark Configuration Analysis
Of the three ecological traits analyzed, the landmark body shape of stomiiform fishes had

no significant relationships with daytime depths, although the p-value was close to 0.05
(ANOSIM: Global R =0.061; p = 0.065; Figure 45(c); Table 14). Additionally, daytime depths
and DVM types were combined into a new factor to assess the interaction between the two
factors. The combination of these two factors increased the relationship between body shapes
and daytime depths but it decreased the significance of the relationship between body shapes and
DVM types. As a result, the variables were assessed independently.

Significant differences in shape were identified between DVM types (ANOSIM: Global
R =0.108; p = 0.001; Figure 45(a); Table 14). The greatest separation was observed between
complete migrators and non-migrators (Pairwise ANOSIM: R = 0.137; p = 0.001; Figure 42),
and the lowest between complete migrators and partial migrators (Pairwise ANOSIM: R = 0.035;
p = 0.021; Figure 42). The five landmark x-coordinates (i.e., X1, X2, X3, X4, and X5)
contributed some to the differences (dissimilarity) between body shapes. Overall, the highest
contributing landmark coordinate was X3 (SIMPER: 19.50-20.19% dissimilarity), followed by
X4 (SIMPER: 18.26-20.01% dissimilarity), X2 (SIMPER: 15.28-16.59 % dissimilarity), X5
(SIMPER: 9.28-15.61% dissimilarity), and X1 (SIMPER: 3.46-7.74% dissimilarity).

Strong separation was observed between the three morphotypes (ANOSIM: Global R =
0.706; p = 0.001; Figure 45(b); Table 14), with all three groups significantly different to each
other. Morphotype A and morphotype C showed the greatest separation (Pairwise ANOSIM: R =
0.766; p = 0.001; Figure 43), and morphotype B and morphotype A showed the least (Pairwise
ANOSIM: R =0.483; p = 0.001; Figure 42). The three highest contributing landmark
coordinates were X2 (SIMPER: 8.00-23.67% dissimilarity), X3 (SIMPER: 17.40-20.97%
dissimilarity), and X4 (SIMPER: 17.62-20.56% dissimilarity).

Outliers were observed within the PCA plots of the three ecological traits assessed. To
ensure the outliers did not significantly impact the results, they were removed and the PCA’s
were run again. No overall changes to the results were observed when the outliers were removed

from the analyses.
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The landmark centroid size varied significantly with DVM types (ANOVA: p = 0.0153;
Table 15) and morphotypes (ANOVA: p = <0.0001; Table 15). Shape of landmarks varied
significantly with morphotypes (ANOVA: p = <0.0001; Table 16). No significant effects on the
centroid size or shape from daytime depths were observed (ANOVA: p > 0.05; Table 16).

Table 14 - Global ANOSIM results from the ecological traits assessment of landmark
configuration analysis using a Bray Curtis matrix. Pairwise groupings were tested as unordered
factors. The bolded R statistics and their corresponding p-values are those that were significant
on the p-value (p<0.05).

Ecological Trait Global R Statistic p-value
Morphotypes 0.547 0.001
DVM types 0.108 0.001

Daytime depths 0.061 0.065

Table 15 - Procrustes ANOVA of Centroid Size

Effect SS MS df F P (param.)
DVM Type 233.446 77.815 3 4.49 0.0153
Morphotype 401.769 200.884 2 24.91 <0.0001

Daytime depth 146.032 24.339 6 0.93 0.4976
Residuals 364.801 1.890 193

Table 16 - Procrustes ANOVA of Body Shape

Effect SS MS df F P (param.) Pillai tr.
DVM Type 1.714 0.095 18 0.96 0.515 1.15
Morphotype 6.539 0.545 12 10.02 <0.0001 1.62

Daytime depth 3.619 0.101 36 1.02 0.452 1.48
Residuals 1.392 0.001 1158
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Figure 42 - Correlation matrix of ANOSIM results from DVM types assessment of landmark
configuration analysis using a Bray Curtis matrix. Pairwise groupings were tested as unordered
factors. Figure A represents the R statistic values and Figure B represents the corresponding p-
values. The colored squares represented the significance of the values. The darker colored
squares represented higher R statistics and p-values and the lighter colored squares represented
lower values. Significant p-values are those that had a value less than 0.05.
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values. The colored squares represented the significance of the values. The darker colored

squares represented higher R statistics and p-values and the lighter colored squares represented
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Qutline Analysis
A significant relationship between DVM types on harmonics was observed (ANOSIM:

Global R =0.064; p = 0.001; Table 17; Figure 49). Within the DVM type pairwise comparisons,

non-migrators and partial migrators had the strongest group separation (Pairwise ANOSIM: R =
0.089; p = 0.002; Figure 46; Figure 49), whereas complete migrators and non-migrators had the
weakest separation (Pairwise ANOSIM: R = 0.05; p = 0.044; although the p-value was close to
0.05; Table 49).

Similarly to the other computer-aided morphometric techniques assessed, morphotypes
had the highest R statistics of the three ecological traits (ANOSIM: Global R = 0.418; p = 0.001,
Table 17; Figure 47; Figure 50). All pairwise morphotype group comparisons were statistically
significant (p = 0.001). Morphotype C and Morphotype B were responsible for the largest
separation between morphotypes (Pairwise ANOSIM: R = 0.493; p = 0.001; Figure 50).
Morphotype C and Morphotype A had little effect on group separation (Pairwise ANOSIM: R =
0.32; p = 0.001; Figure 50). Morphotype B was responsible for strong separation between body

shapes.

No significant relationship between daytime depths on harmonics were observed
(ANOSIM: Global R = -0.136; p = 0.998; Figure 48; Figure 51; Table 17). The Pairwise
ANOSIM results are shown in Figure 51.
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Figure 46 - Normalized PCA-ordinations of body shape among DVM types. Numbers next to the
axis labels indicated the percentage of explained variation in morphology for that axis in a given
ordination (PC 1 = 66% and PC 2 = 16%). Points that fell within the minimum convex polygons
represented the realized morphology of body shape for each DVM type. The DVM types
included: 1) Complete migrators, 2) non-migrators, and 3) partial migrators. Gray body shape
silhouettes depicted the full continuum of morphospace among all DVM types for each species as
calculated using harmonic coefficients through EFA.
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Figure 47 - Normalized PCA-ordinations of body shape among morphotypes. Numbers next to
the axis labels indicated the percentage of explained variation in morphology for that axis in a
given ordination (PC 1 = 66% and PC 2 = 16%). Points that fell within the minimum convex
polygons represented the realized morphology of body shape for each morphotype. The
morphotypes included: 1) A, 2) B, and 3) C (Sutton, 2003). Gray body shape silhouettes depicted
the full continuum of morphospace among all morphotypes for each species as calculated using
harmonic coefficients through EFA.

75



Daytime depth
@0-500m

@200-600 m
ol 200-1000 m
G- 200-1200 m
@600-1000 m
@600-1200 m
i 1000-1500 m
'. . ! h ‘:l I D
- » T -7—J -
. -
= . - . ...
. . * * o
.. .‘ - .‘. ot ‘“-
o7 P
. — . 0‘:...0‘0 .
. trel Al
LA
. 2
T L 'o. CP——

Figure 48 - Normalized PCA-ordinations of body shape among daytime depth distributions.
Numbers next to the axis labels indicated the percentage of explained variation in morphology
for that axis in a given ordination (PC 1 = 66% and PC 2 = 16%). Points that fell within the
minimum convex polygons represented the realized morphology of body shape for each daytime
depth. The daytime depth distributions included: 1) 0-600 m, 2) 200-600 m, 3) 200-1000 m, 4)
200-1200 m, 5) 600-1000 m, 6) 600-1200 m, and 7) 1000-1500 m. Gray body shape silhouettes
depicted the full continuum of morphospace among all daytime depths for each species as
calculated using harmonic coefficients through EFA.

Table 17 - Global ANOSIM results from the ecological traits assessment of outline analysis
using a Bray Curtis matrix. Pairwise groupings were tested as unordered factors. The bolded R
statistics and their corresponding p-values are those that were significant on the p-value
(p=<0.05).

Ecological Trait Global R Statistic p-value
Morphotypes 0.418 0.001
DVM types 0.064 0.001

Daytime depths -0.136 0.998
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Figure 49 - Correlation matrix of ANOSIM results from DVM types assessment of outllne
analysis using a Bray Curtis matrix. Pairwise groupings were tested as unordered factors.
Figure A represents the R statistic values and Figure B represents the corresponding p-values.
The colored squares represented the significance of the values. The darker colored squares
represented higher R statistics and p-values and the lighter colored squares represented lower
values. Significant p-values are those that had a value less than 0.05.
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Flgure 50 - Correlatlon matrix of ANOSIM results from morphotypes assessment of outllne
analysis using a Bray Curtis matrix. Pairwise groupings were tested as unordered factors.
Figure A represents the R statistic values and Figure B represents the corresponding p-values.
The colored squares represented the significance of the values. The darker colored squares
represented higher R statistics and p-values and the lighter colored squares represented lower
values. Significant p-values are those that had a value less than 0.05.
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Predicting Traits

Predicting Morphotypes

When identifying individuals to their morphotypes, LCA had the highest percentage

(95%) of individuals correctly identified (Figure 52(a)). Outline analyses had the second-best
predictive power for Morphotypes (88%; Figure 52(b)), and SIMs were not as good a predictor

as either LCA or outline analysis (85%; Figure 52(c)). Overall, morphotype predictions had the

highest predictive power compared to the other morphometric techniques or ecological traits

being analyzed. The confusion matrix of the normalized CAP for morphotypes is listed in Table

18. No significant differences were observed after the outlier (i.e., Sternoptychidae individual)

was removed, and therefore, was included within the analyses.

Table 18 - Confusion matrix of the normalized CAP morphotype predictions

Original Group C B A Total % Correct

C 56 0 0 56 100%

SIMs B 0 108 24 132 82%
A 0 8 20 28 71%

C 56 0 0 56 100%

Outline B 0 116 16 132 88%
A 1 10 17 28 67%

C 54 2 0 56 96%

LCA B 0 129 3 132 98%
A 0 5 23 28 82%

79



Figure 52 — Normalized metric CAP of all individuals using the landmark configuration analysis method (A), shape indicator
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Predicting DVM types
When identifying individuals by their DVM type, landmark configuration analysis had

the highest percentage (65%) of individuals correctly identified (Figure 53(a)). Outline analysis
had the second-best predictive power (56%) for DVM types (Figure 53(b)), and SIMs were not

as good a predictor as LCA and outline analyses (48%; Figure 53(c)). The confusion matrix for

the predictive performance of DVM types is listed in Table 19

Table 19 - Confusion matrix of normalized CAP DVM type predictions.

Original Group Complete | Non-migrator Partial Total |% Correct
migrator migrator
SIMs | Complete migrator 21 14 19 54 39%
Non-migrator 34 39 25 98 40%
Partial migrator 9 11 44 64 69%
LCA | Complete migrator 25 21 8 54 46%
Non-migrator 13 77 8 98 79%
Partial migrator 16 10 38 64 59%
Outline| Complete migrator 22 10 22 54 41%
Non-migrator 21 57 20 98 58%
Partial migrator 11 11 42 64 66%

Predicting Daytime Depths
LCA and outline analysis had the highest percent of individuals correctly identified 58%

of the time (Figure 54(a)(b)). SIMs were not as good a predictor as LCA and outline analyses
(54%; Figure 54(c)). Three outliers were identified during outline analysis and were removed to

compare if there were any significant differences in the data. No significant differences were
observed and outliers were included within the CAP. The confusion matrix of the normalized

CAP for predicting daytime depths from body shape is listed in Table 20.
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Table 20 - Confusion matrix of the normalized CAP for daytime depth predictions.

Original 200-600 m [600-1000 m| 1000-15000 m |200-1000 m | 200-1200 m | 0-600 m |600-1200 m| Total [% Correct]
group

200-600 m 75 6 5 18 2 19 5 130 58%
600-1000 m 0 5 2 0 3 0 0 10 50%
1000-1500 m 0 1 7 2 0 0 0 10 70%
SIMs | 200-1000 m 6 6 3 11 10 0 2 38 29%
200-1200 m 1 3 1 1 3 1 0 10 30%
0-600 m 1 0 0 0 0 8 0 9 89%
600-1200 m 0 0 0 1 0 0 8 9 89%
200-600 m 78 17 1 4 3 23 4 130 60%
600-1000 m 0 8 1 0 1 0 0 10 80%
1000-1500 m 0 1 6 0 3 0 0 10 60%
LCA | 200-1000 m 3 7 8 12 1 0 7 38 32%
200-1200 m 0 3 1 0 6 0 0 10 60%
0-600 m 0 0 0 1 0 8 0 9 89%
600-1200 m 0 0 0 0 1 0 8 9 89%
200-600 m 120 0 0 7 0 3 0 130 92%
600-1000 m 9 0 1 0 0 0 0 10 0%
1000-1500 m 10 0 0 0 0 0 0 10 0%
Outline| 200-1000 m 37 0 1 0 0 0 0 38 0%
200-1200 m 9 0 0 1 0 0 0 10 0%
0-600 m 5 0 0 0 0 4 0 9 44%
600-1200 m 8 0 0 0 0 0 1 9 11%
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Discussion
Fishes may vary in shape due to age, sex, geographic location, or phylogenetic

relationship (Lawing & Polly, 2010). In many situations, assessing the shape variation among
fishes can reveal insights into their functioning and the underlying mechanisms leading to certain
variations in shape (Bonhomme et al., 2014). Here, | examined the relationship between the body
shape of stomiiform fishes and their established traits by assessing the feasibility of three
computer-aided morphometric tools. In the present study, computer-aided morphometric
techniques were relatively successful in distinguishing between some taxa, but the extent of its
success varied according to the taxa and the technique used. Functional traits associated with
DVM and vertical distributions were generally significant, but showed similar variability across
techniques and taxa. Despite this, the fact that this study was based exclusively on the lateral
body shape of fixed specimens strongly suggests that these tools show considerable promise in

future research.

Part 1: Body Shape vs. Taxonomy
In the present study, higher taxonomic ranks was more closely aligned with body

morphology of stomiiform fishes than the other parameters examined. The greatest variation in
the body shape of stomiiform fishes was observed when individuals were classified to their
species and genus levels. The body shape of stomiiform fishes varied more within their families

than between families.

Interestingly, the genus level showed the greatest separation of body morphology of the
three taxonomic ranks. An explanation for better resolution at the genus level than at species and
family levels may relate to the fact that some taxonomically important features of stomiiform
fishes (e.g., photophores, fins, and gape size) were not included in the present study. The entire
morphology of an individual is commonly used to classify them into their taxonomic resolutions;
the lower the taxonomic rank the more morphological features, such as body shape, are shared
between individuals. For example, stomiids are generally separated to species level by
comparing their gape of mouth, teeth, elongated bodies, lateral photophore series, and barbels to
other individuals (Sutton et al., 2020b). To further identify individuals to their species
morphological features not common to all individuals (i.e., barbels) are used. Due to the

exclusion of these specific morphological features the identification of individuals to species
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level may not be possible based on simple body shape. Specifically, when individuals within the
families Phosichthyidae and Stomiidae were compared to one another they showed the weakest
separation between one another and were insignificant. Certain species within these families
share similar body shapes, but differ with finer-scale morphological features. The stomiiform
fishes’ body shape may have allowed for individuals to be best distinguished down to genus
levels, but further external morphological features (e.g., location/occurrence of photophores)

may be needed to predict species for individuals whose body shapes are similar to one another.

Across all taxonomic ranks, Sternoptyx spp., Argyropelecus spp., and Polyipnus spp.
(family Sternoptychidae) tended to exhibit the strongest separation between species, genera, and
families. Of the three morphotypes, hatchetfishes (Sternoptychidae) exhibited circular and
concave body forms that were very characteristic and should be easily identifiable in profile
view, whereas the outlines comparing the genera of Chauliodus, Photostomias, and Pollichthys

for example (which share elongated body shapes) were not as easily distinguishable.

Part 2: Body Shape vs. Traits
Morphotype traits and body shape had the most significant relationship as they both

describe the morphology of stomiiform fishes. Morphotype C (i.e., laterally compressed and
short bodies; “hatchet” type) and morphotype A (i.e., elongated bodies) formed the largest
differences in body shapes for LCA and SIMs. For outline analysis, morphotype B (i.e., fairly
compressed and elongated bodies) and morphotype C had the greatest differences in body
shapes. For all three computer-aided morphometric techniques, morphotype A and morphotype
B were the most similar. In this study, the three groups identified by Sutton (2003) were also
distinguished as distinct groups. The elongation of stomiiform fishes was the main contributor to
species distinction, which is similar to previous morphometric studies (e.g., Caillon et al., 2018;
Martinez et al., 2021). It was unclear why outline analysis differed from the LCA and SIMs'
strongest groupings of body shapes. An explanation may be found in the limitations of outline
analysis (e.g., sensitivity to misalignment and human error during the imaging and digitization

processes), which is discussed further below.

Body shape varied significantly with DVM type, but suggested group overlap between
body shapes and DVM types, specifically when comparing partial migrators. The relationship
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between body shapes on DVM types was a surprising observation because previous studies have
described body shape as a reliable indicator of swimming behavior, which has some influence on
a fish’s feeding performance and location within the water column (Webb, 1984; Motta &
Kotrschal, 1992; Wainwright & Richard, 1995). The greater number of partial migrators
selected, and the similarity in body form between Cyclothone (non-migrator) and the other
gonostomatids and phosichthyids (migrators) may have biased the DVM results from this study,
but regardless, only small differences were observed. While previous studies have analyzed the
advantages and disadvantages of deep-sea fish morphology, how their body shapes relate to their
migration patterns is still not widely known (e.g., van Ginneken et al., 2005; Sébert et al., 2009).
Stomiiform fishes exhibit a wide variety of morphologies and DVM types; however, it is
possible that individuals grouped within the same taxon may not exhibit the same DVM patterns.
Individuals within the Argyropelecus genus exhibit similar, laterally compressed body forms yet
conduct different migration patterns. Within the GoM, Argyropelecus gigas and Argyropelecus
hemigymnus individuals were identified as occurring at a depth of 200-600 m during both day
and night (non-migrators), whereas Argyropelecus aculeatus individuals’ core daytime depth
distributions ranged between 200-1000 m, but migrated to the epipelagic during the night
(complete migrators). Similarly, individuals within the same species may display asynchronous
DVM patterns, such as Chauliodus sloani (Clarke, 1973; Sutton & Hopkins, 1996), suggesting
that not all individuals are migrating each day. At the population level, individuals must be
capable of conducting migrations (which may distinguish them from non-migrators), but they do
not necessarily complete it every day (which might distinguish them from complete migrators).
Historically, DVM types have been assigned at the population level and these classifications
were used within this study. However, over time it has been observed that there is usually not a
taxonomic group where all individuals migrate in the same way throughout life, so it may be
more appropriate for DVM patterns to be analyzed within sub-population groups that account for
these additional variables of importance. The choice of DVM type classifications used for this

study may be a contributing factor to the inconclusive results observed in this study.

There were few significant relationships between the body shape of stomiiform fishes and
their daytime depth distributions, and they were only identified by the SIMs. One explanation for

the lack of influence on body shape was suggested by Moser (1981) who discussed that
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differences in fish’s vertical location could be mostly explained in relation to their morphological
specializations for feeding and predator evasion strategies under different light regimes that
reach their respective depth layers. The positioning a fish chooses within the water column may
therefore be determined by behavioral traits and/or other non-measured adaptations, such as
coloration, bioluminescence, and eye morphology more than body shape per se. Another
explanation for the lack of influence body shape has on daytime depth distributions may be
related to an individual’s physiology. Pauly (2010) proposed that an individual’s physiology (i.e.,
their metabolism, temperature, or oxygen consumption) can explain how fish regulate their DVM
patterns to maintain an appropriate abiotic regime for their size and species. Additionally, the
daytime depth distributions varied greatly between species and certain daytime depth ranges
were occupied by more species than others (e.g., the daytime depth of 0-600 m was occupied by
one species whereas the daytime depth of 200-600 m had thirteen species). Clarke and Gorley
(2015) discussed that ANOSIM results may be biased by the number of individuals per variable
being compared. As with the other ecological traits (e.g., DVM types), further functional testing
would be required to support these hypotheses. Additional functional testing should include an
analysis of the entire morphology of stomiiform fishes to fully exclude the body shape as a

significant driver of daytime depth distributions.

Part 3: Evaluation of Computer-Aided Morphometric Techniques
Computer-aided morphometric techniques are considered suitable methods for exploring

deep-sea fish morphological variability and for a rough assessment of ecological traits within and
between individuals (Loy et al., 2001; Prosanta, 2006; Radinovi¢ & Kajtez, 2021). The use of
computer-aided morphometric techniques has rapidly increased in the field of biological sciences
(Slice, 2007; Polly, 2008; Lawing & Polly, 2010). Some examples include, assessing geographic
variations, phylogeography, sexual dimorphism, and morphological integration. Olson and
Miller (1958) pioneered the use of statistical correlations to test the hypothesis that certain
characteristics of organisms were functionally or developmentally linked. Computer-aided
morphometric techniques naturally complement the hypothesis suggested by Olson and Miller
(1958) because potentially integrated, developmentally and functionally complicated structures
such as vertebrate skulls are readily quantified with landmarks. Some advantages of using
computer-aided morphometric techniques include: 1) applicability to photographs and quick data

acquisition; 2) efficiency in terms of time, money, and effort (McPherron & Dibble, 1999); 3) its
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suitability for quantitatively describing, and comparing any similarities and differences in shape;
and 4) methodological repeatability (Webster & Sheets, 2010).

In the present study, three computer-aided morphometric techniques were used to
discriminate individuals through the inter- and intra-specific differences of stomiiform fish
morphology. The results from the CAP analyses were highly variable across taxa, with some
species being perfectly identified, and some always being incorrectly identified depending on the
computer-aided morphometric technique. LCA had the highest overall predictive success rate
within this study and always successfully predicted Photostomias guernei individuals (100%).
The success in predicting Photostomias guernei individuals may be attributed to the larger
distances between landmarks and their higher caliper values, which were responsible for the
most dissimilarity between body shapes. Webster and Sheets (2010) described the two
limitations of LCA as the shape variation between landmarks not being detected (i.e., if not
enough landmarks were selected to adequately represent the morphology of individuals), and its
susceptibility to human error created during the manual imaging and digitization processes.
While this study employed only five landmarks, potentially leading to missing body shape
variations, it was still the most successful technique. The addition of further landmarks (e.qg., the
posterior end of the dorsal and anal fins) could be employed in the future and may help improve
predictive rates as the position and length of these fins are often used to differentiate between

individuals within certain genera (e.g., Chauliodus and Photostomias).

Outline analysis had the second-best predictive power, which was an unexpected finding.
A 100% prediction success rate was only achieved for Sternoptyx pseudobscura individuals
using outline analysis. An explanation for the successful prediction of Sternoptychidae species
may be attributed to the body shapes of these individuals. Due to their easily identifiable shapes
less harmonics may have been needed to distinguish their body shapes between other species.
Overall, finer resolution in body shape differences could explain outline analysis' lack of success
with other species predictions, since the noise in the data may have led to more overlap in outline
values. Potential contributors to the addition of noise could have been due to the preservation
process or the method of storage causing curling and arching of body shapes (Sotola et al.,
2019). Previous studies have found that standard body lengths decreased after formalin fixation

and ethanol preservation (Shields & Carlson, 1996; Greszkiewicz & Fey, 2018), while others an
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increase in the weight of specimens from certain formalin solutions (Shields & Carlson, 1996),
and temporary compression of specimens within jars (i.e., the jar “effect”; Valentin et al., 2008;
Larochelle et al., 2016; Sotola et al., 2019). It is well known that body shape is altered during the
preservation of biological specimens, however, there have been few detailed studies on the
extent to which morphological changes occur during the preservation process. Sotola et al.
(2019) used LCA to examine the effects of formalin and ethanol preservation on the body shape
of 10 freshwater species over 90 days. They found that the body shape of fishes continued to
change even after the entire preservation process was completed. Although the measurement
error from preservation techniques is usually regarded as a relatively small component of
variance in the data, steps were taken to attempt to minimize any influence within this study,
while not directly measuring for it. These steps included: 1) smoothing of outlines; 2)
standardizing data acquisition and image selection procedures; 3) one person collecting and
analyzing data; and 4) a camera mounted for constant focal length and specimen placements.
Nonetheless, minor changes in outline shape from preservation techniques could have led to
important changes in body shape altering important results. Additionally, outline analysis
methods have also been critiqued because their individual outlines are not biologically
homologous (Zelditch et al., 1995). This criticism is only important in cases where a one-to-one
comparison between individual variables and biological homology (i.e., shared features) is
required. However, in the case of this study, because of the comparisons between overall shape,
the fish outlines themselves are biologically homologous (Webster and Sheets, 2010).

The lowest predictive power was observed in SIMs. SIMs always successfully predicted
Argyropelecus aculeatus individuals (100%). The success in predicting Argyropelecus aculeatus
individuals may be attributed to their larger Haralick circularity values, which was one of the
three SIMs contributing the most to dissimilarity between body shapes. While caliper size and
centroid size contributed the most to dissimilarity between body shapes they were the most
difficult SIMs to distinguish between, where individuals with these higher values (Chauliodus
sloani and Sigmops elongatus) had weaker groupings. One limitation of SIMs that may have
made this method less effective was its sensitivity to noisy and askew shapes. For instance, the

compactness equation uses the perimeter and area of a region, where lower values correspond to
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circular shape (Rosin, 2005), but is inherently sensitive to artifacts introduced by digitization,

and can incorrectly assign non-circular values to noisy circles (Rosin, 2005).

Within deep-sea fish ecology, a study conducted by Caillon et al. (2018) used outline
analysis to describe the morphological diversity of marine fishes. Elliptical Fourier analysis
revealed three body shape variations when depth increases (Caillon et al., 2018). The most
important component of body shape variation was the elongation of the body; the second was the
development of the pelvic fin; and the third was the shape of the dorsal and caudal fins (Caillon
et al., 2018). LCA and outline analyses from this study revealed somewhat contradictory results
to that of Caillon et al. (2018), where the greatest contributors to variation with this study’s
sample set were the caudal and pelvic fins. However, the SIMs highlighted caliper size (i.e., the
longest distance between two points; Table 2) and Haralick circularity (i.e., how circular a fish
is; Table 2) as two important components of variation in body shapes. These two SIMs can be

compared to elongation further supported by Caillon et al.’s (2018) findings.

Part 4: Considerations for Future Work
Several considerations should be made when reviewing the validity of the results from

this study for future work. An original aim was to analyze the entire morphology of stomiiform
fishes within the sample set. However, a high percentage of the collected specimens from the
ONSAP and DEEPEND programs had damaged fins that could not be accurately incorporated
into the LCA or outline analysis, resulting in only the body shape of the stomiiform fishes being
assessed. To fully capture any variability present with the morphology of individuals the
specimen conditions needed to remain consistent (i.e., no missing fins or curvature of the body).
Additionally, the results of this study may have been affected by the number of individuals per
species and were only representative of the sample set analyzed rather than representing the

taxon as a whole.

Only using body shape for individuals may have biased some results of this study.
Different aspects of fish body morphology are separately analyzed to understand how the whole
organism functions (Bonhomme et al., 2014). Individual aspects of the body reveal insights into
an organism's functioning, such as body shape. The shape of a fish’s body may reveal potential

habitats that the individual lives in and certain aspects of their locomotion. However, the fins of
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fishes can reveal additional characteristics of locomotion and stabilization. Additionally, this
study only examined the 2-dimensional shape of fishes and could not consider body depth, which
may contribute to the patterns shown through the traits assessed. Previous research on the
morphology of stomiiform fishes is extensive and readily available (Sutton, 2003; Sutton et al.,
2020b). The largest consideration for future research on the entire morphology of stomiiform
fishes would be the quality of specimens, specifically focused on the success of imaging. As per
Sotola et al.’s (2019) suggestion, photographing fresh specimens could be very useful for future
studies using computer-aided morphometric techniques. Herler et al. (2007) suggested that using
a flatbed scanner on live and/or recently captured specimens allowed for better manipulation of
individuals to fully capture the shape, coloring, and positioning of all morphological features.
Herler et al. (2007) discussed the advantages of a flatbed scanner which included: 1) a simple
setup, 2) negligible material costs, 3) simple treatment of specimens, and 4) a decrease in human
error within the imaging process. Flatbed scanners may be a viable option in the future for
automatically capturing a specimen’s shape and not having to worry about damage done by

preservation techniques.

Only external morphological features were analyzed here, rather than both external and
internal features. While only three functional traits of stomiiform fishes were assessed during this
study, more functional traits should be analyzed to assess if they are good predictors of
individuals identity or are drivers of the form of individuals. Future studies should focus on
functional traits, such as diet, as well as other morphological traits such as eye size and type or
presence of swim bladders, to name a few. Diet and feeding modes may dictate where a fish
resides within the water column, its behaviors/interactions with other organisms, gape size, and
nutrient requirements. Studies have shown a link between the body shape and resource use of
fish species (Kassam et al., 2003; Maldonado et al., 2009). The diet and locomotive strategies of
deep-sea fishes have also been extensively described for certain species, but far more remain
undescribed (Collins et al., 1999; Carmo et al., 2015; Priede, 2017). Additionally, swim bladder
morphology could be assessed due to its role in rising or sinking within the water column, which
may be related to the DVM types that an individual exhibits (Fange, 1983). For example,
Marshall (1960) surveyed deep-sea fish swim bladders and discussed different patterns found

within the mesopelagic and bathypelagic zones. Within the mesopelagic zone, most species of
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myctophids (lanternfishes) and Sternoptychidae (hatchetfishes) have swim bladders, however
some species have reduced or lipid-filled swim bladders. Within the bathypelagic zone, stomiids,
ceratioid anglerfishes, and deep-living Gonostomatidae lacked a gas-filled swim bladder
(Marshall, 1960). Additionally, certain demersal species (i.e., Macrourids, Brotulids, and
Halosaurs) have fully functional swim bladders, but they are mostly absent in others. Bone
(1973) classified myctophid species into four groups according to their buoyancy characteristics
and discovered that the species that made the longest DVM migrations lacked a swim bladder.
Féange (1983) suggested that the swim bladder hinders more than aids fishes in vertical
movements. However, these morphological studies have only been conducted on a small number
of species. The assessment of diet and swim bladder types were beyond the scope of the present
study due to the wide range of swim bladder prevalence and types within similar species. Further
investigations assessing ecological traits of individuals may reveal new patterns connecting the

form and functions of stomiiform fishes.

One large obstacle when using computer-aided morphometric techniques is removing the
size of individuals as a factor from analysis. Many techniques employ methods to assist in the
removal of obstacles (i.e., size) including Procrustes superimpositions, scaling, and rotating of
the individuals. However, in the case of fishes, size may be an important determinant of traits in
and of itself and warrants further consideration in future work. Body size will always differ in
some ways due to biological variables such as individual growth rates or ontogeny, and through
measurement errors (e.g., photos rotated or centered differently no matter how carefully the
images were photographed; Klingenberg, 2011; Savriama et al., 2018). Future research questions
should focus on the concept of size and its potential implications for effecting shape and function

of individuals.

Before computer-aided morphometric techniques become standard tools for describing
the variability of fish body shape, more research on measurement error should be conducted.
Savriama et al. (2018) accounted for two measures of error within landmark configuration
analysis and they included measurement and digitizing errors. Measurement errors focused on
images of individuals (i.e., differences in pictures of the same specimen). The digitizing errors
focused on the technique being used (i.e., differences in landmarks of the same picture of a
specimen). Savriama et al. (2018) employed a Procrustes ANOVA through MorphoJ to assess
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whether the error from measurements and digitization was statistically significant and had an
impact on the variability of flower petals. The Procrustes ANOVA revealed that the variation
among the flower petals was greater than the measurement error due to imaging and digitization.
When comparing imaging and digitization error, imaging error was more significant than
digitization error (Savriama et al., 2018). These results suggested that the biological variation at
the population level was so large that it exceeded any sources of error. Additionally, extra care
should be taken during the imaging process for any computer-aided morphometric techniques.
Future research using computer-aided morphometric techniques should incorporate replicate
imaging and digitizing of specimens for among-specimen shape comparisons to calculate within-
specimen measurement error (Webster & Sheets, 2010; Savriama et al., 2018).
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Conclusion:
The results of this study showed combining computer-aided morphometric techniques

with taxonomic and traditional assessments can open a wide range of new potential applications
to further understand deep-sea fish morphologies and how they relate to their functioning within
the deep sea. The results of this study indicate that the body shape of stomiiform fishes alone
does not correlate closely with their described DVM patterns or daytime depth distributions,
suggesting that behavioral factors may override strict morphological constraints in deep-pelagic
ecosystems. The morphotypes described by Sutton (2003) corresponded with the body shape of
stomiiform fishes analyzed in this study. Additionally, landmark configuration analysis appeared
to offer a useful and reliable method that may assist researchers in the prediction of individuals
and traits through their morphologies. This project only used five landmarks and several
damaged specimens, yet was still able to predict body shapes down to meaningful taxonomic
levels and functional traits. The addition of landmarks and other morphologies in future research
may make landmark configuration analysis a common tool for assisting taxonomists in

identification of specimens.
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