reduced the zebrafish’s craniofacial lability in response to mechanotransduction. Given
that the laboratory and wild environment of this small fish tends to be slow moving pools
of water with little to no rocky substrate, we might understand why (Engeszer/et al.
2007). Such environments present little opportunity for excessive mechanical input, and
requires a small body due to low fluid volume of habitats (reducing both nutritional
availability and physical space). After generations, the D. rerio’s ability to accommodate
for these stresses is reduced. M. zebra, conversely, evolved in a highly dynamic, deep-
water rift lake environment with great a disparity in exploitable ecologies (Ribbink/et al.
1983). Because this represents a recent environmental factor in their phylogeny, it
follows this species’ gross morphology would be more plastic, as this would enable
greater degrees of alternate habitat exploitation during colonization. An interesting topic
of future investigation would be to determine whether plasticity in M. zebra evolved

within this lineage of Malawi cichlid, or represents the retention of an ancestral feature.

Despite some degree of disparity in level of manifestation between species, it
seems reasonable to consider the deformation visible here as accommodations for the
applied experimental feed regimes. Accommaodations, theoretically, represent flexibilities
an organism exercises in the face of environmental challenges. Characterized initially as
an organism’s ability to utilize developmental plasticity to overcome pathologies or
unique morphology, we can also extend accommodations to include wild-type organisms
experiencing novel inputs as well. Generally, if a novel behavior or morphology not only
accommodates for the challenges of a new environment, but also improves fecundity
despite it, then the ability to develop the trait more efficiently, the plasticity itself, should

propagate through the population in question (West Eberhard 2005). Given the
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differences due to treatment suggested here, it seems possible such a scheme would be
corroborated by phylogenetic evidence, or perhaps multi-generational studies in

invertebrates with shorter generation times.

From what can be interpreted here, it seems the plasticities of zebrafish and
cichlids do bear some comparability in the laboratory setting. While the individual
response of each species remains disparate at the level of craniofacial versus pharyngeal
jaw shape, there is concrete evidence the restructuring of bones occurs in each fish in
response to treatment. Based upon this we may hypothesize that the responses bear
homology at the genetic level and thus share phylogenetic history, as the bones in
question are subject to long-conserved mechanically sensitive osteogenic pathways

(Witten & Hall 2015).

This too requires further exploration to confirm, but the results presented here do
establish suggestions on which tissues may be ripe for molecular analyses of
transcriptional similarity. Already, there is some evidence that signaling in the Hedgehog
pathway precedes divergent phenotypes in the cichlid feeding apparatus (Hu & Albertson
2014) and may play a role in mechanically induced morphological plasticity (Navon
2019). Additionally, they provide evidence that alternate trophic regime studies may be
augmented via the addition of a third feeding parameter in hard pellet feeding. Statistical
differences were found for both species subjected to this treatment, suggesting additional
exploration of methodological permutations may allow for a more nuanced picture of the
landscape for teleost craniofacial plasticity. The novel three-pronged feeding approach
may be of even further benefit in interspecies studies such as the previously discussed, as

differences between species manifested at alternate levels of morphological organization,
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one of which (the pharyngeal jaw) was expected to be particularly stimulated via pellet
feeding treatments. That being said, based upon the methods of other studies on
ceratobranchial plasticity, it may be prudent to also explore alternate analyses of similar
data, as some of this disparity might be due to the measurement employed, especially
considering confirmation of plasticity in each species via new metrics would only stand
to improve the case for regularly including pellet treatments in the experimental model.
In addition, it may be useful to fine-tune food-type or delivery methods, as the
pharyngeal jaw apparatus, especially in cichlids, may require food which induces more
forceful processing than what was used here to induce a plastic response. Overall and in
spite of whatever methodological challenge, the takeaway of this study represents a good

prognosis for the analytical power of alternative trophic niche studies, past and future.
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CHAPTER 5

CONCLUSIONS

Both D. rerio and M. zebra are capable of mounting morphological/behavioral
plastic responses in the face of novel feeding environments, though each is different and
can largely be accounted for once form and function relationships are considered.
Broadly, this means they do bear comparison in laboratory settings when keeping
disparity of canalized traits of feeding apparatuses in mind. Additionally, the results of
the previously discussed research show promise for both the application of three-part
alternative trophic niche experimentation and the possibility of deep genetic homologies
for craniofacial restructuring in fish, but confirmation of these notions would
undoubtedly require further examination of the subject (for example, in Navon 2019).
Molecular analyses and alternate measures of physical properties are especially

recommended for future study.
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APPENDIX: TABLES AND FIGURES

Lateral Data Tables and Figures

Figure 1: M. zebra lateral morphometric mean shape per treatment. Each panel

represents deformation from standard mean of all fish regardless of treatment.

Pictured left to right, benthic treatment, pelagic treatment, and pellet treatment
groups.
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Figure 2: Polygon plots of Principal Component axes 1-4 for M. zebra lateral
morphometric data. Benthic treatments are colored in cyan, pelagic in black, pellet
in red.
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Advanced Procrustes D Linear Model ANOVA (By Treatment)

DF RSS SS R-squared | F-value Z- P-
score | value
56 0.1163 | 0.010000 | 0.079195 | 2.4082 | 3.0577 | 0.0015
8 0
P-values/Effect Sizes (b/t Treatments) | Morphological Disparity P-values/Abs.
Diff.
Benthic | Pelagic Pellet Benthi | Pelagi | Pellet
C C
Benthi 1/0 3.9254 | 1.958990 Benthic 1/0 0.0008 | 0.0006
C S
Pelagic | 0.0010 1/0 2.050589 Pelagic 0.0442 1/0 0.0002
2
Pellet | 0.0384 | 0.0357 1/0 Pellet 0.1455 | 0.6088 1/0
ANOVA of PC Axes ANOVA Treat. Effect vs Exp. Effect vs
Size
Mean F- P-value F-score Z- P-
Sq. value score value
1 0.00142 | 3.0239 | 0.03704 Log(CS) | 20.3731 | 6.5294 | 0.0001
2 0.00011 | 0.3099 0.8182 Treatment | 2.5370 | 4.1680 | 0.0001
2
3 0.00036 | 1.5799 0.2047 | Experimen | 1.5265 | 3.2623 | 0.0002
t
4 0.00070 | 4.5772 | 0.00617
5 0.00025 | 1.7746 0.1625
6 0.00041 | 4.4528 | 0.00710

Table 1: Numerical returns for all statistical testing on M. zebra lateral
morphometric data. Divided tables are labelled in the respective order they are split.
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Fig. 3: Results of an outlier test on M. zebra lateral morphometric data. The
proximity of the lone outlier to the threshold led to its retention in the data set.
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Figure 4: D. rerio lateral morphometric mean shape per treatment. Each panel

represents deformation from standard mean of all fish regardless of treatment.

Pictured left to right, benthic treatment, pelagic treatment, and pellet treatment
groups.
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Figure 5: Polygon plots of Principal Component axes 1-4 for D. rerio lateral
morphometric data. Benthic treatments are colored in cyan, pelagic in black, pellet
in red.
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Advanced Procrustes D Linear Model ANOVA (By Treatment)

DF RSS SS R- F-value | Z-score | P-value
squared

107 0.44139 | 0.01226 | 0.027026 | 1.486 | 1.4602 | 0.0712
P-values/Effect Sizes (b/t Treatments) | Morphological Disparity P-values/Abs.

Diff.

Benthic | Pelagic Pellet Benthic | Pelagic | Pellet
Benthic 1/0 0.862593 | 2.646113 | Benthic 1/0 0.00077 | 0.00092
Pelagic | 0.1840 1/0 -0.29114 | Pelagic 0.1151 1/0 0.00015
Pellet | 0.0138 | 0.5738 1/0 Pellet 0.0524 | 0.7485 1/0

ANOVA of PC Axes No Testing for Experimental Effects in

Danio

0.00076 | F-value | P-value

1 0.00041 | 0.8021 0.4511
2 0.00046 | 0.7487 0.4754
3 0.00095 | 2.3367 0.1015
4 0.00061 | 2.8971 0.0595
5 0.00018 | 2.7495 0.0684
6 0.00018 | 0.8921 0.4128

Table 2: Numerical returns for all statistical testing on D. rerio lateral
morphometric data. Divided tables are labelled in the respective order they are split.
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Figure 6: Results of an outlier test on D. rerio lateral morphometric data. The
proximity of the outliers to the threshold led to their retention in the data set.
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Pharyngeal Jaw Data Tables and Figures

Figure 7: M. zebra
pharyngeal jaw
morphometric mean
shape per treatment.
Each panel represents
deformation from
standard mean of all fish
regardless of treatment.
Pictured top to bottom:
benthic treatment,
pelagic treatment, and
pellet treatment groups.
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Figure 8: Polygon plots of Principal Component axes 1-4 for D. rerio pharyngeal jaw
morphometric data. Benthic treatments are colored in cyan, pelagic in black, pellet
in red.
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Advanced Procrustes D Linear Model ANOVA (By Treatment)

DF RSS SS R-squared | F-value | Z-score | P-value

57 0.06571 | 0.002260 | 0.03325 0.9802 | 1.4732 | 0.4471
P-values/Effect Sizes (b/t Treatments) | Morphological Disparity P-values/Abs.
Diff.
Benthic | Pelagic | Pellet Benthic | Pelagic | Pellet
Benthic 1/0 0.01001 | 0.01072 Benthic 1/0 0.00003 | 0.00023
Pelagic | 0.4528 1/0 0.01098 Pelagic 0.8993 1/0 0.00020

Pellet | 0.3799 | 0.3523 1/0 Pellet 0.4323 | 0.5185 1/0
ANOVA of PC Axes ANOVA Treat. Effect vs Exp. Effect vs
Size
Mean | F-value | P-value F-score | Z-score | P-value
Sq.
1 0.00022 | 0.4582 | 0.6347 Log(CS) 1.4893 | 0.91384 | 0.1834
2 0.00019 | 0.7355 | 0.4837 | Treatment | 1.0589 | 0.35966 | 0.3636
3 0.00037 | 3.0019 | 0.0575 | Experiment | 0.6994 | -0.1616 | 0.5735
4 0.00012 | 1.5711 | 0.2165
5 0.00021 | 0.3730 | 0.6903
6 0.00080 | 2.0235 | 0.1414

Table 3: Numerical returns for all statistical testing on M. zebra pharyngeal jaw
morphometric data. Divided tables are labelled in the respective order they are split.
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Figure 9: Results of an outlier test on M. zebra pharyngeal jaw morphometric data.
The proximity of the outlier to the threshold led to its retention in the data set.
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Figure 10: M. zebra
pharyngeal jaw
morphometric mean shape
per treatment. Each panel
represents deformation
from standard mean of all

fish regardless of treatment.

Pictured top to bottom:
benthic treatment, pelagic
treatment, and pellet
treatment groups.
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Figure 11: Polygon plots of Principal Component axes 1-4 for D. rerio pharyngeal
jaw morphometric data. Benthic treatments are colored in cyan, pelagic in black,
pellet in red.
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Advanced Procrustes D Linear Model ANOVA (By Treatment)

DF RSS SS R2 F-value Z- P-
score | value
56 0.0953 | 0.009421 | 0.089929 | 2.7668 | 2.9005 | 0.0013
4 8
P-values/Effect Sizes (b/t Treatments) | Morphological Disparity P-values/Abs.
Diff.
Benthic | Pelagic Pellet Benthi | Pelagic | Pellet
C
Benthic 1/0 3.3210 | 2.49836 Benthic 1/0 0.0002 | 0.0003
4 0 4
Pelagic | 0.0041 1/0 2.12813 Pelagic 0.4524 1/0 0.0001
3
Pellet | 0.0156 | 0.0293 1/0 Pellet 0.1993 | 0.6050 1/0
ANOVA of PC Axes No Testing for Experimental Effects in
Danio
Mean | F-value | P-value
Sq.
1 0.00072 | 2.7301 | 0.07374
2 0.00039 | 3.357 0.04185
3 0.00042 | 3.7989 | 0.02826
4 0.00020 | 4.9886 | 0.01008
5 0.00017 | 0.9843 0.3799
6 0.00076 | 1.4329 0.2471

Table 4: Numerical returns for all statistical testing on D. rerio pharyngeal jaw
morphometric data. Divided tables are labelled in the respective order they are split.
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Figure 12: Results of an outlier test on M. zebra pharyngeal jaw morphometric data.
The were no statistical outliers detected.
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