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Relationships between body shape and escape performance are well established for many species. However,
organisms can face multiple selection pressures that might impose competing demands. Many fishes use fast starts
for escaping predator attacks, whereas some species of gobiid fishes have evolved the ability to climb waterfalls out
of predator-dense habitats. The ancestral ‘powerburst’ climbing mechanism uses lateral body undulations to move
up waterfalls, whereas a derived ‘inching’ mechanism uses rectilinear locomotion. We examined whether fast-start
performance is impacted by selection imposed from the new functional demands of climbing. We predicted that
non-climbing species would show morphology and fast-start performance that facilitate predator evasion, because
these fish live consistently with predators and are not constrained by the demands of climbing. We also predicted
that, by using lateral undulations, powerburst climbers would show escape performance superior to that of
inchers. We compared fast starts and body shape across six goby species. As predicted, non-climbing fish exhibited
distinct morphology and responded more frequently to an attack stimulus than climbing species. Contrary to our
predictions, we found no differences in escape performance among climbing styles. These results indicate that
selection for a competing pressure need not limit the ability of prey to escape predator attacks.

ADDITIONAL KEYWORDS: biomechanics — ecomorphology — escape response — geometric morphometrics
— locomotion.

INTRODUCTION Patek et al., 2007; Tytell et al., 2010; Kane & Higham,
2015; Bellwood et al., 2017). When faced with
similar selection pressures, organisms with differing
morphology can produce equivalent performance, a
concept referred to as many-to-one mapping (Alfaro
et al., 2005; Wainwright et al., 2005; Wainwright, 2007,
Moody et al., 2017). In other circumstances, strong

Form can aid or hinder organismal function in
different contexts and environments (Koehl, 1996;
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however, change through time as new functions evolve
with competing demands (Walker, 2007; Blob et al.,
2020). In this study, we examine how form—function
relationships are impacted when new locomotor
functions evolve, using waterfall climbing in gobiid
fishes as a model system.

Many environmental links between form and function
are tied to obtaining resources or avoiding becoming
a resource for other organisms. In prey species, the
anti-predator strategies that are used will depend on
(1) the form—function relationships of the prey itself,
(2) the form—function relationships of predators,
and (3) the environmental context (Abrahams et al.,
2007; Ingley et al., 2016). Owing to their stereotypical
attack and escape behaviours, fishes have become a
model system for studying how environmental factors
influence predator—prey interactions (Abrahams et al.,
2007; Kane & Higham, 2015; Domenici & Hale, 2019).
Fish fast-start escape responses, in particular, have
been well characterized, with lateral bending that
allows fish to swim away quickly from a predator
attack (Domenici & Blake, 1997; Hale, 1999; Domenici
& Hale, 2019). However, features that promote
performance of this behaviour can be detrimental to
the performance of other functions. For example, fish
that cohabitate with predators often possess deeper
bodies that enable greater thrust production during
escape, but these morphologies can impede actions
such as swimming ability and manoeuvrability in
other contexts (Bronmark & Miner, 1992; Domenici
et al., 2008). Thus, the emergence of new selection
pressures could upset existing form—function linkages.

A striking system, in which multiple selection pressures
have been implicated as drivers of form—function
relationships, is composed of the amphidromous goby
fishes. In these species, adults live in the freshwater
streams of many circumtropical oceanic islands (Kinzie,
1988; Watanabeet al.,2014). As part of their life cycle, larvae
are swept downstream to the ocean, and juveniles migrate
back to freshwater habitats that are often punctuated by
waterfalls (Radtke et al., 1988). Before reaching the first
waterfall, all species of amphidromous goby encounter
picivorous predators (Schoenfuss & Blob, 2007; Maie et al.,
2014). Some goby species can climb waterfalls and, thereby,
reduce pressure from predation (Fitzsimons et al., 2002).
Gobies use one of two methods to climb waterfalls. The
ancestral form of climbing is termed ‘powerburst’ and uses
a suction disc, formed from fused pelvic fins, to attach to the
substrate between bursts of lateral undulation that propel
the fish up the waterfall (Schoenfuss & Blob, 2003; Blob
et al., 2019). A second, derived form of climbing is found in
the genus Sicyopterus and is termed ‘inching’ (Schoenfuss
& Blob, 2003; Cullen et al., 2013; Blob et al., 2019). In this
style, fish also use their mouths as a point of attachment
and inch up waterfalls by alternately attaching and
moving their mouths and suction discs up the substrate

(Schoenfuss & Blob, 2003). Studies of juvenile Sicyopterus
stimpsoni from Hawai’i have measured the selection
imposed on morphology by both predation and climbing and
found that fish that survived predation trials had deeper
bodies than control individuals, whereas individuals that
climbed successfully had more streamlined body shapes
(Blob et al., 2008, 2010). These patterns are reflected in
collections of adult individuals; for example, despite high
gene flow among the Hawaiian islands, adult fish that had
the opportunity to climb typically have larger heads and
pelvic suckers than fish that did not have the opportunity to
climb (Moody et al., 2015). These studies provide a context
in which comparisons of predator escape performance
can be conducted across taxa to test for potential impacts
on performance resulting from the acquisition of new
functions, such as different styles of climbing.

In this study, we test for consequences of selection
for waterfall climbing on anti-predator performance
in gobiid fish species from the islands of Hawai’i and
La Réunion. We predict that non-climbing species will
have the best escape performance, because they live
consistently with predators and are not constrained
in their morphology, behaviour or performance by
potentially countervailing demands imposed by
waterfall climbing. Given that the ancestral powerburst
style of climbing uses lateral bending similar to that
used in fast-start escape responses, we further predict
that fishes using powerburst climbing will respond
more frequently and have better escape performance
compared with species that use the derived inching
form of climbing. To test these predictions, we
compare measurements of escape behaviour (response
frequency), performance (escape angle, peak velocity
and peak acceleration), and morphology (geometric
morphometrics of body shape) among non-climbing,
powerburst climbing and inching stream goby species.

MATERIAL AND METHODS

SPECIMEN COLLECTION

In March 2015-2017, adult gobies were collected
on the Island of Hawai’i from five localities (details
in Supporting Information, Table S1). We collected
individuals of the non-climbing amphidromous goby
Stenogobius hawaiiensis from localities below or
without waterfalls. All three climbing species, Awaous
stamineus [powerburst climber (PB)], Lentipes concolor
(PB) and Sicyopterus stimpsoni [inching climber
(IN)] were collected from localities above waterfalls
to ensure that we obtained measurements from
individuals that had successfully evaded predators
and climbed waterfalls. We also collected A. stamineus
and Sicyopterus stimpsoni individuals from localities
where they either had not climbed waterfalls or where
were no waterfalls were present, in order to compare
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populations that had and had not climbed within a
species. We were not able to find any L. concolor below
waterfalls or in localities that did not have a waterfall
to climb. In April 2016, adult Cotylopus acutipinnis
(PB) and Sicyopterus lagocephalus (IN) were collected
on La Réunion from upstream reaches (Supporting
Information, Table S1). In accordance with local
collection permits, fish were caught with dip nets in
Hawai’i and by electrofishing in La Réunion. Fish were
housed in aerated stream water overnight to minimize
effects of collection (Mitton & McDonald, 1994), and
trials were conducted within 48 h of capture.

DATA COLLECTION

Escape trials (N = 282) were conducted across the
six goby species (Stenogobius hawaiiensis, N = 64;
A. stamineus, N = 40; L. concolor, N = 23; Sicyopterus
stimpsoni,N = 118; C. acutipinnis,N = 114; Sicyopterus
lagocephalus, N = 116) using previously published
protocols (Diamond et al., 2019). Trials were filmed
with a high-speed video camera (Fastec Highspec 2G,
1000 Hz) in ventral view and still water, using a jet
pulse stimulus (Diamond et al., 2016, 2019). We aimed
to collect 20 escape response trials from each of our
three general stimulus directions relative to the initial
position of the fish (cranial, lateral and caudal) for a
total of 60 escape response trials per species (and each
location for A. stamineus and Sicyopterus stimpsoni).
Categorical stimulus directions were separated by
> 10° (Supporting Information, Table S2). Owing to
permit limits on the number of fishes we were allowed
to collect, adults from A. stamineus, L. concolor and
Sicyopterus stimpsoni have fewer trials. Only one trial
(from the cranial, lateral or caudal direction, selected
at random) was conducted per individual. After escape
response trials, fish were lightly anaesthetized,
photographed in lateral view, and released at their site
of capture.

From videos, we first classified trial behaviour
as either ‘responding’ or ‘not responding’ to stimuli
(Diamond et al., 2016, 2019). For all trials that elicited
escape responses, the position of the stimulus and 15
points along the midline of each fish were digitized
using DLTDATAVIEWER (Hedrick, 2008). The relative
position of the centre of mass for each species was
calculated using a hang test (Webb, 1976), and a
quintic spline interpolation of the 15 points was used
to estimate the coordinates of this relative position
in each frame. The smoothed position, velocity and
acceleration of the centre of mass were calculated
using a quintic spline following previously published
methods (Diamond et al., 2016, 2019). We used
geometric morphometrics to examine differences
in body shape among species. For each species, ten

photographs of individuals that were all angled
neutrally relative to the substrate were selected, and
the same researcher digitized 12 landmarks on the left
lateral view of the fish (Supporting Information, Fig.
S1) using the program TPSDIG2 (Rohlf, 2006).

STATISTICAL ANALYSES

All analyses were run using R (v.3.6.1; R Core Team,
2019). To compare the probability of response among
populations (the interaction between species and
location) and climbing styles, we used a generalized
linear mixed effects model with binomial family and
logistic link, with climbing style and stimulus direction
as fixed effects and species and location as random
effects, using the lme4 package (Bates et al., 2019). To
compare escape performance measures (escape angle,
maximum velocity and acceleration) among climbing
styles, we used linear mixed effects models, with
climbing style and stimulus direction as fixed effects and
species and location as random effects, using the Ime4
package (Bates et al., 2019; Supporting Information,
Tables S6, S7). We visualized the effects of these
models using Harrell plots. We also performed pairwise
comparisons between each climbing style for behavior
and performance variables (Supporting Information,
Table S3). For the two Hawaiian species in which
we were able to collect individuals above and below
waterfalls (Sicyopterus stimpsoni and A. guamensis), we
also conducted ANOVAs to look for differences in each
response variable (response frequency, escape angle,
peak velocity and peak acceleration) among localities
within each species. Full descriptive statistics can be
found in Supporting Information, Table S4.

For morphometric data, we first ran a generalized
Procrustes analysis using the gpagen function of
geomorph (Adams & Otarola-Castillo, 2013) to
rotate and translate data and to scale data to a unit
centroid size. We performed a Procrustes ANOVA to
test whether aligned coordinates from the generalized
Procrustes analysis varied among climbing styles,
using the procD.lm function from geomorph (Adams
& Otarola-Castillo, 2013). To explore further how
shape varies among climbing styles, we performed a
principal components analysis on aligned coordinates
using the gm.prcomp function in geomorph (Adams
& Otarola-Castillo, 2013). We used the broken stick
method to choose which principal components (PCs)
to retain for analyses (Frontier, 1976). For PCs above
the threshold, we performed Procrustes MANOVA,
with climbing style, location and species as response
variables, using the procD.lm function from geomorph
(Adams & Otarola-Castillo, 2013). For variables that
differed significantly, we also performed Tukey’s HSD
post hoc tests (Supporting Information, Table S5).
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RESULTS AND DISCUSSION

Our results suggest that selection for climbing and
predation can influence patterns of morphological
divergence between goby species. By exploring all
three components of kinematic escape responses
across species exposed to different levels of predation
pressure, we are able to demonstrate how individuals
might compensate behaviourally for the ‘mismatch’
of form and function for escape performance caused

Caudal/Lateral -

by the selection on form imposed by more recent
waterfall-climbing pressures.

BEHAVIOUR

Overall, we found that response frequency was similar
among climbing styles [y2(2) = 4.928, P = 0.085;
Fig. 1]. However, gobies that are unable to climb
(Stenogobius hawaiiensis) responded on average 3.7
times more frequently than the powerburst climbers
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Figure 1. Harrell plot of response frequency among climbing styles and stimulus directions. The upper portion of the
graph shows the odds ratios of the different stimulus directions and climbing styles (IN, inching; NC, non-climbing; PB,
powerburst), with a vertical dotted line indicating an effect size of one. Bars in the upper portion of the graph are the 95%
confidence intervals of the odds ratio. The lower part of the plot shows the estimated marginal mean and the 95% confidence
interval for this value based on the generalized linear mixed effects model: response frequency ~ climbing style + stimulus
direction + (1 |species) + (1] collection location). Colours and shapes represent different stimulus directions: black+circle,

cranial; orange+triangle, lateral; blue+square, caudal.
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[95% confidence interval (CI): 1.21, 11.55; Fig. 1].
Stenogobius hawaiiensis also responded 2.8 times
more frequently than the inching climbers (95%
CI: 0.71, 10.86; Fig. 1), although the 95% CI for this
comparison overlapped with one, implying non-
significance. These patterns were generally consistent
with our predictions. We expected fish that cannot
climb to respond more frequently because they must
evade predator attacks consistently, whereas climbing
either reduces or eliminates the threat of predation in
climbing species.

Regardless of climbing style, response frequency
differed among the stimulus directions in our study
[¥%(2) = 12.479, P = 0.002; Fig. 1]. Across all species,
gobies stimulated from the cranial direction responded
3.3 times more frequently (95% CI: 1.66, 6.40) than fish
stimulated from the lateral direction and 2.0 times
more frequently (95% CI: 1.02, 3.77) when stimulated
from the caudal direction. Gobies also responded
slightly more frequently when stimulated from the
caudal direction than from the lateral direction (odds
ratio = 1.7; 95% CI: 0.86, 3.21), although the CI for
this comparison implied statistical non-significance.
These differences across stimulus directions were
unexpected, because other picivorous fish predators
attack prey more frequently from the lateral direction
to maximize the surface area of the target that is
available for attack (Webb, 1980). The stimulus
used in the present study represented only the
mechanosensory aspect of predator attacks, and these
prey fish might receive input from visual cues when
attacked by predators in situ. However, a recent in situ
study of Hawaiian stream fishes found that predators
in the Hawaiian gobioid system are more successful at
capturing juvenile gobies when they attack prey from
either a lateral or a caudal direction (Schneider et al.,
2021). This result might be facilitated by the lower
frequency of escape responses from lateral stimuli or
could be because prey items are larger targets when
approached laterally.

We were able to collect individuals from above and
below waterfalls for two species, one inching climber
(Sicyopterus stimpsoni) and one powerburst climber
(Awaous stamineus). For the powerburst climber,
individuals from below the waterfall responded less
frequently on average [below (mean + SE), 55 + 11.1%;
above, 80 = 8.9%] than individuals from above the
waterfall [F(1,38) = 2.914, P = 0.096; Supporting
Information, Fig. S2]. In addition, for our inching
climber, individuals below the waterfalls had the
lowest average response frequency (50.0 + 11.2%),
gobies above the first waterfall had the highest average
response frequency (69.6 = 9.6%), and gobies above
the second waterfall had an intermediate average
response frequency (55.6 + 16.6%). These elevation
patterns across inching Sicyopterus stimpsoni were

not clearly distinct [F(2,49) = 0.866, P = 0.427;
Supporting Information, Fig. S2], but did parallel
previous comparisons of features related to climbing,
which indicated that individuals from intermediate
elevations, rather than the highest elevations, might
have superior performance (Schoenfuss et al., 2013).
Although our samples sizes were relatively low and
we did not find clear statistical differences among the
locations we compared, for both species the lowest
average response frequency was found in fish at the
lowest elevation, below the waterfall. Given that
populations of these species above waterfalls no longer
face predators, we had expected them to respond less
frequently than individuals from populations below
waterfalls that overlap with predators. Although
we tested adult gobies to minimize the effect of
current predator-induced selection, it is possible that
individuals above waterfalls were already selected
positively for a higher response rate that might have
contributed to their success in reaching upstream
habitats, whereas gobies below waterfalls are still
undergoing this selection process. If this is the case,
we could envision climbing as a selection pressure
that separates superior athletes (with higher overall
performance for climbing and escape) from gobies
that do not climb. Alternatively, individuals of
climbing species that live below waterfalls might use
an alternative predator-avoidance strategy, such as
avoidance of detection by hiding or blending in with
their surroundings, instead of using kinematic escape
responses.

PERFORMANCE

Owing to their range overlap with predators, we
predicted that non-climbing gobies would exhibit
escape angles more opposite to the direction of
stimulation and have higher escape velocity and
acceleration than climbing gobies. We also predicted
that, owing to the lateral body movements involved in
their climbing style, powerburst climbers would have
greater escape performance than inching climbers. We
found no significant relationships between climbing
style and escape angle [yx%(2) = 3.133, P = 0.209; Fig.
2A]. However, we did find differences in escape angle
among stimulus directions [y%(2) = 45.450, P < 0.001,
Fig. 2A], with gobies stimulated from the cranial
direction having larger escape angles than gobies
stimulated from either the lateral (28.2°; 95% CI:
18.21, 38.17) or caudal (30.5°; 95% CI: 21.10, 39.87)
direction. This result suggests that fish attacked
from all stimulus directions have similar escape
performance, regardless of climbing ability.

We did not find any clear relationships between
peak escape velocity and climbing style [x%(2) = 0.002,
P =0.999] or stimulus direction [x2(2) = 3.004,
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Figure 2. Harrell plot of escape angle (A) and escape velocity (B) among climbing styles and stimulus directions. The upper
portion of the graph shows the effect of the different stimulus directions and climbing style (IN, inching; NC, non-climbing;
PB, powerburst), with a vertical dotted line indicating an effect size of one. Bars in the upper portion of the graph are the
95% conficence intervals of the effect. The lower part of the plot shows the estimated marginal mean and the 95% confidence
interval for this measurment based on the linear mixed effects model: response ~ climbing style + stimulus direction +
(1| species) + (1| collection location). Colours and shapes represent different stimulus directions.

P =0.223]. However, we did observe more variation
in velocity for non-climbers than for inching or
powerburst gobies (Supporting Information, Fig. S3).
On average, inching climbers escaped with higher
accelerations than powerburst climbers (156.6 cm s72;
95% CI: -5497.017, 5810.270) and non-climbing gobies
(2.056 cm s72; 95% CI: -3390.289, 3394.402), although
relationships between peak acceleration and climbing
style were not statistically significant [y*2) = 0.752,
P =0.687; Fig. 2B]. On average, gobies stimulated
from the lateral direction had higher accelerations
than gobies stimulated from the cranial (289.0 cm
s72; 95% CI: -122.680, 700.596) or caudal direction
(372.767 cm s72; 95% CI: -50.617, 796.150), although
confidence intervals overlapped with each other and
with zero [x*(2) = 3.338, P = 0.188; Fig. 2B]. We also
did not find clear differences among localities for
Sicyopterus stimpsoni or A. stamineus with respect to
escape angle [Sicyopterus stimpsoni, F(2,28) = 2.666,
P =0.087; A. stamineus, F(1,25) =0.417, P = 0.524],
peak velocity [Sicyopterus stimpsoni, F(2,26) = 1.373,
P =0.271; A. stamineus, F(1,25) = 3.954, P = 0.058] or
acceleration [Sicyopterus stimpsoni, F(2,26) = 0.396,
P =0.677; A. stamineus, F(1,25) = 3.966, P = 0.058].
One explanation for our results could be that all
gobies are sufficiently fast to evade predators and
might already be near the top of a fitness peak for

escape performance (Kawano et al., 2013). This is
suggested by the fact that both peak velocities and
peak accelerations were similar among both climbing
and non-climbing taxa. Moreover, we measured
performance in adults, a stage in which there are
smaller differences between powerburst and inching
species in the proportions of axial muscle fibre types
that power fast starts (Cediel et al., 2008).

MORPHOLOGY

In our comparison across goby species, we found
that overall shape does vary among climbing styles
(F=14.260, Z = 4.950, P = 0.010). Past work focused
on multiple populations within an inching species,
Sicyopterus stimpsoni, suggested that predation
pressure was a stronger selection pressure on
morphology than waterfall climbing (Moody et al.,
2019; Blob et al., 2020). These studies examined linear
measurements of body shape (Moody et al., 2019) and
compared the proportion of red and white muscle
(Blob et al., 2020) among populations of Sicyopterus
stimpsoni exposed to different levels of predation. Our
results suggest that climbing is likely to exert a strong
selection on body shape for species that climb, whereas
further divergence is observed within species and
populations exposed to different predation pressures.
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Our first three PCs described 76.6% of the shape
variation in our dataset and were analysed further.
Principal component 1 explained 50.3% of the total
variation in shape and PC2 explained 14.3% of total
variation in shape, and both varied among climbing
styles, localities and species (Table 1). Along PC1,
our non-climbing species had deeper anterior bodies
and had pelvic and anal fins that are proportionally
closer together (Fig. 3). Differences in pelvic fin (i.e.

sucker) placement between non-climbing and climbing
species along PC1 are likely to be related to the fact
that climbing species use these fins for climbing (Blob
et al., 2007), and more anterior placement might be
advantageous for resisting the flow of oncoming water
while attached to a steep surface. We note here that
morphological patterns in the present study were
restricted to the lateral side of the body, and future
geometric morphometric studies of ventral aspects

Table 1. Procrustes analysis of variance for shape among species, locality and climbing style for first three principal

components of geometric principal components analysis

Parameter Principal component 1 Principal component 2 Principal component 3
F Z P-value F Z P-value F Z P-value
Species 6.251 1.879 0.005 3.700 1.428 0.032 2.391 1.059 0.108
Locality 36.681 4.816 0.001 6.768 2.449 0.002 13.70 3.406 0.001
Climbing style 173.405 4.349 0.001 6.343 1.843 0.004 0.903 0.350 0.416
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Figure 3. Shape variation among goby climbing styles, as indicated by the first two principal components (PCs) of the
geometric morphometrics analysis. Colours represent climbing styles (black, non-climbing; blue, powerburst; orange,
inching). Partial warps of the extremes of each PC axis relative to average body shape are plotted along each axis. Dots in
warps represent landmarks chosen for this study, and warps show the difference between shape at the edge of the axis and

the consensus shape. The PC1 score is associated with flank length and anterior body depth. The PC2 score is associated

with posterior body length.

© 2021 The Linnean Society of London, Biological Journal of the Linnean Society, 2021, 134, 557-567

202 UdJBIN +Z U0 1saNnB AQ 9G9/2€9//5S/€/vE L /I01HE/UBBUUIOIG/WOD dNO"DIWSPESE//:SANY WOl) Papeojumoq



564 K.M.DIAMOND ET AL.

(ENENENEEEEEREENNNI A
i
llll_LLIl'lJ‘:l'l';l",I,l"l' 0.050 ®
A Y Species
A AL . .
> 8. hawaiiensis

0.025 - A C. acutipinnis
= A i ; W L. concolor
S A @A ® * @ A. stamineus
N v L4 w~ </ S.lagocephalus
At v 9 B S. stimpsoni

AV; > R
&3 o.000| A vV B e 5
o Ve 3 o Locality
@ Hakalau Stream
i '@ . % ® Upper Nanue Stream
-0.025 - @ St. Etienne River
L . g \I;‘?vy:rNgnugStream
aikea Pon
T e "l l n
OO ey -0.050
m
-0.10 -0.05 0.00 0.05 0.10

PC1 (50.3%)

SNunuyyiLLEn
ERRNANIT R R nas
ARy

Figure 4. Shape variation among goby species and localities. Colours represent localities, and shapes represent different
species. Partial warps of the extremes of each principal component (PC) axis relative to average body shape are plotted
along each axis. Dots in warps represent landmarks chosen for this study, and warps show the difference between shape at
the edge of the axis and the consensus shape. The PC1 score is associated with flank length and anterior body depth. The
PC3 score is associated with the relative position of the dorsal fin.

of goby morphology, such as the suction discs that
aid in climbing, might show additional variation
among species and climbing styles. The deeper bodies
observed in our non-climbing species could help prey to
avoid consumption by becoming too tall for predators
to consume (Domenici et al., 2008). For example, body
depths of Stenogobius hawaiiensis in the present study
were similar to measures of peak gape from the fish
Eleotris sandwicensis, the main predator of Hawaiian
gobies (Maie et al., 2014).

Principal component 2 was defined mainly by the
length of the posterior body. Inching climbers were more
condensed in morphospace along these first two PCs
compared with powerburst climbers (Fig. 3). This might
reflect a sampling bias, because the study included one
more powerburst species than inching species. However,
it is also possible that the more recently evolved,
inching form of climbing constrains the possible body
shapes that adults can expand into, or that this style
has evolved too recently for morphological diversity
comparable to that of powerburst climbers to have
emerged (Blob et al., 2019).

Principal component 3 explained 12.0% of total shape
variation and did not show any clear patterns with climbing
style or among species but did vary among localities (Table
1). Principal component 3 separated fish by the relative
length of the posterior body and caudal peduncle (Fig. 4).
To examine relationships of morphology further, we added
species and locality labels to our geometric morphometric
plots and found that gobies from La Réunion tended to have
longer posterior bodies and shorter caudal peduncles than
gobies from Hawai’i, regardless of climbing style (Fig. 4).
Future research should explore how ecological differences
between these localities, such as differences in stream
topography or predator abundance, might be driving the
morphological differences suggested by this result.

CONCLUSIONS

Studies of form—function relationships between fish body
shape and fast-start performance have a long history
that provides a foundation for the predictions made
in the present study (Webb, 1976; Walker, 1997; Hale,
1999; Domenici et al., 2008; Domenici & Hale, 2019). Our
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comparisons of amphidromous gobies have shown that
the emergence of waterfall climbing as a new, strong
selective pressure (Blob et al., 2010; Moody et al., 2017)
can lead to patterns that run counter to such expectations.
Under the pressure of this new function, streamlined
body shapes in the present study, which might have been
expected to show lower fast-start performance, in fact
showed no difference in performance from non-climbing
taxa. Behavioural compensation might also contribute
to the unexpected patterns we identified (Moody et al.,
2019). Thus, even in the face of potential functional trade-
offs (Walker, 2007; Blob et al., 2010), strong selection
promoting the performance of novel behaviours need not
reduce other aspects of performance.

ACKNOWLEDGEMENTS

We acknowledge that this work was conducted on kanaka
maoli land that was illegally taken as part of the overthrow
of the Kingdom of Hawaii and eventual annexation of
this land by the USA. We thank A. Rubin, G. Forker and
C. Good for assistance with data collection. We thank Hilo
DAR staff (L. Nishiura, T. Shimoda, T. Sakihara, T. Shindo
and N. Ahu), G. Borie and H. Grondin for facility access,
field assistance and hospitality. We thank the reviewers
of this article for providing feedback that improved the
manuscript. Collection and animal use protocols were
approved by Clemson University Institutional Animal Care
and Use Committee (protocols 2011-057, 2015-009 and
2017-085). Local collection permits include Hawaii Special
Activities Permits 2015-60, 2017-06 and La Réunion
N°15-002/DEAL/SEB/UPEMA and N°16-003/DEAL/SEB/
UPEMA. KM.D.,R.W.B. and H.L..S. designed methodology.
K.M.D,, J.G.G, R.L., HL.S., D.P. and R.W.B. collected
data. KM.D., J.G.G., J.AW. and K.E.P. analysed data. All
authors edited and approved the manuscript. Financial
support was provided by Sigma Xi, the American Society
of Ichthyologists and Herpetologists, the Society for
Integrative and Comparative Biology, Clemson Creative
Inquiry grant no. 479, and St. Cloud State University
SCSU-211228 Short-Term Faculty Improvement Grant.
‘We have no competing interests.

DATA AVAILABILITY

Data and code for the analyses are available from the
GitHub repository: https:/github.com/DiamondKMG/
GobyAdultComp

REFERENCES

Abrahams MV, Mangel M, Hedges K. 2007. Predator—prey
interactions and changing environments: who benefits?

Philosophical Transactions of the Royal Society B: Biological
Sciences 362: 2095-2104.

Adams DC, Otarola-Castillo E. 2013. Geomorph: An
r package for the collection and analysis of geometric
morphometric shape data. Methods in Ecology and Evolution
4: 393-399.

Alfaro ME, Bolnick DI, Wainwright PC. 2005. Evolutionary
consequences of many-to-one mapping of jaw morphology
to mechanics in labrid fishes. American Naturalist 165:
E140-E154.

Bates D, Maechler M, Bloker B, Walker S, Christensen R,
Dai B, Scheipl F, Grothendieck G, Green P, Fox J. 2019.
Linear mixed-effects models using ‘Eigen’ and S4. R Core
Team. Available at: https:/github.com/lme4/lme4/

Bellwood DR, Goatley CH, Bellwood O. 2017. The
evolution of fishes and corals on reefs: form, function and
interdependence. Biological Reviews of the Cambridge
Philosophical Society 92: 878-901.

Blob RW, Baumann T, Diamond KM, Young VKH,
Schoenfuss HL. 2020. Functional correlations of axial
muscle fiber type proportions in the waterfall-climbing
Hawaiian stream fish Sicyopterus stimpsoni. Journal of
Anatomy 236: 1160-1166.

Blob RW, Bridges WC, Ptacek MB, Maie T, Cediel RA,
Bertolas MM, Julius ML, Schoenfuss HL. 2008.
Morphological selection in an extreme flow environment:
body shape and waterfall-climbing success in the Hawaiian
stream fish Sicyopterus stimpsoni. Integrative and
Comparative Biology 48: 734-749.

Blob RW, Kawano SM, Moody KN, Bridges WC,
Maie T, Ptacek MB, Julius ML, Schoenfuss HL. 2010.
Morphological selection and the evaluation of potential
tradeoffs between escape from predators and the climbing
of waterfalls in the Hawaiian stream goby Sicyopterus
stimpsont. Integrative and Comparative Biology 50:
1185-1199.

Blob RW, Lagarde R, Diamond KM, Keeffe RM,
Bertram RS, Ponton D, Schoenfuss HL. 2019. Functional
diversity of evolutionary novelties: insights from waterfall-
climbing kinematics and performance of juvenile gobiid
fishes. Integrative Organismal Biology 1: 0bz029.

Blob RW, Wright KM, Becker M, Maie T, Iverson TJ,
Julius ML, Schoenfuss HL. 2007. Ontogenetic change in
novel functions: waterfall climbing in adult Hawaiian gobiid
fishes. Journal of Zoology 273: 200-209.

Bronmark C, Miner JG. 1992. Predator-induced phenotypical
change in body morphology in crucian carp. Science 258:
1348-1350.

Cediel RA, Blob RW, Schrank GD, Plourde RC,
Schoenfuss HL. 2008. Muscle fiber type distribution in
climbing Hawaiian gobioid fishes: ontogeny and correlations
with locomotor performance. Zoology 111: 114-122.

Cullen JA, Maie T, Schoenfuss HL, Blob RW. 2013.
Evolutionary novelty versus exaptation: oral kinematics in
feeding versus climbing in the waterfall-climbing Hawaiian
goby Sicyopterus stimpsoni. PLoS One 8: €53274.

Diamond KM, Lagarde R, Schoenfuss HL, Walker JA,
Ponton D, Blob RW. 2019. Relationship of escape

© 2021 The Linnean Society of London, Biological Journal of the Linnean Society, 2021, 134, 557-567

202 UoIB\ 2 UO 159NB Aq 959/Z€9//GS/E/¥E L/9121LE/UESUUI0IG/WO0"dNO"0lWapede//:SdNy WOy papeojumoq


https://github.com/DiamondKMG/GobyAdultComp
https://github.com/DiamondKMG/GobyAdultComp
https://github.com/lme4/lme4/

566 K.M.DIAMOND ET AL.

performance with predator regime and ontogeny in fishes.
Biological Journal of the Linnean Society 127: 324-336.

Diamond KM, Schoenfuss HL, Walker JA, Blob RW. 2016.
Flowing water affects fish fast-starts: escape performance of
the Hawaiian stream goby, Sicyopterus stimpsoni. Journal of
Experimental Biology 219: 3100-3105.

Domenici P, Blake R. 1997. The kinematics and performance
of fish fast-start swimming. Journal of Experimental Biology
200: 1165-1178.

Domenici P, Hale ME. 2019. Escape responses of fish: a
review of the diversity in motor control, kinematics and
behaviour. Journal of Experimental Biology 222: jeb166009.

Domenici P, Turesson H, Brodersen J, Bronmark C. 2008.
Predator-induced morphology enhances escape locomotion in
crucian carp. Proceedings of the Royal Society B: Biological
Sciences 275: 195-201.

Fitzsimons J, Parham JE, Nishimoto RT. 2002.
Similarities in behavioral ecology among amphidromous and
catadromous fishes on the oceanic islands of Hawai’i and
Guam. Environmental Biology of Fishes 65: 123-129.

Frontier S. 1976. Etude de la décroissance des valeurs propres
dans une analyse en composantes principales: comparaison
avec le moddle du baton brisé. Journal of Experimental
Marine Biology and Ecology 25: 67-75.

Hale ME. 1999. Locomotor mechanics during early life history:
effects of size and ontogeny on fast-start performance of
salmonid fishes. Journal of Experimental Biology 202:
1465-1479.

Hedrick TL. 2008. Software techniques for two- and three-
dimensional kinematic measurements of biological and
biomimetic systems. Bioinspiration & Biomimetics 3: 034001.

Ingley SJ, Camarillo H, Willis H, Johnson JB. 2016.
Repeated evolution of local adaptation in swimming
performance: population-level trade-offs between burst
and endurance swimming in Brachyrhaphis freshwater
fish. Biological Journal of the Linnean Society 119:
1011-1026.

Kane EA, Higham TE. 2015. Complex systems are more
than the sum of their parts: using integration to understand
performance, biomechanics, and diversity. Integrative and
Comparative Biology 55: 146-165.

Kawano SM, Bridges WC, Schoenfuss HL, Maie T,
Blob RW. 2013. Differences in locomotor behavior
correspond to different patterns of morphological selection in
two species of waterfall-climbing gobiid fishes. Evolutionary
Ecology 27: 949-969.

Kinzie RA. 1988. Habitat utilization by Hawaiian stream
fishes with reference to community structure in oceanic
island streams. Environmental Biology of Fishes 22: 179—-192.

Koehl MAR. 1996. When does morphology matter? Annual
Review of Ecology and Systematics 27: 501-542.

Maie T, Furtek S, Schoenfuss HL, Blob RW. 2014. Feeding
performance of the Hawaiian sleeper, Eleotris sandwicensis
(Gobioidei: Eleotridae): correlations between predatory
functional modulation and selection pressures on prey.
Biological Journal of the Linnean Society 111: 359-374.

Mitton CJA, McDonald DG. 1994. Effects of electroshock,
air exposure, and forced exercise on swim performance in

rainbow trout (Oncorhynchus mykiss). Canadian Journal of
Fisheries and Aquatic Science 51: 1799-1803.

Moody KN, Hunter SN, Childress MJ, Blob RW,
Schoenfuss HL, Blum MdJ, Ptacek MB. 2015. Local
adaptation despite high gene flow in the waterfall-climbing
Hawaiian goby, Sicyopterus stimpsoni. Molecular Ecology 24:
545-563.

Moody KN, Kawano SM, Bridges WC, Blob RW,
Schoenfuss HL, Ptacek MB. 2017. Contrasting post-
settlement selection results in many-to-one mapping of high
performance phenotypes in the Hawaiian waterfall-climbing
goby Sicyopterus stimpsoni. Evolutionary Ecology 31: 489-516.

Moody KN, Wren JLK, Kobayashi DR, Blum MJ,
Ptacek MB, Blob RW, Toonen RdJ, Schoenfuss HL,
Childress MdJ. 2019. Evidence of local adaptation in a
waterfall-climbing Hawaiian goby fish derived from coupled
biophysical modeling of larval dispersal and post-settlement
selection. BMC Evolutionary Biology 19: 88.

Patek SN, Nowroozi BN, Baio JE, Caldwell RL,
Summers AP. 2007. Linkage mechanics and power
amplification of the mantis shrimp’s strike. Journal of
Experimental Biology 210: 3677-3688.

R Core Team. 2019. R: a language and environment for
statistical computing. Vienna, Austria: R Foundation for
Statistical Computing. Available at: https:/www.R-project.org/

Radtke RL, Kinzie RA, Folsom SD. 1988. Age at recruitment
of Hawaiian freshwater gobies. Environmental Biology of
Fishes 23: 205-213.

Rohlf FdJ. 2006. tpsDig2. Available at: http://life.bio.sunysb.
edu/morph/soft-dataacq.html

Schneider NG, McKamy AdJ, Rubin AM, Schoenfuss HL,
Blob RW, Diamond KM. 2021. In-stream analysis of
predator-prey interactions in Hawaiian stream fishes.
Ichthyological Exploration of Freshwaters 30: 1-9.

Schoenfuss HL, Blob RW. 2003. Kinematics of waterfall
climbing in Hawaiian freshwater fishes (Gobiidae): vertical
propulsion at the aquatic-terrestrial interface. Journal of
Zoology 261: 191-205.

Schoenfuss HL, Blob RW. 2007. The importance of functional
morphology for fishery conservation and management:
applications to Hawaiian amphidromous fishes. Biology of
Hawaiian Streams and Estuaries 3: 125-141.

Schoenfuss HL, Maie T, Moody KN, Lesteberg KE,
Blob RW, Schoenfuss TC. 2013. Stairway to heaven:
evaluating levels of biological organization correlated with
the successful ascent of natural waterfalls in the Hawaiian
stream goby Sicyopterus stimpsoni. PLoS One 8: e84851.

Tytell ED, Borazjani I, Sotiropoulos F, Baker TV,
Anderson EJ, Lauder GV. 2010. Disentangling the
functional roles of morphology and motion in the swimming
of fish. Integrative and Comparative Biology 50: 1140-1154.

Wainwright PC. 2007. Functional versus morphological
diversity in macroevolution. Annual Review of Ecology,
Evolution, and Systematics 38: 381-401.

Wainwright PC, Alfaro ME, Bolnick DI, Hulsey CD. 2005.
Many-to-one mapping of form to function: a general principle
in organismal design? Integrative and Comparative Biology
45: 256-262.

© 2021 The Linnean Society of London, Biological Journal of the Linnean Society, 2021, 134, 557-567

202 UdJBIN +Z U0 1saNnB AQ 9G9/2€9//5S/€/vE L /I01HE/UBBUUIOIG/WOD dNO"DIWSPESE//:SANY WOl) Papeojumoq


https://www.R-project.org/
http://life.bio.sunysb.edu/morph/soft-dataacq.html
http://life.bio.sunysb.edu/morph/soft-dataacq.html

FORM-FUNCTION-BEHAVIOUR RELATIONSHIPS 567

WalkerJA.1997.Ecological morphologyoflacustrinethreespine
sickleback Gasterosteus aculeatus L. (Gasterosteidae) body
shape. Biological Journal of the Linnean Society 61: 3-50.

Walker JA. 2007. A general model of functional constraints
on phenotypic evolution. American Naturalist 170:
681-689.

Watanabe S, Iida M, Lord C, Keith P, Tsukamoto K.
2014. Tropical and temperate freshwater amphidromy: a
comparison between life history characteristics of Sicydiinae,

ayu, sculpins and galaxiids. Reviews in Fish Biology and
Fisheries 24: 1-14.

Webb PW. 1976. The effect of size on the fast-start performance
of rainbow trout Salmo gairdneri, and a consideration
of pisciorous predator-prey interactions. Journal of
Experimental Biology 65: 157-178.

Webb PW. 1980. Does schooling reduce fast-start response
latencies in teleosts? Comparative Biochemistry and
Physiology Part A: Physiology 65: 231-234.

SUPPORTING INFORMATION
Additional Supporting Information may be found in the online version of this article at the publisher’s web-site:

Table S1. Sampling locality details. The number of fish collected from each locality (V) is reported, in addition
to the average standard length (SL) + SE. The waterfall column indicates whether fish were collected above or
below a waterfall in the given locality, with NA indicating that Waiakea Pond does not have a waterfall to climb.
Table S2. Ranges of attack angles, listed by species, for categorical attack directions for all individuals that responded
to our stimulus. Note that no Cotylopus acutipinnis attacked from the caudal direction responded to our stimulus.
Table S3. Pairwise comparisons among climbing styles for behaviour and performance variables. The odds ratio
(odds), lower and upper confidence limits (LCL and UCL), Z ratio (Z) for response frequency, ¢ ratio (¢) for escape
angle, peak velocity and peak acceleration, and P-values (P) for all possible pairs are listed.

Table S4. Descriptive statistics for all species. LO is the locality of each species, including St. Etienne River (SE),
Hakalau Stream (HS), Waiakea Pond (WP) and Nanue Stream below (LN) and above (UN) the first waterfall. SD
represents stimulus directions, cranial (Cr), lateral (La) and caudal (Ca). N for each response variable indicates
the number of fish tested. Response % represents the percentage of fish tested that displayed an escape response.
Each measurement is given + SE.

Table S5. Tukey’s HSD post hoc tests for morphological differences among species, locality and climbing style
for the first three principal components of geometric morphometric analysis. The difference in means (Diff),
lower and upper confidence limits (LCL and UCL), and the adjusted P-values (Adj P) for all possible pairs are
listed. Species abbreviations: A.s., Awaous stamineus; C.a., Cotylapus acutipinnis; L.c., Lentipes concolor; S.h.,
Stenogobius hawaiiensis; S.1., Sicyopterus lagocephalus; S.s., Sicyopterus stimpsoni. Locality abbreviations: LN,
lower Nanue Stream; HS, Hakalau Stream; SE, St. Etienne River; UN, upper Nanue Stream; WP, Waiakea Pond.
Climbing style abbreviations: IN, inching climber; NC, non-climbing; PB, powerburst climber.

Table S6. Random effects from (generalized) linear mixed effects models.

Table S7. Fixed effects estimates from (generalized) linear fixed effects models.

Figure S1. Example of digitized points for shape analysis of left lateral view of Sicyopterus lagocephalus. Points
represent: (1) centre of eye; (2) anterior insertion of first dorsal fin; (3) posterior insertion of second dorsal fin;
(4) dorsal insertion of caudal fin; (5) ventral insertion of caudal fin; (6) posterior insertion of anal fin; (7) anterior
insertion of anal fin; (8) posterior margin of pelvic sucker; (9) anterior insertion of pelvic sucker; (10) rostrum; (11)
dorsal insertion of pectoral fin; (12) ventral insertion of pectoral fin.

Figure S2. Comparison of response frequency among collection locations for Awaous stamineus (PB) and Sicyopterus
stimpsoni (IN). Locations are indicated as below the waterfall (BW) and above the waterfall (AW) for the powerburst
climber A. stamineus. For the inching climber, Sicyopterus stimpsoni, we had two localities where we were able to
collect above the waterfall, indicated as above the waterfall 1 and 2 (AW1 and AW2). Points represent the average
response frequency for each locality. Error bars represent the SE from the general linear mixed effects model:
response frequency ~ climbing style + stimulus direction + (1|species) + (1] collection location).

Figure S3. Harrell plot of peak velocity among climbing styles and stimulus directions. The upper portion of the
graph shows the effect of the different attack directions and climbing styles. Bars in the upper portion of the graph
are the 95% confidence intervals of the effect. The lower part of the plot shows the estimated marginal mean
and the 95% confidence interval for this measurement based on the linear mixed effects model: peak velocity ~
climbing style + stimulus direction + (1 | species) + (1| collection location). Colours and shapes represent different
attack directions.
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