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Evolution of long-toothed fishes and the changing
nature of fish-benthos interactions on coral reefs
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Interactions between fishes and the benthos have shaped the development of marine
ecosystems since at least the early Mesozoic. Here, using the morphology of fish teeth as an
indicator of feeding abilities, we quantify changes over the last 240 million years of reef fish
evolution. Fossil and extant coral reef fish assemblages reveal exceptional stasis in tooth
design over time, with one notable exception, a distinct long-toothed form. Arising only in the
last 40 million years, these long-toothed fishes have bypassed the invertebrate link in the
food chain, feeding directly on benthic particulate material. With the appearance of elongated
teeth, these specialized detritivores have moved from eating invertebrates to eating the food
of invertebrates. Over evolutionary time, fishes have slid back down the food chain.
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ne of the central goals in evolutionary ecology is to

understand changes in the nature of biotic interactions

over time! 3, As top predators in marine systems for the
last 450 million years (My), fishes have played a key role in these
interactions®>. Changes in jaw and tooth structure of vertebrates
have been key indicators of changing feeding modes through
time®~8. However, no comprehensive overview of tooth structure
in fish assemblages has been undertaken. Here we show that fish
teeth have been remarkably consistent for at least 240 My with a
single major innovation, a long-toothed form, which reaches its
zenith on Recent coral reefs. This long, flexible tooth supports a
new feeding mode, specialized detritivory, which enables fish to
feed almost exclusively on particulate material, a diet traditionally
associated with invertebrates’. This appears to be the final
evolutionary step as fishes move down the food chain from
carnivory to herbivory and finally, detritivory.

In palaeontology, there is extensive documentation of changes
in the taxonomic composition of faunas through time!~12,
Documenting changes in ecological processes (that is, the
interactions between the organisms and their environment) is
much harder?. Yet these are the driving forces behind much of
evolution and are critical to our understanding of the
communities we see today!~®. Changes in biotic interactions
over time are inevitable, but the nature and pace of these changes
may have a profound influence on the course of evolution!~13,
Coral reefs, for example, represent one of the most complex and
dynamic ecosystems and display a wide variety of interactions
between nektonic and benthic organisms. Of these interactions,
predation and herbivory stand out as the primary determinants of
benthic community structure and the reef community as a
whole!!31316 The history of these interactions, however, is less
clear. Vermeij! first highlighted the potential impact of changing
interactions in his description of the Mesozoic Marine Revolution
(MMR), which was marked by a gradual increase in predation
throughout the Mesozoic (201-65 Million years ago [Ma]).
While the Ipattern and implications of the MMR has been
questioned!, an increase in predation remains a likely feature of
the Mesozoic seas!”. Subsequent studies have documented the
rise of herbivory and associated changes in benthic community
structure over the last 200 My, particularly a decline in grazing-
susceptible algal taxa!®!4, These changes in the benthos mirror
shifts in grazing invertebrate groups in the Mesozoic and the rise
of grazing fishes in the Cenozoic!>!4. These latter changes in
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fishes represent 1part of a broader reassembly of fish morphotypes
through time!'®1°,

In many cases, changes in fish morphology and the appearance
of new higher taxonomic groups mark major shifts in the nature
of fish-benthos interactions!*!>20, However, on modern reefs,
and in aquatic systems in general, herbivory and other biotic
interactions are characterized by considerable complexity!6-2!.
Fishes vary greatly in how they feed. In many systems today, in
terms of ecosystem processes, it is the type of herbivore and subtle
differences in feeding morphology that shape benthic community
structure!>1621:22,

Distinguishing various herbivore types is not easy. However,
several independent studies have highlighted the importance of
tooth morphology in shaping feeding modes??~2>. In terms of
food procurement, the teeth are literally on the cutting edge. Our
goal, therefore, was to re-evaluate the morphology of fish teeth
since the Triassic, particularly in those taxa living in the vicinity
of coral reefs. We show that the morphology of fish teeth has
changed little over the past 240 My with one notable exception
that appears to have changed the nature of fish-benthos
interactions. The appearance of long-toothed fishes in the last
40 My is associated with feeding on particulate material. These
specialist detritivores mark an expansion in the range of trophic
categories consumed by fishes and represent an incursion into a
trophic mode that was traditionally the domain of invertebrates.

Results

Tooth morphology over time. A principal component analysis
(Fig. 1, Supplementary Fig. 1) revealed that the volume of the
Recent tooth morphospace occupied by fishes exceeded that of all
previous periods (randomized permutation test, P<0.041,
Supplementary Fig. 2, Supplementary Table 1). However, the
occupation of this morphospace was uneven. A cluster analysis,
and subsequent ANOSIM, revealed three groups centred at each
vertex of the Recent morphospace (Global R=0.99, P=0.001;
Supplementary Fig. 1). Two of these groups, separated along PCI,
have been occupied throughout the time period examined in our
study.

The persistence of ancient tooth morphologies. PC1 revealed a
major axis of diversification in fishes with the extremes marked
by forms with widely spaced, pointed caniniform teeth to forms
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Figure 1| A comparison of reef fish tooth morphologies over the last 240 miillion years reveals the rise of new long-toothed fishes. (a) Species from
Triassic (237-204 Ma); (b) Jurassic (151-146 Ma); (¢) Eocene (50 Ma) and (d) Recent assemblages. (e) All data combined with examples of teeth from
five extant species. The PCA was conducted on body-length standardized residuals of five relative shape variables. Dashed lines indicate the maximum area

of tooth morphospace occupied by Recent fishes.

2

| 5:3144 | DOI: 10.1038/ncomms4144 | www.nature.com/naturecommunications

© 2014 Macmillan Publishers Limited. All rights reserved.


http://www.nature.com/naturecommunications

NATURE COMMUNICATIONS | DOI: 10.1038/ncomms4144

ARTICLE

with closely spaced incisiform teeth. This axis is strongly repre-
sented in all four faunas spanning the entire 240 My. Function-
ally, this equates to an axis ranging from piercing graspers that
feed on whole, large prey items, to chopping or scraping forms
that feed on smaller prey items or remove pieces of larger prey.
Relatively fine dagger-like caniniform teeth in the piercing gras-
pers are well suited for puncturing flesh?. While protective
measures of prey may have changed over time, with fish trading
off armour plating for manoeuvrability?s, the underlying
material, and the teeth needed to penetrate it, appears to have
remained remarkably consistent. Similarly, the removal of pieces
of larger prey, be it part of a crab, alga or echinoid, appears to
have presented a relatively consistent challenge with minimal
changes to incisiform morphologies. Remarkably, the functional
and morphological structure of the fish assemblages has remained
the same despite a complete taxonomic turnover of all higher-
level taxa over the study period®”.

The rise of long-toothed fishes on Recent coral reefs. Perpen-
dicular to this traditional axis of variation is a major excursion
into novel morphospace; one characterized by the possession of
extremely long teeth, particularly in terms of their length relative
to the size of the jaw (Figs 1 and 2). This morphospace is occu-
pied by three Recent fish groups (the combtooth blennies, bris-
tletooth surgeonfishes and butterflyfishes), represented by
approximately 450 species on modern coral reefs. To our
knowledge, such teeth have not been recorded from any other
marine fish group, fossil or extant. These new long-toothed forms
are closely linked with a feeding mode focusing on small and
relatively soft food items. In particular, this novel tooth mor-
phospace is closely associated with a highly modified kind of
herbivory: the specialized detritivore.

Discussion

Fishes have ingested particulate material since at least the
Devonian, with agnathans and some placoderms probably
engulfing and bulk-processing benthic sediments and the
associated fauna from a muddy seabed?’~%°. Similarly, on
modern coral reefs, many groups include some detritus in their
diet®. These facultative detritivores include groups that are also
recorded from the Eocene, for example, the damselfishes, gobies
and rabbitfishes?*. However, it is important to separate facultative
detritivory from specialized detritivory. In the former, detritus is
included as one of a number of dietary items and is not associated
with behavioural or morphological modifications. Indeed, detritus
is ubiquitous in aquatic systems and some ingestion is almost
inevitable. Approximately a quarter of extant reef fishes include
some detritus in their diet®? and similar consumption of detritus
is likely to have occurred in the past, as morphologically ‘cryptic’
facultative detritivory.

In contrast to facultative detritivory, specialized reef-based
detritivory is much more restricted. In specialist detritivores, the
bulk of the diet, both energetically and nutritionally, is based on
particulate material’. This unusual feeding mode is also
associated with distinct morphological changes or innovations.
Rows of extremely long, tightly packed teeth are a widespread
characteristic of selective substratum-feeding (that is, specialized)
detritivores. In marine systems, such long-tooth based detritivory
has arisen at least twice, in the combtooth blennies and the
surgeonfishes (represented here by Salarias and Ctenochaetus). In
both groups, the key to their feeding mode is the structure of the
teeth. This represents an independently derived morphological-
functional innovation, where long flexible teeth enable these taxa
to selectively remove fine detrital particles from algal turfs>?331,
The strong similarity in tooth morphology among groups, and

Figure 2 | Long teeth from Recent coral reef fishes. SEM images of the
teeth of (@) Ctenochaetus striatus (Acanthuridae), (b) Salarias fasciatus
(Blenniidae) and (¢) Chaetodon vagabundus (Chaetodontidae);
representatives of the three taxa of reef fishes displaying the Recent
long-toothed morphology. Scale bars represent 500 um, 100 um and
500 pum, respectively.

the associated trophic shifts, suggests that this is an example of
convergent evolution driven by functional adaptations. This
suggestion is supported by parallel changes in freshwater systems.

Several freshwater groups also exploit this feeding mode,
including cichlids, plecoglossids (ayu) and loricariid (armoured)
catfishes. Occurring in highly productive, shallow freshwater
ecosystems, these groups also have detritivorous taxa with
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flexible, elongate, closely spaced teeth®2-%%, similar to those seen

in specialized detritivores on coral reefs. The similarity in
morphology between marine and freshwater groups reflects a
common challenge, selectively removing fine particulate material
from algal turfs on a hard substratum (the epilithic algal matrix,
EAM on reefs’” and aufwuchs in the African rift lakes>?).

There are no comparable tooth structures in the Eocene fauna
examined. In the two key coral reef taxa (Ctenochaetus and
combtooth blennies), molecular evidence indicates that these two
lineages arose relatively recently (both within the last 25 My>$3%),
suggesting that such specialized detritivory is a relatively new trait
in reef fishes (the only other major detritivorous group on reefs,
parrotfishes, likewise diverged relatively recently at about 16
Ma*0-42, again with highly modified dentition). The third long-
toothed group, the butterflyfish (Chaetodontidae), use their
elongate, hooked teeth in batteries to form a ‘Velcro-like’ pad*?,
which allows them to feed on a wide array of small soft benthic
items, from coral polyps and mucous to polychaetes (molecular
evidence indicates that this group likewise diver%ed relatively
recently with origins of the family about 32 Ma*4%?).

On coral reefs, the observed changes in tooth morphology
reflect previous accounts of expanding herbivory in the
Eocene'>!4, with the possibility of facultative detritivory in
early members of the Pomacentridae, Siganidae and
Acanthuridae, followed by multiple lineages displaying
specialized detritivory in the Miocene?l. It is interesting that
specialized detritivory arose so late in reef fish history, as most
reef fish families, and associated feeding modes, were well
established in the early Cenozoic!®#1#6, The Cenozoic thus seems
to have had two waves of trophic innovation, with an early
Palaeocene-Eocene phase in which major reef fish groups and
basic feeding modes were established, and a later Oligocene-
Miocene phase where more specialized feeding modes arose.

These phases coincide with a major realignment in the history
of coral reefs, marked by an Eocene-Oligocene mass extinction
event?®, an expansion of coral reefs in the Indo-Australian
Archipelago (IAA)*” and a shift in tropical global biodiversity
from the west Tethys to the IAA*®. The rapid expansion of reefal
taxa in the IAA*>* included fishes that exploit detritus-bearing
algal turfs and fast-growing corals*»*>. The latter following
geographic expansion of fast-growing branching corals, especially
Acropora species. This suggests that early Cenozoic reefs were
energetically and trophically different from their Miocene
counterparts. The latter having a modern configuration
characterized by a large number of fish groups that are tied to
fast-growing high-productivity components of the benthos such
as Acropora and the short algal turfs that contain most reef-based
detritus”*>.

Today, specialized detritivores constitute a major component
of coral reef fish communities, and detritus is the basis of a key
pathwa;r for primary production to pass up the food chain via
fishes™®. Considering facultative and specialized detritivores
together, on many coral reefs, detritivores outnumber algal-eating
herbivores in terms of both the number of species and their
densities®3°.

Fishes feeding on hard substrata have thus progressively moved
down the food chain from predators and choppers in the
Devonian (380 Ma)>*%°! to include herbivory and facultative
detritivory in the early Paleogene (60-50 Ma)!*!4, and finally
specialized detritivory in the Neogene (35 Ma). These specialized
detritivores are now exploiting a diet that was the traditional
domain of invertebrates. In the past, invertebrates ate particulate
material and fish ate the invertebrates. This still happens.
However, on modern reefs, some fishes have moved down the
food chain and directly exploit algae, microbial material and
detritus. With each step, the intensity and pace of fish-benthos

4

interactions increased, as fishes consumed more types of food and
increasingly smaller prey; the zenith being specialized
detritivorous fishes, which consume predominantly particulate
organic matter and microbes. These items are characterized by
high rates of consumption, rapid digestion and the potential to
support a dynamic high-productivity low standing-stock system?,
the essence of a modern coral reef ecosystem.

Methods

Material examined. Fossil fishes (121 species; Supplementary Table 2) were
examined from five exceptionally rich fossil deposits (Lagerstitten): Monte San
Giorgio, Switzerland (Middle Triassic; Anisian-Ladinian; approximately 237 Ma)
and Zorzino, Italy (Upper Triassic; Norian; 216.5-203.6 Ma), combined to provide
a single Triassic sample; Solnhofen, Germany (Upper Jurassic; Tithonian; 150.8—
145.5 Ma); and Monte Bolca, Italy (Eocene; Ypresian-Lutetian; ca. 50 Ma)'®. These
were compared with representatives from 45 extant genera from the Great Barrier
Reef (GBR). The fossil assemblages all had coral-bearing hard grounds in the
vicinity and, with excellent preservation, provide an indication of the functional
capabilities of fishes in the vicinity of coral reefs through time!41%2°,

Morphological analyses. To avoid subjective classifications of tooth morphology,
quantitative measurements of teeth were taken directly from camera lucida
drawings of the largest lateral tooth in the anterior part of the jaw. Seven mea-
surements were taken from each tooth and converted into five shape variables
(Fig. 3, Supplementary Data 1).

Relative tooth length. Shape variable 1: relative tooth length was calculated as
tooth height divided by base width (= A/B; Fig. 3), with values of <1 representing
teeth wider than tall and >1 representing teeth taller than wide (Supplementary
Fig. 3A).

Gap width. Shape variable 2: gap width was calculated as the distance between
teeth 10% below the tip divided by the width of the tooth at the same level (= D/C;
Fig. 3). This is essentially a measurement of tip spacing, with a score of 1 repre-
senting fish with the tips of their teeth being as far apart as they are wide. Greater
than 1 indicates more widely spaced tips and less than 1 more closely packed
(Supplementary Fig. 3B).

Height ratio. Shape variable 3: height ratio is a measure of tooth tip roundness
(lateral curvature). It is derived from measurements of tooth height above the
widest part of the tooth. If a tooth is widest at the base, this measure gives an
indication of overall tooth pointedness (Supplementary Fig. 3C). But not all teeth
are widest at the base (see area below triangles delineated by a grey dashed line,
Supplementary Fig. 3C), and, as such, this measure is better thought of as an index
of tip pointedness. The ratio is calculated using the equation: height ratio=F/G
(Fig. 3). Height ratios below 0.5 have convex sided tips (that is, bluntly rounded)
and those above 0.5 have concave sided tips (that is, relatively sharp or pointed).
A value of exactly 0.5 shows a tooth with straight sides. Some teeth do not reach
50% of their maximum width (E/2; Fig. 3) and as such have no height above this
value (F; Fig. 3); their height ratio is therefore 0 (see example in the left panel of
Supplementary Fig. 3C).

Figure 3 | Measurements taken from fossil and extant fish teeth. (A)
Tooth height, (B) tooth basal width, (C) tooth width 10% down from tip,
(D) gap between teeth 10% down from tip, (E) maximum tooth width,
(F) height of tooth above 50% maximum tooth width, (G) height of tooth
above maximum tooth width.
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Tooth size. Shape variable 4: tooth size is a ratio of tooth height relative to jaw
length, measured from the lower jaw articulation to the tip of the distal tooth
(= Gl/jaw length; Fig. 3 and Supplementary Fig. 3D). This is a measure of tooth size
(specifically height), relative to the jaw. The largest tooth size recorded was 0.5 and
the smallest, 0 in edentulate species. Only the largest lateral tooth in the anterior
part of the jaw was measured.

Tooth width ratio. Shape variable 5: width ratio is a measure of overall tooth
pointedness. The ratio is calculated as the tooth width 10% below the
tip+-maximum tooth width (= C/E; Fig. 3). A cuboid (incisiform tooth) has a
width ratio of 1 with values progressing down through convex sided shapes to
triangles, which have width ratios of 0.1. Below 0.1 teeth are pointed, with convex
sides (Supplementary Fig. 3E).

Statistical analyses. The morphological composition of each of the four faunas
was explored using a principal component analysis of the body-length standardized
residuals of the five shape variables. To statistically compare area estimates among
periods, we performed randomized permutation testing®2. P-values were obtained
by comparing the distributions of 999 permutations of 25 randomly sampled
species from each period. All analyses were undertaken in the program R. Cluster
analysis and subsequent analysis of similarities (ANOSIM) were calculated in
PRIMER v6 and were used to reveal patterns in the morphological data.
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