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Abstract

Reef organisms are well known for engaging in photosymbiosis in which a heterotrophic

protist or animal host partners with one or more kinds of photosynthetic microbes. This

relationship provides metabolic advantages in nutrition and rapid calcification, often

leading to secretion of massive skeletons in the host. In turn the symbiont receives

protection, physical stability in the photic zone and direct access to the sun’s energy. On
an evolutionary scale, this relationship provided strong selective pressures for producing

the algal-host relationship and has occurred multiple times in geological history. Today,

different kinds of algae (dinoflagellates, diatoms, chlorophytes, rhodophytes, and

cyanobacteria) inhabit various hosts (foraminifera, corals, mollusks) in modern reefs, and

multiple phylogenetically separate algae may have also inhabited phylogenetically distinct

ancient animals and protists. The modern dinoflagellate photosymbiont Symbiodinium

occurs in a wide variety of unrelated host organisms from protists to mollusks. Molecular

data indicate this genus first evolved either after the end-Cretaceous mass extinction 65 my

ago or in the Early Eocene some 55 my ago. Encysted dinoflagellates related to

Symbiodinium have been traced to the Triassic, and photosymbiosis may have been

involved in even earlier reef associations. In all fossils, however, the identity of ancient

photosymbionts is difficult to establish because they rarely, if ever, fossilize. Nevertheless,

indirect evidence indicates that photosymbiotic ecosystems existed at least as far back as

the Cambrian. Inferential lines of evidence, including large colony size, massive skeletons,

unusual or complex morphology, the biogeographic distribution of possible hosts and

skeletal geochemistry are all consistent with active photosynthesis. In the following

pages, we develop the hypothesis that photosymbiosis best explains both the successes

and failures of reefs through geologic time. We then review the evidence that suggests

photosymbiosis in reef organisms played significant roles through geologic time in both the

evolution and extinction of organisms and the reefs they constructed.
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3.1 Introduction

Photosynthesizing organisms have been essential throughout

much of geological time for the building of reefs and depo-

sition of carbonate platforms in the shallow, sunlit waters of

Earth. In the Archean (3.5 to 2.5 billion years ago),

stromatolites were constructed chiefly by photosynthetic

cyanobacteria which trapped carbonate in their cells or

mucilaginous secretions (Walter 1983; Allwood

et al. 2007). Cyanobacteria built and continued to build

reef-like structures in Precambrian to modern oceans

(Fig. 3.1), initially in the absence of grazers and later on in

environments where grazing animals were restricted (Dravis

1983; Dill et al. 1986; Riding 1992 Reid et al. 1995). They

have also long been important as encrusters that cement

reefs together.

The first photosynthetic eukaryotes arose in the late

Paleoproterozoic perhaps as long as 1.63 or more billion

years ago (Butterfield 2015), as estimated from molecular

evidence (Yoon et al. 2004), morphology (Knoll 2014) and

the fossil record (Lipps 2006; Eme et al. 2014). Metazoans,

however, did not appear until about 600 million years ago.

Once heterotrophic eukaryotes, animals and microbes

evolved, another kind of photosynthetic strategy

appeared—photosymbiosis, the productive association of

photosynthesizing unicellular algae or cyanobacteria with

heterotrophic microbial eukaryotes and animals. This

represented a powerful evolutionary strategy connecting

the heterotrophs directly to the sun’s energy. Like symbioses

in general, photosymbioses occur in both terrestrial and

marine organisms (Margulis 1998; Douglas 2010). Among

the many biotic relationships that evolved, photosymbiosis

was particularly important in marine environments because

it produced such profound biological, physical and chemical

changes. While no direct evidence for photosymbiotic

microbes exists in the fossil record, the process could have

evolved among single-celled eukaryotes in the Precambrian

even before animals appeared. Huge reefs, 300 m high and

8 km in diameter, were built by microorganisms and animals

in the Neoproterozoic (Turner et al. 1993; Wood and Curtis

2014) and similar ones have been constructed ever since the

Cambrian (Rowland and Gangloff 1988; Wood 1999;

Rowland and Shapiro 2002), primarily by metazoan- or

protistan-algal symbioses (Cowen 1983, 1988; Coates and

Jackson 1987; Surge et al. 1997).

These associations result in not only reefs, but also in the

production of prodigious amounts of carbonate sediment

(Hallock and Schlager 1986) on reefs and banks (Lee and

Anderson 1991; Hallock 1999; Lee 2006; Langer 2008).

This biologic carbonate production annually accounts for

very large amounts of reef-related sediments (Fig. 3.2;

�30 � 106 metric tons of foraminifera alone, Langer

2008) and formation of a variety of carbonate rocks (James

1983). These, in turn, sequester many gigatons of carbon

(Langer et al. 1997), thus helping to ameliorate effects of

atmospheric CO2 buildup and global warming now and in

the past. When photosymbiosis slows or fails, so does the

production of massive amounts of biogenic carbonate.

At many times in the geologic past, entire reef

ecosystems collapsed globally in response to environmental

changes, and mass extinctions ensued (Fagerstrom 1987;

Benton 2003; Erwin 2006; Stanley and Lipps 2011;

Clarkson et al. 2015; see also Chap. 8). The breakdown of

photosymbioses in today’s corals and foraminifera is

manifested by bleaching (Stimson et al. 2002; Hallock

et al. 2006), and mortality related to bleaching likely

Fig. 3.1 Modern intertidal

stromatolites growing at Carbala

Point, Shark Bay, Western

Australia. Each mushroom-

shaped calcareous stromatolite

contains chiefly cyanobacteria,

although other microbes

(foraminifera, diatoms, ciliates,

dinoflagellates) and even animals

live in and among them now.

These are typically 0.5–1.0 + m

in height. Microbial mats cover

the areas between the

stromatolites (Photo by J. H.

Lipps 2002)
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accompanied extinctions of many ancient reef ecosystems.

Subsequent diversifications of reef communities following

those events may also have been in part due to the reacquisi-

tion of symbionts as the environments ameliorated.

Modern reefs face ocean warming and acidification as

CO2 increases in the atmosphere and oceans because of

human activities. Degradation of coral-reef ecosystems is

already obvious in the increasing incidence of bleaching

(Glynn 1996; Douglas 2003; Hallock et al. 2006; van

Oppen and Lough 2009), coral disease, ocean acidification

(Kleypas et al. 1999; Pelejero et al. 2007), and general

human destruction of reef structures (Lipps 2011). For

these reasons and others, reef ecosystems appear to be

moving toward massive failure (Pandolfi et al. 2005).

We regard reefs as photosynthetically-driven, closely

integrated ecosystems much like rain forests on land

(Reaka-Kudla 1997). Photosymbiosis is the primary driver

of productivity through physiological and morphological

adaptations today. In this chapter we develop the hypothesis

that photosymbiosis was also integral to reef success and

failure through geologic time. We argue that when

photosymbiosis succeeded or failed in the past due to envi-

ronmental perturbation, reefs and related carbonate

platforms also succeeded or failed (Chap. 8). In the follow-

ing pages, we review the occurrence of photosymbiosis on

modern and ancient reefs and carbonate-platforms, and its

relationship to macroevolutionary processes of diversifica-

tion, radiation and extinction of reefs and the organisms

themselves. While the specifics of this hypothesis must be

tested by utilizing an increasingly robust database of taxo-

nomic, paleogeographic, paleoecologic and phylogenetic

molecular results, photosymbiosis is an important

contributor to reef success today and available evidence

indicates that this was also true in ancient reef ecosystems.

3.2 Photosymbioses in Modern, Shallow-
Water Carbonate Environments

Photosymbioses by bacteria and single-celled algae living

within microbes and larger invertebrates are mostly confined

to warm, shallow-water, carbonate settings on reefs and

platforms. An assemblage of symbionts living in one host

is referred to as a “holobiont”, for example “the coral

holobiont” (Knowlton and Jackson 2011). For heterotrophic

microbes and metazoans, photosymbionts provide added

metabolites, nutrients and enhanced calcification. These are

particularly advantageous in oligotrophic tropical shallow

waters. In kind, the photosymbionts benefit from the stable

habitat, protection, and a supply of metabolic wastes, such as

CO2 and nitrogenous compounds, provided by their host

(Douglas 2003).

Today, photosymbionts include cyanobacteria,

chlorophytes, rhodophytes, dinoflagellates and diatoms

hosted by foraminifera (Hansen and Buchardt 1977; Hallock

1999; Lee 2006), radiolaria (Anderson 1983) and ciliates

(Lobban et al. 2014) among the microbial forms, plus

sponges, cnidarians (including corals), bivalves, tunicates,

and possibly bryozoans among larger animals (Fig. 3.3).

Fossil invertebrates such as brachiopods, bryozoans,

gastropods, and other extinct forms may have hosted

photosymbionts in the distant past. That so many different

and unrelated lineages of algae and heterotrophs have

adopted this cooperative strategy likely indicates a strong

Fig. 3.2 Aerial view of the

northeastern part of Eniwetak

Atoll (ocean is to the left).
Everything in this view except the

vegetation on the islets is

biogenic carbonate derived either

from the complete skeletons or

the broken debris of calcifying

organisms. Loose sediment,

carried from the reef and reef flat

in large plumes (right, center),
eventually ends up on the

backreef and lagoon floor (Photo

by J. H. Lipps, 1972)
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selective advantage for photosymbiosis (Baker 2003; Fautin

and Buddemeier 2004).

More than one kind of algal symbiont is often found in

some hosts. Foraminifera, for example, host Symbiodinium,

diatoms, rhodophytes, chlorophytes, and cyanophytes, each

living alone (Hansen and Buchardt 1977; Hansen and

Dalberg 1979; Lee 2006) or as one of multiple symbiont

species (Lee 2006) or clades in a single foraminiferan or

foraminiferal species (Fay et al. 2009). Sponges too host

cyanophytes and dinoflagellates, among other symbionts.

Even in modern reef settings, photosymbioses by unrelated

symbionts and hosts are quite common (Fig. 3.3).

The most widespread modern photosymbionts are

dinoflagellates commonly known as zooxanthellae or, more

precisely, by the generic name Symbiodinium (Freudenthal

1962). Symbiont-bearing organisms may be called

zooxanthellate (z-organisms) and those without symbionts

are azooxanthellate (az-organisms). Symbiodinium densities

measured within coral hosts range from hundreds of

thousands to millions per square centimeter (Stimson

et al. 2002) and thousands occur in single cells of some

larger foraminifera (Fig. 3.4; Fay et al. 2009).

Symbionts may be genetically diverse complexes of

closely related forms (Coffroth and Santos 2005). Genomic

studies of Symbiodinium microadriaticum revealed the pres-

ence of a number of different clades (Blank and Trench

1985; Rowan and Powers 1991; LaJeunesse 2002; Fay

et al. 2009; LaJeunesse et al. 2010). And, new Symbiodinium
clades are recognized each year. Currently more than a

dozen different genetic clades are known to live in many

different hosts, both within and outside of cells. Some of

these have been given formal or informal names or letters,

and among those clades up to nearly 50 sub-strains also exist

(van Oppen et al. 2009; LaJeunesse et al. 2010). The clades

of Symbiodinium may live in the same host at the same time

or in different hosts across many domains of eukaryotes

(Fig. 3.3). Different clades may also be found in different

parts of a single host. A single foraminiferan, for example,

may contain several clades of Symbiodinium that live in

different parts of its cell (Fay et al. 2009). Other organisms,

Fig. 3.3 Molecular phylogenetic diagram of the Eukarya showing the

polyphyletic distribution of photosymbionts (gray arrows) and the com-

mon host either eukaryotic single-celled microbes or multicellular animals

(black arrows). In addition to those taxa named, most other cnidarians, a

tunicate, and possibly bryozoans may have hosted photosymbionts now or

in the past. Other algae such as cyanobacteria (not shown; dates to 3000+

Ma) and the enigmatic acritarch cysts (not shown; dates to 1600 Ma) may

include symbiotic forms as well. The oldest known geologic age based on

fossils of each clade is indicated in the box near its root. Molecular or

chemical biomarker dates are not included but may indicate earlier origins

of most clades although they were not preserved as fossils until much later

(Modified from Porter (2004) and Lipps (2006))
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like corals and the giant clam Tridacna, also contain

Symbiodinium in several clades as noted above.

Symbionts live within the cells of the microbial

eukaryotes or in special structures in animals (Farmer

et al. 2001). In foraminifera, the symbionts live pressed

against the interior of the test on the upper (or sunlit) part,

and in Amphistegina the symbionts occupy cup-shaped

depressions that may keep them separated from one another

(Lee 2006). Although sponges, like foraminifera, are symbi-

otic with many algae (Knowlton and Rohwer 2003), only

clionid sponges harbor Symbiodinium (Hill et al. 2011).

Some reef bivalves also maintain Symbiodinium in special

tubes either in the mantle or in the gills (Farmer et al. 2001;

Vermeij 2013).

Photosymbionts produce photosynthates—organic

compounds such as glycerol and triglycerides that are

translocated within and between cells to supplement the

host’s nutrient requirements (up to 95 % of that required

by the host, Lee 2006). Metabolic CO2 from the host is

utilized by the algal symbionts in photosynthesis. Energy

flow and carbon cycling is complex (Fig. 3.5), including the

recycling and transport of carbon, and the dynamic energy

flux on reefs due to these symbionts (Douglas 2003;

Muscatine et al. 2005).

3.2.1 Photosymbiosis in Reef Organisms

Among life strategies both photosymbiotic and

non-photosymbiotic organisms exist within taxonomic

groups. In corals these are known as zooxanthellate and

azooxanthellate (z-corals and az-corals) that today are

about equally distributed among species (Cairns 1999,

2007). Zooxanthellate species and their photosynthetic

symbionts are restricted to tropical latitudes and shallow

depths, whereas azooxanthellate species can inhabit cold

and deeper-water environments and expand their geographic

distributions far outside the latitudinal ranges of

zooxanthellate species (Stanley and Cairns 1988; Kiessling

and Kocsis 2015). Molecular data (Barbeitos et al. 2010)

suggested that coloniality was the original state of

scleractinian corals and that the symbiosis between corals

and photosynthetic partners was lost and gained repeatedly

during their geologic history. Photosymbiotic organisms

normally cannot live without their symbionts, but a few

apozooxanthellate species are known to be capable of

switching between a symbiotic and a non-symbiotic condi-

tion (Stanley and Cairns 1988; Lee 2006, 2011). Others can

survive without zooxanthellae but they cannot secrete their

carbonate shells as fast. For example, corals and foraminif-

era from which the symbionts have been removed by

herbicides or by growing them in the dark fail to secrete

skeletons and eventually die. Why more species are not

facultatively zooxanthellate is unclear but it may have an

evolutionary and genetic basis.

Oddly, while sunlight is required by photosymbionts, too

much of it can kill or damage the host and symbionts due to

intense light in very shallow waters. To deal with this, corals

make colorful chromoproteins that take up substantial

amounts of light (Smith et al. 2013) and foraminifera live

in particular light ranges or behaviorally adjust light inten-

sity by moving in or out from under overhangs that shade

them (Hohenegger et al. 2000). Oxygen resulting from pho-

tosynthesis can also be damaging, and hosts have evolved

certain antioxidants as protection (Furla et al. 2005). Carbon

dioxide can also be limiting. Wooldridge (2014) coined the

Fig. 3.4 Photosymbionts

(Symbiodinium) liberated from a

single living specimen of the

foraminifera Amphisorus
hemprichii. Thousands of
symbiont cells in three different

clades are contained in a single

cell of these larger foraminifera

(Photo courtesy of Scott Fay)
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“CO2 (sink) limitation” model to explain that bleaching at

least initially is caused by the host’s failure to maintain a

sufficient supply of CO2 which the algal partner needs.

Photosymbionts help calcifying organisms extract cal-

cium (Ca2+) and acquire carbonate ions (CO3) from an ion-

pumping mechanism that brings in Ca++ and exports 2 H+

ions, thus reducing acidity in the calcifying space and

resulting in a transformation from CO2 to CO3 (Cohen

et al. 2001) to facilitate construction of their carbonate

skeletons. This has been demonstrated for corals and

inferred for other organisms with symbionts (Hallock

1999). The mechanisms of the physio-chemical skeleton

formation and the influence of light on the symbionts are

not entirely resolved (Goreau and Goreau 1959; Carlon

et al. 1996; Goreau et al. 1996; Marshall 1996; Gattuso

et al. 1999), but clearly photosymbionts greatly enhance

calcification in their skeletonized hosts (Cohen et al. 2001;

Hohenegger 2006; Lee 2006; Cohen and Holcomb 2009;

Ries et al. 2009; Lee 2011; McConnaughey 2012; see also

Chap. 9). Thus carbonate production in these symbiotic

organisms is greatest in the upper part of the top 10 m of

sea water and falls off to about half that at depths of about

80 m, and then to very low values with depths increasing to

100 m or greater (Hohenegger 2006).

Some z-corals dwelling at greater depths (68–100 m)

have adapted to the lower light levels by shifting toward

the red end of the spectrum and by skeletal modifications

causing the light to pass through their tissues multiple times

thus increasing light harvesting efficiency (Kahng

et al. 2012). This is directly due to decreasing photosynthetic

activity of the symbionts caused by light attenuation with

depth in clear tropical waters. The photosymbiotic forami-

nifera Cycloclepeus living at depths of over 100 m also

demonstrates similar strategies—they harbor diatom

symbionts that function optimally at the light spectra avail-

able at those depths and they possess very high surface-to-

volume ratios to ensure adequate surface area for photosyn-

thesis (Song et al. 1994).

As mentioned above, skeletal modifications evolved

in scleractinian corals to support the dinoflagellate

photosymbionts under a selection regime dominated by

intense light and also when light is limited. These corals

grow as plates and branches to maximize the surface area

exposed to light at greater water depths. In addition, cal-

cium carbonate skeletons have evolved to increase irradi-

ance by multiple scattering. The carbonate crystals reflect

incoming photons to increase the number of times they pass

through the tissue. If it is not absorbed the first time, light

bounces off the crystal structure of the calcium carbonate

skeleton just underneath the living tissue. Then, it is trans-

mitted back through the coral tissue where the symbionts

live. This scattering process provides multiple

opportunities for photons to be absorbed by algal pigments,

reducing the effects of self-shading and increasing the

amount of light absorbed per unit of pigment (Enrı́quez

et al. 2005; Terán et al. 2010; Marcelino et al. 2013).

Although not yet studied in detail (Lee 2006), foraminiferal

tests of symbiont-bearing taxa also have similar complex

internal structures (see the classic work of Carpenter

et al. 1862 for detailed drawings of chamberlets, pores,

canals, coiling and tubes) that may function to reflect,

refract or redirect light within the tests.

Fig. 3.5 The flow of solar

energy (joules) in

photosymbiosis: an example from

the dinoflagellate Symbiodinium
to the host coral Pocillopora.
Only a small amount is retained

by the symbiont for growth and

maintenance while the majority

of it is translocated to the host

which receives only a small

amount from its feeding. The

relative amounts of energy

utilized by the host are shown in

the lower part of the diagram. The

host uses just under half to make

mucus which is discharged to the

environment where it is utilized

as food by other organisms

(Modified from Cowen 1988).

Such diagrams are specific to

individuals or species, but

photosymbionts greatly enhance

the energy flow in similar patterns

for other organisms that have

been measured

52 J.H. Lipps and G.D. Stanley, Jr.

http://dx.doi.org/10.1007/978-94-017-7567-0_9


Photosynthetic organisms can also live freely in sea water

(as plankton, on floating mucus mats, or larger algae) and on a

variety of substrates (sediment, rocks, bio-mats) as

non-symbiotic forms (Coffroth et al. 2006; Littman

et al. 2008; Adams et al. 2009; Pochon et al. 2010; Takabayashi

et al. 2012; Sweet 2014). When free-living, they can be dis-

persed by currents, surge, waves, and even other larger

organisms like fish (Castro-Sanguino and Sanchez 2011). Sub-

sequently, their hosts may acquire the symbionts directly,

harvesting them from the surrounding environment. They

may also be transmitted directly among corals and other

metazoans from the parent to offspring and, in some cases,

among asexually-dividing foraminifera (Lee 2006).

3.2.2 Photosymbiosis in Hypercalcifiers
and Bleaching

On most reefs of the world, z-corals are framework

producers and many are hypercalcifers, organisms that can

rapidly secrete massive amounts of skeletal calcium carbon-

ate. In the geologic past, Earth’s oceans experienced secular

shifts in the Mg/Ca ratios driven by changing CO2 levels

(Sandberg 1983) that led to alternating periods that favored

or discouraged the precipitation of aragonite versus calcite.

As a result, marine organisms were affected by these cycles

depending on their preferred skeletal composition.

Hypercalcifying organisms such as aragonitic scleractinean

corals would be at a disadvantage in a calcite sea cycle, and

this relationship may help explain selective patterns of

extinctions (Stanley and Hardie 1999). An analysis of this

selectivity showed a correspondence between extinctions

and hypercalcifying organisms for some extinction events

(Kiessling and Simpson 2011). However, the Phanerozoic

correspondence for this is far from perfect (Kiessling

et al. 2008).

Hypercalcifers today require vigorous water motion and

generally prosper in the upper photic zone in optimal tem-

perature ranges of 23–29 �C. While the thresholds change

between species, morphologies and location, death will gen-

erally occur at prolonged temperatures below 14 �C or above

25 �C. Some photosymbiotic corals are genetically modified

to live in warmer water in isolated pools on reefs (Barshis

et al. 2013), so the temperature restrictions are not necessar-

ily constant biologically or ecologically. Yet corals, giant

clams and foraminifera lose the symbionts on which they

depend when temperatures exceed the normal range. In such

cases of bleaching, vast numbers of corals turn ghostly white

and can die unless the thermal stress is short-lived and the

corals can reestablish their photosynthetic relationship (van

Oppen and Lough 2009).

Clades of Symbiodinium inhabiting hosts vary in their

adaptability and response to thermal tolerance (Rowan

2004). Such holosymbionts may explain the survival of

some species in bleaching events. Indeed the “Adaptive

Bleaching Hypothesis” (Fautin and Buddemeier 2004) posits

that, following bleaching, some corals (and presumably

other organisms as well) have the ability to reestablish a

symbiosis with new clades of symbionts that are better suited

to the new post-bleaching environment. This pattern could

explain why coral reefs seem so fragile in the short-term

when rapid temperature changes can cause widespread mor-

tality but robust in the longer geologic-term as more adapt-

able species survive and are, therefore, more likely to persist

and be preserved.

Symbiont-bearing protists and animals do not live well

in areas affected by muddy or terrigenous sediments, an

increase in nutrients (Hallock et al. 2006), elevated salin-

ity, pollution, or warming temperatures (Douglas 2003).

Corals and other carbonate-producing organisms capable

of photosymbiosis are able to prosper in nutrient-deficient

environments because of the efficient biochemical cycling

of inorganic carbon and nitrogen by zooxanthellae

(Hallock 2001). In contrast, low nutrients discourage

macroalgae, a primary competitor for space on the reef.

Normally, this will favor corals over macroalgae. How-

ever, the efficiency with which corals can produce carbon-

ate in low-nutrient waters also makes them susceptible to

even small changes.

3.3 Photosymbiosis in Ancient Fossils
and Reef Environments

While photosymbiosis very likely occurred in many reefs

and reef organisms of the geologic past, photosymbionts are

not directly preserved among fossil organisms. As a result,

inferring their presence in fossils depends on comparisons

with modern animals in general (Cowen 1983, 1988), func-

tional morphology in particular and, rarely, the presence of

oxygen or carbon isotopes that are consistent with photosyn-

thesis in the host skeletons (Dreier et al. 2014). Many genera

of living scleractinians evolved in the early or middle Ceno-

zoic (Budd 2000; Budd et al. 2011) and some species can be

traced back millions of years. In these cases inferences about

photosymbionts are more secure than for much older corals

(e.g., tabulates and rugose corals). Thus confidence in

biological uniformitarianism (i.e., modern biological pro-

cesses are similar to those of the past) commonly decreases

farther back in time. Many Mesozoic and Paleozoic taxa are

extinct and many lack extant relatives, posing difficulties for

inferring photosymbioses.
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Although the dominant photosymbiont today is

Symbiodinium, many reef organisms, including foraminif-

era, sponges, and even coral, also harbor other kinds of

symbionts (Lee 2006, 2011; Ainsworth et al. 2010). These

include other types of dinoflagellates that may have existed

in earlier geologic time before the evolution of

Symbiodinium.

The photosymbiotic hypotheses in fossils depend on a

variety of indirect criteria. High levels of triaromatic

dinosteroids are commonly associated with dinoflagellates

in early Cambrian sediments, suggesting that their ancestry

may extend to this time (Moldowan et al. 1996). Diageneti-

cally unaltered fossil skeletons of Triassic and Jurassic

corals (Stanley and Swart 1995), Paleozoic corals (Zapalski

2014), foraminifera (D’Hondt et al. 1994), and rudistid

bivalves (Steuber 1996) have yielded stable isotopes of O

and C that have been taken to indicate photosynthesis and

hence the likelihood of ancient symbionts. Finally, large,

thick and expansive skeletons (Figs. 3.6, 3.7, 3.8, 3.9, 3.10

and 3.11) suggest rapid skeletonization and, therefore, pho-

tosynthetic symbionts within the once-living organism. Reg-

ular annual bands within skeletons can provide actual linear

extension rates and thus useful information about annual

growth (Barnes and Lough 1993).

Photosymbiosis in fossil organisms may be inferred from

morphologies to capture light along latitudinal or depth

gradients (Cowen 1983, 1988; Wood 1999; Stanley and

Lipps 2011; Groves et al. 2012). Flattened skeletal shapes

and thin tissues spread symbionts over larger living areas

within the host resulting in more efficient light capture

(Wood 1999). These effects can be seen in flattened corals

(Fig. 3.6), the expanded mantle of giant clams (Fig. 3.7) or

flattened disc-like foraminifera (Figs. 3.8a and 3.10). Still

Fig. 3.6 Shallow-water Pacific

reef corals with a flattened growth

form to facilitate the capture of

light in the additional area

provided to symbionts (Image

courtesy of J. Veron)

Fig. 3.7 The giant clam Tridacna at the Palau Mariculture Demon-

stration Center, Palau. The valves of this clam are huge and massive, a

characteristic of the skeletons of animals and protists that host

symbionts. The photosymbiont Symbiodinium lives in the mantle tissue

overlapping the edges of the valves (Photo by J. H. Lipps, 1992)
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others like large fusiform foraminifera (Figs. 3.8b, c, 3.9

and 3.11), expand their area through lengthening the skele-

ton which is occupied by symbionts in the upper part of the

protoplasm below the upper test surface (Lipps and Severin

1986). High levels of corallite or modular integration (e.g.,

interconnection between coral polyps) in colonial

photosymbiotic organisms modify their shapes to maxi-

mize light and facilitate the transport of photosynthate

(Coates and Oliver 1973). On modern reefs, modular

organisms modify the colony according to light availabil-

ity, although the resulting growth form is often a compro-

mise for maximizing light and shedding sediments

(Figs. 3.6 and 3.7).

Finally, most photosymbiotic reef organisms tend toward

large size (Cowen 1988) at least in comparison to others in

their group (Figs. 3.6, 3.7, 3.8, 3.9, 3.10 and 3.11). Increased

size of symbiont-bearing taxa is true of most groups from

foraminifera through corals to giant clams, although

exceptions occur (Fig. 3.12). Therefore, massive skeletons

and the large amounts of carbonate rock and sediment have

been presumed to be a consequence of high calcification

rates (James 1983).

3.4 Important Photosymbiotic Taxa
in Ancient Reef Ecosystems

In the previous section, we outlined several lines of evidence

that suggest active photosymbioses in the past. The follow-

ing is a brief overview of specific groups of fossil organisms

considered to have been photosymbiotic and the evidence

supporting this important relationship.

3.4.1 Foraminifera

In ancient and modern seas, these single-celled eukaryotes

are abundant in shallow tropical and semitropical waters,

occupying rather specific habitats on the reefs and platforms

(Hohenegger et al. 1999; Langer and Lipps 2003;

Hohenegger 2006). Some are truly giant and complex

protists (Lipps and Severin 1986; Song et al. 1994; Hallock

1999; Lee 2006, 2011; Figs. 3.7, 3.8, 3.9, 3.10 and 3.11).

Foraminifera have evolved particular morphologies ranging

from the flattened tests in Marginopora or Cycloclepeus
(Song et al. 1994) to large, complicated and elongate forms

like Alveolinella, Praealveolina and fusulinids (Figs. 3.8,

3.9 and 3.11). Even some smaller foraminifera have

morphologies associated with modern symbionts. For exam-

ple, Amphistegina has tiny cups on the interior surface of its

test that contain the symbionts (Lee 2006).

Fig. 3.8 Large photosymbiotic foraminifera. (a) Marginopora, har-
boring the dinoflagellate Symbiodinium, ranges in size from 0.5 to

1.5 cm. It lives abundantly on sandy knolls, on algal turfs and

Halimeda on reefs. (b) A living Alveolinella quoyi with pseudopodia

extended hosts diatom symbionts. It lives on sandy slopes to at least

30 m depth and probably to the base of slopes on the floor of the

lagoon, and usually at 40–50 m off reefs near Madang, Port Moresby,

Papua New Guinea, and Lizard Island in the Great Barrier Reef,

Australia. Smaller specimens may inhabit dead corals and coral rub-

ble wherever it occurs, including just below low-tide level. (c) Three
dead and cleaned tests of A. quoyi exhibit large size (up to 2.5 cm

long), numerous long and narrow chambers and extended apertural

faces with many large pores. In both Marginopora and Alveolinella,
symbionts are concentrated in upper parts of the interior protoplasm

of the tests creating the darker shades on the tests in these black and

white images. These larger foraminifera exhibit massive amounts of

CaCO3 making up their skeletons relative to non-symbiont bearing

benthic foraminifera. (Photos by J. H. Lipps (1986) in Papua New

Guinea at Motupore Island (top left) near Port Moresby, in the

Madang Lagoon (bottom), and dead tests of Alveolinella quoyi from
the Madang Lagoon. See Langer and Lipps (2003) for distributions in

the Madang Lagoon)
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The first foraminifera that likely had photosymbionts

were the mid-Paleozoic fusulinids (Fig. 3.9); they dominated

carbonate banks and platforms until the end of that era

(Vachard et al. 2010). Evidence for photosymbiosis in

these foraminifera includes their relatively large size (for

foraminifera), complex internal morphology, ecologic and

geographic distributions in tropical environments on reefs

and carbonate banks, and overall similarity to modern sym-

biont-bearing alveolinellids (Lipps and Severin 1986;

Severin and Lipps 1989; Lee 2006; Groves et al. 2012).

Large size in fusulinid foraminifera has also been

attributed to high atmospheric oxygen levels (�30 %) rather

than symbiosis (Payne et al. 2012). When oxygen levels are

high a large volume to surface area may allow oxygen to

diffuse quickly into the interior of organisms and metabolic

rates can be higher, yet foraminifera and other organisms

grow to large sizes today when they possess symbionts

(Lipps and Severin 1986; Song et al. 1994; Hallock 1999;

Lee 2006, 2011; Vermeij 2013). Indeed the largest living

fusiform foraminifera Alveolinella quoyi (Fig. 3.8b, c),

which resembles the large fusulinids (Fig. 3.9), possesses

diatom symbionts and can live to depths over 30 m or more.

At lengths of 2–3 cm or more, A. quoyi achieves large sizes

under today’s oxygen levels. The volume of the cytoplasm in

A. quoyi rarely fills more than 45 % of available chamber

Fig. 3.9 Giant Pennsylvanian

(Upper Carboniferous) fusulinid

foraminifera (Parafusulina).
Scale ¼ 1 cm. Fusulinids occur

in thick, widespread limestone

beds in the upper Paleozoic and

closely resemble the living

symbiont-bearing species

Alveolinella (Fig. 3.8) in habitat,

morphology, size, and internal

complexities, all supporting the

inference that fusulinids

possessed photosymbionts (Photo

by J. H. Lipps of University of

California Museum of

Paleontology specimens)

Fig. 3.10 The large discoidal foraminifera Nummulites from the

Eocene of Israel. These are very common throughout the ancient

Tethys Seaway particularly on carbonate platforms where they occur

in thick deposits of limestone. Scale bar ¼ 1 cm (Photo by J. H. Lipps,

1993)

Fig. 3.11 One of the largest calcareous foraminifera known,

Praealveolina ranges to more than 10 cm in length. These were com-

mon in the later Cretaceous, and closely resemble the only large

fusiform modern species Aleveolinella quoyi as well as the Paleozoic

fusulinids, some of which attained even larger sizes. (a) This fusiform
specimen is broken and about 3 cm are missing on the right end, making

its total length and width (near the 4-cm mark) greater than 10 cm and

2.7 cm, respectively. (b) Broken end (2.6 cm in diameter) showing the

complex inner structures of small chambers divided by partitions. Such

complexities are indicative of photosymbionts contained within the

test. Photos by Bruce Rubin of University of California Museum of

Paleontology specimen A-9227
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volume (mean ¼ 37 %; range ¼ 17–100 %: Severin and

Lipps 1989).

The paleobiogeography of fusulinids with smaller

individuals in the Polar Regions and larger ones at the

equator does not support the oxygen hypothesis for these

foraminifera but rather suggests that they possessed

symbionts (Zhang and Payne 2012). Fossil alveolinellids

(Cretaceous to Neogene) attained very large sizes too

(some over 10 cm long; see Fig. 3.11) and all of these

lived under a variety of atmospheric oxygen levels. Thus

these observations cast “further doubt on the primary role of

oxygen as a factor enabling gigantism in photosymbiotic

species” (Vermeij 2013). As this variability is inconsistent

with a tie to atmospheric O2 levels, we attribute large size in

these symbiont-bearing foraminifera to photosymbiosis

rather than oxygen availability.

On modern reefs, larger photosymbiotic foraminifera

produce prodigious amounts of calcium carbonate on reefs

and carbonate platforms, in some places contributing up to

25 % of the total (avg. �5 %: Langer et al. 1997; Langer

2008). In the past, vast amounts of carbonate rocks, forming

banks and shelves, were similarly produced by large

foraminifera that we interpret to have hosted or likely hosted

symbionts. Their large size and extended pseudopods would

have made them difficult to transport, enhancing their likeli-

hood of in-situ deposition (Severin and Lipps 1989). Paleo-

zoic fusiform fusulinids contributed to thick limestone

blankets over many km2. Mesozoic and Cenozoic

alveolinellids, orbitolinids, and others produced thick

deposits of carbonate, and the giant, coin-like Nummulites

(Fig. 3.10), dominated the former Tethyan Seaway in places

like the Eocene of Israel. The enormous (up to 10 cm long)

elongated foraminifera Praealveolinella (Fig. 3.11)

appeared in the Cretaceous and surely had symbionts, as its

size, carbonate content, distribution, and internal complexity

attest.

The phrase “Power of the Pyramids” might be replaced

with the “Power of Photosymbiosis” since the huge

monoliths of Egypt (Fig. 3.13) are made of nummulitic

Eocene limestone blocks (Fig. 3.13 inset). Indeed the

“power of photosymbiosis” made the pyramids possible in

the first place, since nummulites very likely hosted

photosymbionts. Photosymbiotic foraminifera have

contributed to the formation of extensive carbonate rocks

for �350 million years of geologic time with exceptions of

the post-extinction periods (Chap. 8).

3.4.2 Calcified Sponges

Ancient reefs were also built by a wide variety of calcitic or

aragonitic sponges (demosponges, stromatoporoids,

chaetetids and other groups). Archaeocyathids were calcitic

sponges (Rowland 2001) that dominated reefs during the

Early Cambrian (Fig. 3.14). They lived in tropical shallow

waters where they produced small mounds, moderate-sized

buildups, and even very large complexes, such as the Great

Siberian Reef Complex, 200–300 km wide and 1500 km

long (Rowland and Hicks 2004).

Archaeocyaths included many species with cup-shaped

skeletons that varied in morphology from nearly flat to

lobate with flattened edges at the top of the cup to more

tubular forms. Individuals ranged in size from a few cm up to

30+ cm and were attached to the substrate with holdfasts.

Given their morphologies, shallow water habitats, tropical

distribution, and reef-building abilities, archaeocyathids

may have possessed symbiotic algae or perhaps

cyanobacteria (Cowen 1983; Rowland and Gangloff 1988;

Surge et al. 1997; Rowland and Shapiro 2002). However

their small size, solitary growth form, low modular integra-

tion level and cryptic lifestyles led to the alternative hypoth-

esis that they lacked symbionts and lived in environments

with fluctuating nutrients and high input of terrigenous

sediments (Wood 1993, 1999; Pratt et al. 2001; Zhuravlev

2001). Both symbiotic and asymbiotic forms may have

Fig. 3.12 Corculum (University of Montana Paleontology Center

UMIP 14319), a modern photosymbiotic clam, has windows in its

shell that allow light to pass to photosymbionts living in the mantle

tissue inside the shell. When the clam burrows into sand and the valves

are closed, the symbionts are still able to photosynthesize using light

that passes through the windows (Photo courtesy of Kallie Moore).

Scale bar ¼ 2 cm
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inhabited the same reefs simultaneously, as the same major

groups do today (e.g., foraminifera, sponges and corals).

Stromatoporoids were an important group of calcified

sponges from Ordovician to Late Devonian time and during

the late Mesozoic (Nestor et al. 2010). They were important

reef-builders during mid-Paleozoic time, some reaching

10–20 m in diameter. These sponges secreted calcitic

skeletons and like corals, appear to have been important in

constructing impressive reefs during mid-Paleozoic time

(Copper 2002). They lived together with calcareous algae,

rugose corals and tabulate corals. Red algae, corals and

stromatoporoids formed fringing and barrier reefs of the

Silurian and Devonian. These reefs exceeded modern

examples in size and volume during a mid-Paleozoic green-

house time when tropical marine realms reached much

higher latitudes than today.

Although stromatoporoids appear to have been reef

builders, they yield equivocal evidence of photosymbiosis

(Kershaw and Brunton 1999). Among the 5000 different

species of living sponges, many harbor photosymbiotic

organisms, especially cyanobacteria (Taylor et al. 2007)

and some tropical examples show photosymbiotic activity

with other organisms in very shallow settings (Steindler

Fig. 3.13 “The Power of Photosymbiosis”—The Great Pyramid and

Sphinx of Giza, Egypt. The Sphinx consists of several layers of marl and

limestone with few nummulites in them as those foraminifera lived on a

bank farther away (Gauri et al. 1990). The Great Pyramid was constructed

chiefly of local limestone blocks containing abundant Nummulites (inset).
The early historians, Herodotus (Greek, fifth century BCE), Strabo (Greek,

second century BCE) and Pliny the Elder (Roman, 23–79 CE), considered

stories that the nummuliteswere lentils dropped by theworkmen as they ate

which then petrified (Carpenter et al. 1862; Adams 1938; Lipps 1981).

Even the earliest of these observers noted that the nummulites occurred

widely in the region and hence were not the remains of lentils. The

nummulites actually accumulated abundantly in the sediments of the

Eocene Tethys Seaway. They likely hosted photosymbionts that made

the growth of the large tests possible (Photos by J. H. Lipps, 2007)

Fig. 3.14 Cross sections of individual archaeocyathan skeletons in the

Cambrian Montenegro member of the Poleta formation, White-Inyo

Mountains, California. In many places, the archaeocyathans are

associated with patch reef and large reef structures; they likely contained

photosymbionts. Scale bar ¼ 1 cm (Photo by J. H. Lipps, 1986)
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et al. 2002). A radical reinterpretation of stromatoporoids as

cyanobacteria rather than metazoans would certainly imply

photosynthesis (Kazmierczak 1976) but this interpretation is

not widely accepted. Evidence supporting photosymbiosis in

Paleozoic stromatoporoids includes growth forms like

corals, modular integration and large size (Copper 2002).

The limited data suggest that they were slightly slower

growing than living corals (Gao and Copper 1997).

Paleoecologically, stromatoporoids in Paleozoic reefs

appear to have been limited by nutrients and sediment

influx and capable of growing between and over other

organisms such as brachiopods, corals and red algae

(Fig. 3.15). Some taxa suggest high levels of integration

and are interpreted to have lived in shallow, open and

sun-lit parts of ancient reefs. This contrasts with living

sclerosponges, which are relegated to cryptic and/or deeper

water environments.

Whether these organisms harbored photosymbionts is not

clear. The large size, platy growth shapes (Fig. 3.16) and

integration levels of mid-Paleozoic reef-dwelling

stromatoporoids commonly resemble modern photosymbiotic

scleractinians (Rosen 2000). Also, stromatoporoids provide

evidence for the “thin tissue syndrome” (Wood 1999) and the

“solar panel effect” (i.e., flattening with depth to maximize

light-gathering capacity). Finally, feeding strategies and

paleobiology indicated that at least some stromatoporoids

were photoautotrophic (Brunton and Dixon 1994), an idea

supported by the co-occurrence of these sponges with large

photosymbiotic megalodontid bivalves, which also preferred

warm, well-lit marine settings. However other evidence for

photosymbiosis among mid-Paleozoic stromatoporoids is

equivocal (e.g., are growth bands annual and what was their

growth rate relative to corals: Kershaw 1998).

Other sponges which lived during the Permian, Carbonif-

erous and Triassic appear to have been hypercalcifying and

capable of building reefs. These include calcified chambered

“sphinctozoan” and chaetetid sponges. While some of these

reached large size and were primary or secondary reef

constructors, they show slow growth rates. Some calcified

demosponges such as the Upper Triassic reef-adapted

Stromatomorpha, are a mimic on Paleozoic stromatoporoids

and they may have been photosymbiotic (Senowbari-Daryan

and Stanley 2009).

Fig. 3.15 A stromatoporoid pillar in the Silurian reefs of Gotland,

showing the platy growths that make up the pillar. Height is approxi-

mately 1.5 m (Photo courtesy of Steve Kershaw)

Fig. 3.16 A vertical section cut through a whole stromatoporoid from

the mid-Silurian Visby Formation, Gotland, Sweden. In this example,

three different species of stromatoporoids grew together and were

partly buried by sediment before the next growth, gradually building

up the structure. Near the bottom a brachiopod lay on the lower growth

of stromatoporoid and was then overgrown by the next stromatoporoid

layer. This process illustrates how complex reef structures are built by

various species (Photo courtesy of Steve Kershaw)
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3.4.3 Corals

Like their modern counterparts, corals in the geologic past

constructed reefs. Morphological similarities and growth

strategies suggest that they also share a photosymbiotic

relationship. Their large size and corallite integration argue

for rapid skeletonization. Also, what appear to be depth-

related changes in colony shape (i.e., flatter colonies at

depth: Dodge and Vaišnys 1980; Dustan 1982) and a high

degree of corallite integration argue for photosymbiosis. The

“edge zone” along the outer corallite wall where tissue

extends is similar to modern, zooxanthellate corals. Like

foraminifera and bivalves, they also are characterized by

thin tissue syndrome (Cowen 1983), displaying large areas

of thin tissue for harvesting light. Finally, like some

zooxanthellate corals, they also contain abundant radiating

features of the skeleton called pennular structures that radi-

ate from the polyp centers and are thought to supplement

nutrition in slightly deeper water (Wood 1999; Stanley

2006).

Many ancient corals contain alternating low-density and

high-density layers of skeleton (Fig. 3.17a) that in modern

corals are annual (Fig. 3.17b). They have been associated

with variables of light, temperature, reproduction, nutrients,

and other factors affecting the energy budget of coral growth

(Buddemeier 1974). Such features in fossils of Permian,

Triassic and Jurassic ages allow comparisons with fast-

growing living reef species. Some massive Triassic corals

contained annual bands almost identical to high and low

density bands in living reef corals (Stanley and Helmle

2010). This may indicate ancient photosymbiosis in the

Triassic.

Many coral colonies, especially those on modern reefs,

have large sizes and this has been used as a proxy for rapid

growth and, therefore, photosymbiosis. Some Late Triassic

colonies reached 5–10 m in height (Piller 1981; Stanley and

Swart 1995), larger than some modern z-coral species. Also,

they are similar to “microatolls”, which form today as the

colonies grow to sea level, their polyps die on top while the

colony continues to expand laterally. This distinctive mor-

phology records sea level, and in modern corals occurs in at

least 43 (Rosen 1978) colonial or massive species (Scoffin

and Stoddart 1978; Smithers and Woodroffe 2000). The

oldest-known microatolls from the Late Triassic (Fig. 3.18)

have flattened surfaces and a central cavity (Stanley 2005).

Since microatolls today are only known in modern

zooxanthellate species, their presence in fossil examples

has been linked to photosymbiosis.

Cretaceous corals also possess colony shapes and

corallite integration that suggest photosymbiosis. Jurassic

corals likewise show high integration levels, annual banding

and adaptation of colony shapes similar to those of modern

reef-building corals (Leinfelder 2001; Barbeitos et al. 2010).

Rosen and Turnšek (1989) characterized coral species that

survived across the Mesozoic-Cenozoic boundary as either

z-coral-like or az-coral-like on the basis of the indirect

criteria described above.

A more direct line of evidence comes from isotopic

studies of early Mesozoic corals. Thirteen specimens of

Triassic scleractinians from reef complexes in Turkey and

northern Italy and two specimens from the Jurassic of Poland

showed that the isotopic signatures of the Triassic corals

from Turkey were more like modern zooxanthellate corals,

while the Jurassic samples were similar to azooxanthellate

Fig. 3.17 Comparison of growth bands in a Late Triassic coral Ceriostella (UMIP 18001) (a) with a modern Montastraea (b) showing high

density and low density annual banding. Scale bars ¼ 1 cm (Photos from Stanley and Helmle (2010))
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species (Stanley and Swart 1995). Isotopic analyses of

skeletons of Late Triassic corals yielded a similar conclusion

regarding photosymbiosis (Muscatine et al. 2005).

Photosymbiosis can be traced back to Paleozoic corals

(both Rugosa and Tabulata) which were judged to have been

photosymbiotic by paleoecological methods and isotope

studies (Zapalski 2014). While the majority of rugose corals

were solitary, some colonial species reached large sizes in

mid-Paleozoic reefs and like living photosymbiotic species,

possessed high levels of corallite integration. Tabulate corals

(Fig. 3.19) lived on mid-Paleozoic reefs reached large sizes,

some resembling colonies of modern z-corals. Growth rates

of many Paleozoic corals (Gao and Copper 1997) also com-

pare favorably to living z-corals and provide evidence for

photosymbiosis. However corallum complexity of some

Paleozoic species as judged by integration levels, are lower

than for scleractinian corals (Coates and Jackson 1987).

While these approaches are reasonable, such assessments

are really historical hypotheses to be further tested.

3.4.4 Bryozoans

Starting in the late Cambrian (Landing et al. 2015), bryozoans

have a detailed fossil record continuing to the present (Taylor

and Waeschenbach 2015). Many species over this time are

associated with reefs and some grow quite large. The large

(up to 7 cm) calcareous bryozoan colonies formerly known as

the Trepostomata, for example, may have possessed

photosymbionts, and this idea was postulated for Permian

examples (Håkansson and Madsen 1991). The large size is

consistent with the rapid growth attributed to photosymbiosis.

Stable isotope analysis, however, revealed that such Paleozoic

bryozoans secreted calcite in isotopic equilibrium with sea-

water and so did not possess the signature of photosymbiosis

(Key et al. 2005). Also, no modern bryozoans are reported to

possess photosymbionts. Thus, the role of photosymbiosis in

byrozoans remains speculative.

Fig. 3.18 The oldest reported microatolls (University of Montana

Paleontology Center UMIP 6813) from the Triassic in Nevada. Like

modern microatolls, they formed by growing to sea level to maximize

solar radiation, and then spread laterally. Scale bars are 1 cm (Photo

modified from Stanley (2005))

Fig. 3.19 Reconstruction of a

Middle Silurian reef illustrating a

coral-dominated ecosystem

characterized by large colonies of

tabulate and rugose corals along

with crinoids, bryozoans,

brachiopods and other

invertebrate taxa. This was the

closest approximation in the

Paleozoic to scleractinian-

dominated reefs (Illustration

courtesy of Terry Chase)
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3.4.5 Brachiopods

Various Paleozoic productid brachiopods, including

Richthofeniacea and Lyttoniacea, may have harbored

photosymbionts based on (1) shell adaptations to expose

much of the mantle to light, (2) massive calcification,

(3) large size, (4) habitat, and (5) paleogeographic

distributions in tropical seas of the Late Permian (Cowen

1983, 1988). Among these were the reef-dwelling

richthofenid brachiopods (Fig. 3.20) Hercosia and

Cyclacantharia (Grant 1972; Cowen 1983; Fagerstrom

1996; Cowan and Erickson 2010).

Photosymbiosis is a logical hypothesis for the bizarre

morphology exhibited by Late Permian lyttoniacean

brachiopods which inhabited reef-like buildups (Cowen

1983). However, morphology alone is insufficient to support

either a photosymbiosis hypothesis or the possibility that

they may have combined photosymbioses with a filter feed-

ing lifestyle.

Some Devonian brachiopods are relative giants, such as

Stringocephalus in the Givetian, with shells up to 20 cm

long; these could also have had algal symbionts (P. Copper,

personal communication, 2011). However, unlike the major-

ity of other photosymbiotic organisms that utilize aragonite,

brachiopods secreted shells of calcite.

3.4.6 Mollusks

At least 17 independent bivalve groups may have developed

photosymbiosis with algae in Earth’s history (Vermeij

2013). While evidence is commonly equivocal, these groups

display many characters that would promote or result from

photosymbiosis. One shelled mollusk may have had

photosymbionts in the Eocene to Oligocene, the gastropod

Velates which was large; it likely had exposed mantle tissue

and inhabited well lit habitats (Vermeij 2013). Most

photosymbiont-bearing taxa are attached to or buried in the

substrate, hence bivalves dominate the shelled mollusks that

hosted these symbionts. Many upright, Late Cretaceous

rudistid bivalves built mounds and reef-like structures

(Kauffman and Johnson 1988) and secreted large, thick

shells of both calcite and aragonite (Fig. 3.21). Their fossils,

based on calculated growth rates and modifications of the

upper shell, strongly infer adaptation to light and

photosymbiosis (Vogel 1975). However, some other

rudistids may not have possessed photosymbionts (Steuber

2000). While some rudistids display growth rates compara-

ble to the living photosymbiotic Tridacna (Fig. 3.7), other

living bivalves like Corculum (Fig. 3.12) and Fragum are

small and do not produce large or thick shells, yet they have

unique “windows” in their shell, which would have allowed

light to reach algal symbionts inside (Watson and Signor

1986; Farmer et al. 2001).

Other bivalves with algal symbionts, like the modern

heart cockle Clinocardium, do not show any of the

characteristics used to infer photosymbiosis (Jones and

Jacobs 1992). While size is not always an indicator, it is an

obvious characteristic of photosymbiosis for bivalves and

other organisms.

Exclusive of rudistids, other giant, reef-dwelling bivalves

existed on carbonate platforms through time. Giant clams

occurred in the Devonian, Permian, Triassic, and Jurassic.

Giant alatoform bivalves in the family Wallowaconchidae

(Yancey and Stanley 1999) can be up to a meter in length

and occur in reef-related, Upper Triassic carbonate rocks.

Not only do these unique bivalves exhibit large size, they

also display the “solar panel” effect, secreting a series of

Fig. 3.20 The conical silicified

Middle Permian reef brachiopod

Hercosestria from the Glass

Mountains, south-west Texas. (a)
The sieve-like covering over the

ventral valve may have been

covered with mantle tissue

(UMIP 14291). (b) Several
individual ventral valves of these

brachiopods with their attachment

spines and some of the sieve-like

covering (UMIP 14292).

Scale ¼ 1 cm. University of

Montana Paleontology Center

(UMIP) (Photo courtesy of Kallie

Moore)
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enveloping chambers along the margin of the shell

(Fig. 3.22) where presumably photosymbionts were

sequestered in the mantle tissue. Like living Corculum
these bivalves may have hosted symbionts within the

chambers and have been able to harvest light transmitted

directly through the shell.

3.5 Summary and Conclusions

Photosynthetic algae and microbial eukaryotes and

metazoans have formed symbioses throughout much of geo-

logic time (Cowen 1983; Coates and Jackson 1987; Talent

1988; Stanley and Lipps 2011). This cooperative relation-

ship across many unrelated algae and hosts evolved very

early on, and has been common and repetitive ever since.

Although photosymbionts are not preserved in the fossil

record, ample indirect evidence (e.g., isotopes, morphology,

size and depth-related changes in host morphologies) indi-

cate that photosynthetic partnerships were strongly selected

for the capture of energy directly from sunlight and a reliable

nutrient supply for the hosts and a habitat with protection for

the symbionts (Cowen 1983, 1988; Hallock 1999; Lee 2006;

Vermeij 2013).

Photosymbioses evolved multiple times in geologic time

and became quite common, only to go extinct during the

extinction events of the past 543 Ma. Most likely these

symbioses developed in single-celled hosts and sponges as

the algae were harvested as part of the food supply and later

sequestered within cells as happens today with the inclusion

of both live chloroplasts (Lopez 1979; Cedhagen 1991) and

free-living symbionts in the cytoplasm of certain

foraminifera (Lee 2006; Fay et al. 2009; Lee 2011). In

cases where they occupy those parts of present-day

organisms that are irradiated by the sun, symbionts might

have been acquired from the environment and transported to

specific tissues. Perhaps the same mechanism coevolved in

other partners as well. Did hosts acquire symbionts specifi-

cally for their own advantage and how complex was the

evolution? While modern corals will accept or reject certain

algal symbionts, observations of infestations support the

hypothesis that forming endosymbiotic associations leading

to a “fit” host actually involves a complex series of co-evo-

lutionary steps (Stat et al. 2006).

Although photosymbioses are inferred in the early Paleo-

zoic, they were well-established and widespread by the early

Mesozoic. Today’s prime photosymbionts are

dinoflagellates in the genus Symbiodinium belonging to the

order Suessiales, which includes closely related symbionts

of various planktic organisms (Siano et al. 2010). In their life

cycles, dinoflagellates often encyst and these are common as

microfossils. The oldest Suessiales cysts that are morpho-

logically similar to those of modern Symbiodinium
symbionts first appeared in the Late Triassic when

scleractinian corals radiated. The fossil record of these

cysts tracks those of corals; both groups also experienced

an extinction at the end of the Triassic and a recovery in the

succeeding Jurassic (Stanley and van de Schootbrugge

2009). Photosymbiosis between scleractinian corals and

dinoflagellate symbionts may have occurred in the Triassic

(Stanley and Helmle 2010) based on the widespread devel-

opment of reefs and thick reef-carbonate rocks during the

Late Triassic interval (Stanley 1981; Riedel 1991; Kiessling

2010).

Fig. 3.21 Reconstruction of a

cluster of gregarious, upright

rudistid bivalves from a Late

Cretaceous reef. These large

bivalves may have held algal

symbionts. Light would have

been transmitted through the

upper valves, which were reduced

to a thin, perforated cap-like

morphology (Courtesy of Jose

Garcia)
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Molecular-clock data, based on sequences of chloroplasts

in modern clades of Symbiodinium, place their origin in

either the Paleocene or early Eocene, not long after the

Cretaceous/Paleogene mass extinction. However, the diver-

sification of the modern lineages of Symbiodinium did not

occur until the mid-Miocene some 15 million years ago

(Pochon et al. 2006; Stat et al. 2006), coincident with the

evolution and expansion of the modern coral-reef

ecosystems (Perrin 2002).

Because symbiont-host relationships are not monophy-

letic through geologic time, the coevolution with host spe-

cies is unclear. Molecular studies of clade D Symbiodinium
in reef corals, revealed “boom and bust” phases of diversifi-
cation and extinction over the past 12 million years in

response to climate change and the tectonic separation of

the Caribbean and Pacific provinces by the emerging Central

American Land Bridge (Thornhill et al. 2013). We suggest

that in the perspective of deeper time, such “boom and bust”
cycles characterized many photosymbionts and their hosts.

Symbionts from the Symbiodinium group have established

relationships with a wide taxonomic variety of hosts such as

sponges, corals and other cnidarians, benthic and planktonic

foraminifera, giant clams, among others. Commonly the same

clades may be associated with multiple unrelated hosts, e.g.,

foraminifera, jellyfish, milleporoid hydrozoans, octocorals,

nudibranchs, tunicates and bivalves. Different molecular

clades of Symbiodinium in corals, and perhaps other groups

as well, have different ecological preferences for light, tem-

perature, depth and, therefore, hosts (LaJeunesse et al. 2010;

Kahng et al. 2012). In foraminifera, different clades may even

occupy specific parts of the cell (Fay et al. 2009).

The geologic history of the successes and failures of reefs

can be related directly to the acquisition or failure of

photosymbioses (Talent 1988). Reefs did well during long

periods of stable environmental conditions but became

extinct when warming, acidification, and anoxia of the

oceans occurred. Following these extinction events, newly

acquired photosymbionts fueled the rapid diversification of

reef organisms, for example, corals in the Triassic after the

great Permian extinctions. Conversely, the loss of

photosymbionts could have been a key strategy for surviving

extinction crises (Barbeitos et al. 2010).

Based on our review of reef building and the calcifying

organisms involved, we confirm our hypothesis that

photosymbiosis was integral to the success of both present-

day and ancient reefs. We find that the breakdown of the

symbiosis most likely was tied to global environmental

perturbations that led to mass extinctions. In concert with

fluctuations in nutrient, sedimentation and other factors,

such breakdowns might explain reef gaps, times of reduced

carbonate sedimentation and drastic reductions in reef

building observed in the geologic record.
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Fig. 3.22 Giant wallowaconchid alatoform clams from the Late Triassic.

(a) Reconstruction of the shell showing the conch with a cut-away view of

the shell that reveals a series of concentric and overlapping chambers

(arrow) connecting to the central body cavity. The chambers likely housed
the photosymbionts inferred to have lived within the chambers of these

clams, and the upper surface of the chambers were made of aragonite

crystals perhaps oriented as in the modernCorculum (Fig. 3.12) to conduct

light to the symbionts inside. Courtesy of Jose Garcia. (b) Field image of

an individual clam cut at an oblique angle, showing the central body cavity

and chambered, wing-like extensions (sample UMIP 23530). Upper left
inset is a thin-section showing details of hollow chambers, now filled with

micrite (sample UMIP 24206-F). Scale bar ¼ 5 mm
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