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ABSTRACT: Geological, paleo-oceanographic and paleoclimatological studies have independently 
demonstrated that the volume of preserved marine sediments, eustatic sea level, the depth to which the 
sea was oxygenated, the concentration of atmospheric oxygen and carbon dioxide and the amount of 
terrestrial rainfall fluctuated in a 400 million yr cycle over Phanerozoic time. These data are used to 
develop the hypothesis that the level of oceanic turbidity CO-varied with these changes and that tur- 
bidity was the motor, plate tectonics the tempo and perception the mode of evolution in Phanerozoic 
seas. This hypothesis predicts that during turbidity maxima (Silunan-Devonian, Jurassic-Tertiary), ani- 
mals with non-visual foraging and predator-avoidance mechamsms and adaptations to marine pelagic. 
freshwater and terrestrial habits should diversify. During turbidity minima (late-precambrian- 
Cambrian, late-Carboniferous-Triassic), animals with vlsual sensory modalities and benthic habitat 
specializations should diversify. At the boundary of these envlronmental conhtions, alternating mass 
extinctions of these adaptive characters and the taxa possessing them should occur. Patterns in the 
evolution of perceptual modalities, foraging strategies, predator avoidance mechanisms, habitat 
specializations and inferred aspects of behavioral ecology of aquatic arthropods. 1.e. adaptive charac- 
ters that are less sensitive to instantaneous changes in diversity than are the taxa that carried them, are 
used to test these predictions. Trilobite diversification and extinction, the adaptive radation of ostra- 
cods and eumalacostracan crustaceans; the iterative evolution of small, fast-moving entomostracan 
crustaceans; and the evolution of terrestrial chelicerates and decapod crustaceans are all consistent 
m t h  these predictions. In short, the hlstory of aquatic evolution m Phanerozoic seas can be told in the 
evolution of perception. Data as disparate as the diversification and extinction of marine plants, 
cephalopod mollusks and fish are also consistent with predictions deduced from this hypothesis. 
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INTRODUCTION 

The taxonomic diversity of marine organisms fluctu- 
ated during Phanerozoic time (see Fig. 1 for pattern 
of marine diversity and definitions of geologic time in- 
tervals) and these fluctuations were partitioned among 
several temporal frequencies (e.g. Raup & Sepkoski 
1984, 1988, Fischer 1988, Raup 1993). Low frequency 
secular trends in earth evolution with periods >400 mil- 
lion years (Myr) have been recognized and correlated 

with variations in eustatic sea level, cyclic variations in 
biogeochemistry and climate and with rates of sedi- 
mentation (e.g. Nance et al. 1986, 1988, Worsley et al. 
1986). Higher frequencies, with periods of 26, 32, 85 and 
250 Myr, have been correlated with cosmic events: 
falling asteroids, comets and meteorites and the sun's 
oscillation about the galactic plane (e.g. Hatfield & 

Camp 1970, Salop 1977, Alvarez et al. 1984, Rampino & 

Strothers 1984). Still higher frequency events have also 
been recognized. For example, climate cycles of 0.4 to 
6.0 Myr duration have been observed in lake sediments 
from the Permian (Kerr 1991), abrupt changes in world 
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Fig. l.. Marine taxonomic diversity through geologic time with 
names, abbreviations and temporal relationships of geologic 
time intervals. The Proterozoic period began at the end of the 
Archean (Katarchean) period, 3500 Myr before present, and 
ended at the start of the Cambrian, 570 Myr before present 

climates spaced at  100 000 yr intervals have been rec- 
ognized during glaciation events (Broecker & Denton 
1989, Liu 1992) and the biodiversity of deep-sea ostra- 
cods has been related to changes in solar insulation 
caused by 41 000 yr cycles in the tilt of the earth (Cronin 
& Raymo 1997). 

Fig. 2. Abundance of turbidity-sensitive marine taxa through 
the Phanerozoic eon. Variables and axes are designated on 
each graph. Density of stippling ~ndicates relative levels of 
turbidity in each Period. Abbreviations for geologic periods 
are defined in Fig. 1. (A) Immobile suspension feeders inhab- 
iting rock substrates in contemporary seas are known to be at 
greatest risk of extinction with rising turbidity; their fossil 
antecedents flourished only in the clear waters of the late 
Carbonifc,rous-Triassic. (B) Suspension feeders adapted to 
sedihentary habitats in contemporary seas thrive in turbid 
environments. their antecedents flourished during tlmes of 
high turbidity (Silurian-Devonian) and declined prec~p~tously 
in the clearing waters of the late Carboniferous-Trlassic. 
(C) Suspension-feeding bivalve molluscs which live attached 
to surfaces and are free lying on the bottom of contemporary 
seas are adversely affected by turbidity. The abundance of 
their fossil ancestors fell during times of high turbidity and 
rose dunng tines of clear water. (D) Colonial corals, which, 
based on the distribution of contemporary colonial corals, 
required clear waters to flourish, decllned during the times of 
high turbldlty and increased in diversity during the clear 
waters of the late Carboniferous-Triassic; solitary corals are 
less sensitive to turbidity and flourished during times of high 

turbidity 

Sample size and the longevity of fossil organisms bias 
quantitative estimates of taxonomic diversity. For ex- 
ample, variations in the volumes of preserved sedi- 
ments from each geological period result in variations 
in the sample sizes available for fossil organisms living 
at a particular time (Raup 1972, Signor 1982). Variations 
in the survivorship of specific taxa may bias samples of 
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the fossil record in a related way (Norris 1991). Further, 
stratigraphy is not a continuous recorder of evolution- 
ary change; the geological mechanisms (e.g. turbidity 
currents) which help create much of the fossil record 
are episodic. The fossil record produced is an aliased 
sample (Blackman & Tukey 1958) and, accordingly, 
very high frequency events are not considered further. 

Sampling bias and alias notwithstanding, one eco- 
logical explanation of low frequency fluctuations in 
marine diversity during the Phanerozoic eon has dom- 
inated paleontology (e.g. Valentine 1973, Sepkoski et 
al. 1983): diversity is positively correlated with tectoni- 
cally induced changes in the area1 extent and provin- 
ciality of the shallow water habitats in which the 
majority of fossil marine organisms lived (Signor 1982). 
Continental fusion led to competitive exclusions and 
mass extinctions; continental fission led to allopatric 
speciation and taxonomic diversification. 

Although the explanation outlined above adequately 
predicts the general low frequency trends in marine 
diversity during Phanerozoic time, it cannot explain 
the cause of extinctions and diversifications in turbi- 
ditysensitive taxa out of phase with this trend, e.g. 
members of the Anthozoa, Cephalopoda, Bryozoa, 
Brachiopoda, Pelmatozoa, Trilobita and malacostracan 
Crustacea. These differences in the times of extinction 
of turbidity-sensitive taxa are vividly illustrated by 
historical changes in their relative abundances (Fig. 2) 
and the relative contribution of these taxa to carbonate 
sediments (Blatt et al. 1972). 

It is the purpose of this review to offer a new hypoth- 
esis that can explain both the low frequency trend 
in marine Phanerozoic diversity and its outliers: diver- 
sifications and extinctions were mediated by alternat- 
ing levels of oceanic turbidity. This hypothesis will be 
tested in detail using biological characteristics (sen- 
sory modalities, foraging strategies, predator avoid- 
ance mechanisms and habitat selection) of aquatic 
arthropods and, more generally, by examining trends 
in the evolution of such disparate taxa as algae, fish 
and mollusks. In proposing this hypothesis, it is recog- 
nized that many biological traits contribute to the vul- 
nerability of marine taxa to extinction (cf. McKinney 
1997); nevertheless, long-term trends in extinctions 
and diversifications can be discerned and correlated 
with a single variable: turbidity. 

TURBIDITY HYPOTHESIS 

During the early Proterozoic period (about 2600 Myr 
ago) the earth's continents were grouped together 
about the South Pole (Fig. 3) (Piper 1982, 1987). The 
position of continental blocks or cratons relative to one 
another within this supercontinent is still controversial 
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Fig. 3. Geographical movements of continental plates through 
geologic time. Pangea 1 designates Piper's (1981) Proterozolc 
supercontinent at 2600 Myr before present. Continental 
blocks or cratons are identified with the following abbrevia- 
tions: AFR = Africa, ANT = Antarctica, BAL = Baltica, CH1 = 
China, EUA = Eurasia, IND = India, KAZ = Kazakhstania, 
LRSS = Laurussia, LRT = Laurentia, NA = North America, 

SA = South America. SIB = Siberia 
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especially for the period beginning 1100 Myr ago (e.g. 
Young 1995, Weil et al. 1998). Appellations for t h s  
supercontinent differ according to specific cratonic 
conformations. For simplicity, this first supercontinent 
is here termed Pangaea I. 

During the late-Proterozoic (725 Myr ago), Pangaea I 
progressively broke into parts, some of which moved 
laterally and north at  different rates (Bond et al. 1984, 
Hoffman 1991, Powell et al. 1993), while others be- 
came consolidated about the South Pole to form the 
paleocontinent of Gondwana (Fig. 3) (e.g. Ziegler et al. 
1979). The continents converged to form Pangaea I1 
during the Permian-Triassic only to break apart again 
during the late-Mesozoic and Cenozoic eras. 

Although modified by post-depositional forces, the 
volume of marine sediments preserved per unit time 
in the geological record covaried with these tectonic 
movements (Fig. 4). These variations reflect real changes 
in depositional environments. The rivers of today dis- 
charge 13.3 billion tons of sediment each year into the 
world ocean (Millman & Meade 1983). At this rate, more 
than 3 times the weight of all recent and ancient sedi- 
ments would have been deposited since the Cambrian. 
One can explain these variations with a simple model of 
tectonic movements of the earth's crust and resultant 
changes in paleoclunates and paleo-oceanography. 

During periods of continental convergence and 
mountain-building, low volumes of sediment accumu- 
lated in the sea because of intermontane deposition 
(e.g. Garrels & MacKenzie 1971). During periods of 
continental divergence, intermontane deposits were 
eroded and washed into the sea. Gregor (1968) has 
argued that land plants reduced sediment erosion dur- 
ing the Permian and, thus, decreased the volume of 
sediments preserved from this time. This hypothesis, 
however, did not consider the dry climatic conditions 
during the Perrnian-Triassic or its negative effects on 
terrestrial vegetation. 

As the land masses of Pangaea I moved apart, they 
travelled through zones of high latitude winds. Mois- 
ture gathered by these winds from numerous large in- 
tercontinental waterways resulted in wet weather and 
increased terrestrial erosion (e.g. Broadhurst & Loring 
1970). With Pangaea 11, the continental plates were 
joined at the equator but most of the continental surface 
area lay in the horse latitudes; the trade winds blew 
predominately over land. Further, mountain chains, 

Fig. 4. Changes in physical, chemical and geological variables 
through geologic time. Variables and axes are designated on 
each graph. Abbreviations for geologic penods are  defined in 
Fig. 1. Depth of ventilation of world ocean during the Protero- 
zoic cannot be determined with certainty. Durations of peri- 

ods of glaciations are indicdted by bar width 
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which rose along the contact boundaries of Gondwana 
and Laurussia as Pangea I1 was formed, blocked the 
moist equatorial easterlies (Ziegler et al. 1979). The re- 
sult was generally warm, dry weather and decreased 
terrestrial erosion (Robinson 1973, see also Manabe & 
Broccoli 1990). Thus, long-term fluctuations in marine 
sedimentation rates may have been compounded by 
the effects of continental movements on terrestrial 
climates (Robinson 1973, Frakes 1979). These factors 
and concurrent changes in sea level combined to affect 
oceanic turbidity during the Phanerozoic. 

When continents converged, sea level fell (Worsley 
et al. 1984) (Fig. 4). The small volumes of sediments 
eroded from continental platforms at these times were 
channeled into large geographically discrete drainage 
basins containing many tributaries but with only 1 major 
outlet to the sea, like the Mississippi, Amazon, and 
Yangtze Rivers of today (e.g. Tipper 1975, Worsley & 

Broadhurst 1975, Milliman & Meade 1983). Suspended 
solids carried by these river systems were deposited in 
a small number of large estuaries. The combination of 
low sediment volume and restricted depositional area 
would have lowered the average turbidity of coastal 
waters. When continents diverged, sea level rose and 
terrestrial drainage basins were flooded as mid- 
oceanic mountain systems were built (Valentine & 
Moores 1970, 1972). This resulted in vast, shallow, 
inland seas, into which many small rivers (former 
tributaries) flowed (e.g. Bowen et al. 1974, McGhee & 

Sutton 1981). Turbidity increased. 
During periods of continental convergence, more 

than half the globe was a single ocean. Weather was 
monsoonal (Valentine & Moores 1970, 1972). Ocean 
fetch, the distance of open water over which wave- 
generating winds blew (Neuman & Pierson 1966), was 
maximal, as were wave lengths. Swells broke in deep 
water offshore. Storm- and wave-driven perturbations 
in shallow, nearshore habitats would have been infre- 
quent and of long duration. With continental fission, 
rift valleys became shallow waterways and inland seas 
in which small, frequent storms generated enough tur- 
bulence to scour the shallow bottom, keep sediments 
in suspension and disperse them oceanward (e.g. 
Bowen et al. 1974, McGhee & Sutton 1981). The sea 
would have been more turbid in coastal habitats and 
near the bottom, i.e. in the 'nepheloid layer' (Berner 
1976, Dryer 1976), and less turbid in the open ocean far 
from land and in surface waters (e.g. Balsam & Deaton 
1991). Changes in the spatial and temporal scale of 
ocean turbulence would have substantially influenced 
sedimentation rates and feeding tactics (Kiarboe 1997). 

Nearshore marine habitats were a source of much 
fauna1 diversity throughout the Phanerozoic eon (Sep- 
koski 1991); marine animals were probably restricted 
to shallow water habitats during this time because 

deeper environments were only sporadically oxygen- 
ated. It was not until the end of the Carboniferous, 
when prolonged glaciation (Fig. 4) had resulted in 
sufficient downward-moving currents of cold oxygen- 
rlch water to ventilate the deep sea, that colonization 
of deep water environments occurred (e.g. Berry & 
Wilde 1978, Jablonski et al. 1983, Wilde & Berry 1984). 
Resuspension and lateral transport of sediments in 
marine water below 2800 m may also have occurred 
with glacially intensified deep water circulation (Fran- 
cois & Bacon 1991). 

Though there is no known causal relationship, it is 
interesting to note that, during the ventilation of the 
deep sea, O2 levels in the atmosphere decreased 
(Fig. 4). Lack of glaciations during the Triassic-early- 
Tertiary may have resulted in repeated oxygen deple- 
tions or at least expansion of the oxygen minimum 
zone into deep ocean environments (Schlanger & 
Jenkyns 1976, Waples 1983, Isozaki 1997). Thus, it was 
to shallow marine habitats, with their fluctuating levels 
of turbidity, that organisms such as aquatic arthropods 
became adapted. 

The concentration of atmospheric CO2 also varied 
over Phanerozoic time. Berner (1990) developed a 
mathematical model for the paleogeochemistry of CO2 
that included the terrestrial, atn~ospheric and aquatic 
chemistry of CO2 and carbonates and many of the pale- 
ogeographic variables discussed above. His model pre- 
dicted that atmospheric CO2 was greatest during the 
Cambrian and Ordovician, declined during the Devon- 
ian to a low in the Carboniferous, rose to intermediate 
levels during the Jurassic-Cretaceous and fell to pre- 
sent day levels (comparable to the low of the Carboni- 
ferous) during the Tertiary (Fig. 4). Because carbon 
dioxide absorbs solar radiation, it traps heat in the 
atmosphere and creates a 'greenhouse effect'. Accord- 
ingly, warm global temperatures would have occurred 
during times of high concentrations of CO2 (Cambrian- 
Ordovician, Jurassic-Cretaceous) and low tempera- 
tures during periods of low concentrations (Carboni- 
ferous, Tertiary). Berner's model is in strong agreement 
with Fischer's (1988) supercycle model of phanerozoic 
environments with its alternating 'greenhouse-ice- 
house' effects. Changes in solar activity and in the con- 
centration of other greenhouse gases and atmospheric 
dust may modify these models further (e .g .  Hansen & 
Lacis 1990, Hansen et al. 1990, Kerr 1999). 

From the above geological, paleo-oceanographic 
and paleoclimatological evidence, it is reasonable to 
hypothesize that oceanic turbidity fluctuated during 
the Phanerozoic eon in habitats important to the sur- 
vival and diversification of marine invertebrates. It also 
seems reasonable to use the volume of preserved sedi- 
ments in the geologic record as an index of long-term 
variations in oceanic turbidity. The data of Ronov 
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(1959) (Fig. 4),  which are more detailed than those of 
Gregor (1968), are used here to predict the turbidity 
nadir at the Permo-Triassic boundary. Short-term (high 
frequency) fluctuations in oceanic sedimentation rates 
are also known (from Cenozoic deep-sea deposits) and 
firmly establish that variations in sedimentation rates 
(and thus turbidity) in the world's oceans are synchro- 
nous global phenomena (Davies et al. 1977, Whitman 
& Davies 1979). Exceptions to this turbidity hypothesis 
include local conditions that might have differed from 
the world-wide trends and may have served as refuges 
for some taxa (e.g. mid-ocean habitats/islands: cf. 
Lisitzin 1972, Leg 138 Shipboard Scientific Party 1991; 
and areas of high bioresuspension: cf. Graf & Rosen- 
berg 1997). 

BIOLOGICAL TESTS OF THE TURBIDITY 
HYPOTHESIS: THE AQUATIC ARTHROPODS 

Solids suspended in water reflect and scatter light 
(e.g. Duntley 1962). Turbidity reduces the depth to 
which light can penetrate water, increases the lumi- 
nosity of water and decreases visual contrast (Jerlov 
1976, Lythgoe 1979, Loew & McFarland 1990). Organ- 
isms that relied on vision to locate food and predators 
would have been profoundly affected by fluctuations 
in ocean turbidity. 

Aquatic arthropods could adapt to turbid waters in at 
least 4 ways: (1) by increased visual acuity and light- 
sensitivity, (2) by enhanced non-visual perceptual mo- 
dalities, (3) by swimming above the nepheloid layer 
and (4) by concomitant changes in foraging strategies, 
competitive networks and predator avoidance mecha- 
nisms (e.g. Marcotte 1983, Eiane et al. 1997). 

Adapting to turbidity: the trilobites and their relatives 

Among the first aquatic arthropods were the tri- 
lobites and their trilobite-like relatives (Harrington 
1959). Most Cambrian trilobites were bottom-dwelling 
detritivores and/or scavengers. A number of lines of 
evidence have indicated that most trilobites ate by 
entraining small food items in water currents gener- 
ated in a median ventral food groove; the food was 
transported anteriorly to the mouth and ingested (e.g. 
Bergstrom 1973). In most taxa, cephalic appendages 
were not highly specialized for feeding (but see review 
in Hessler & Newrnan 1975). 

At the height of trilobite diversity (upper Cambrian), 
63 families are recognized (Clarkson 1975). Of these, 
86% had large compound (or 'holochroal') eyes with 
which they located food and predators (Fig. 5). These 
eyes were usually kidney-shaped in dorsal view and 
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Fig. 5. (A) Images produced in the lens of the 2 major types of 
trilobite eyes. Holochroal lenses produce a mosaic image. 
Schizochroal lenses produce a composite image. (B) Relative 
abundance of trilobite taxa w ~ t h  holochroal and schizochroal 
eyes during geologic time. Abbreviations for geologic periods 
are defined in Fig. 1 Density of stippling indicates relative 

levels of turbidity in each period 

slightly dorsally convex in cross section. They were 
covered by a single cornea1 layer below which lay a 
faceted lens. Light rays entering the eye converged, 
resulting in a single mosaic image. 

As turbidity rose during the Ordovician-Silurian, 
trilobite diversity fell from its high in the upper- 
Cambnan to 15 families at the end of the Silurian. 
Extinctions occurred more often among taxa inhabit- 
ing shelf environments (Fortey 1975, 1989) than among 
deep water taxa; shelf habitats are universally more 
turbid than deep waters. Several members of the 
Illaenids, a trilobite family with holochroal eyes, sur- 
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vived into the Permian (Clarkson 1975); ~llaenids were 
abundant in reef environments (Bergstrom 1973, 
Mikulic 1981) that were de facto (see below) low tur- 
bidity habitats. Most trilobites with holochroal eyes 
became extinct by the middle-Ordovician (Fig. 5) 
(Moore 1955-1969, Stubblefield 1959, Clarkson 1975). 

From the late-Cambrian to the Devonian, a new sub- 
order of trilobites evolved: the Phacopina. Many of the 
families in this suborder amplified their feeding effi- 
ciency by secreting a sticky substance into the region 
just posterior to the mouth: food was formed into a 
bolus before ingestion (Eldredge 1971). In one group 
of Phacopina, the dalmanitids, large anterior cephalic 
appendages became the dominant means of manipu- 
lating food into the mouth (Eldredge 1971). 

Most Phacopina trilobites viewed their environment 
through a new type of eye: the composite or 'schizo- 
chroal' eye (e.g. Clarkson 1975). Each lens of this eye 
had its own cornea and light receptor (Fig. 5 ) .  The field 
of view was broken into many partially overlapping 
images, each with its own unique perspective (Towe 
1973, Clarkson & Levi-Setti 1975, Fortey & Morris 
1977). Light incident on 1 'reference' element of this 
ocular array could have been used to 'zero' the back- 
grounds of other visual elements, resulting in contrast 
enhancement. This configuration of visual elements 
would have helped to increase the distance over which 
the Phacopina could perceive and react to predators 
and prey (see also Eiane et al. 1997). Further, lateral 
inhibition of adjacent elements in the visual array may 
have permitted analysis of covariance in the field of 
view at the level of the eye, thus facilitating rapid pat- 
tern recognition much as 'perceptrons' do in pattern- 
recognizing computers (Rosenblatt 1962, Block et al. 
1964, Ullmann 1973). The potential for enhanced con- 
trast and rapid pattern recognition promoted predatory 
behaviors attributed to the Phacopina (e.g.  Bergstrom 
1969) and allowed for the rapid increase in their diver- 
sity during the late-Ordovician and Silurian (Fig. 5 ) .  

Efficient predators must not only recognize prey 
quickly but also must be able to estimate prey size and 
strike/pursuit distance (e.g. Schoener 1979, Maiorana 
1981), skills made possible by stereoscopic vision in 
the Phacopina (e.g. Cowen & Kelley 1976, Aksnes & 
Utne 1997). As the Phacopina diversified during the 
Silurian-Devonian rise in turbidity, their eyes became 
reoriented to provide greater frontal vision (Fig. 6) 
(McNamara 1980). Non-visual sense organs (probable 
chemo- and proprioreceptors) increased in number 
and breadth of distribution on their bodies (Miller 
1974/75, Chlupac 1975, McNamara 1980). 

The adaptive advantage of schizochroal over holo- 
chroal eyes in environments of increasing turbidity can 
also be seen in the differential longevity of taxa bear- 
ing these traits (from range data in Clarkson 1975). 

Taxa with schizochroal eyes survived twice as long on 
average as did taxa with holochroal eyes. Neverthe- 
less, taxa with schizochroal eyes remained primarily 
visual foragers and were extinct by the end of the first 
Phanerozoic turbidity maximum during the Silurian- 
Devonian (Clarke 1889, Clarkson 1967, 1975, Eldredge 
1972). Before the Devonian extinction of the Phaco- 
pina, however, schizochroal eyes in some phylogenetic 
lineages were reduced in size and lens number. Feist 
(1995) has shown that, within these phylogenetic lin- 
eages, typical ancestral forms at the start of the Devon- 
ian had 86 lenses. Typical forms derived from these 
ancestors in the latter half of the Devonian had only 12 
lenses and at  the end of the Devonian had only 1 or a 
few lenses or the derived taxa were entirely blind. 

Blind trilobites occurred in several other phyloge- 
netic lineages within the Trilobita (Clarkson 1975). The 
earliest blind trilobites, the Agnostida, were small 
(< 1.0 cm long), had cosmopolitan distributions and 
were probably planktonic, but little is known of their 
biology (Fig. 6) (Robinson 1972, 1975, but see Muller & 
Walossek 1987). All other blind trilobites and trilobite- 
like taxa were bottom-dwelling detntivores and carni- 
vores, e g .  Emeraldella (Fig. 6) ,  Cryptolithus, and MO- 
laria (Campbell 1975, Whittington 1975, 1977, 1981, 
Bruton 1981). They probably selected food from among 
nutritionally inert matenals by exploiting the special 
physical and chemical properties at the sediment- 
seawater interface (Dryer 1976). In this 'benthic 
boundary layer' (BBL), frictional forces result in an  
exponential decrease in water velocity as depth 
increases (Hinze 1959, Neuman & Pierson 1966, Wim- 
bush 1976). Water movements, universally governed 
by viscous and inertial forces, are here viscosity domi- 
nated. The result is non-turbulent (or laminar) move- 
ment of water (e .g .  Hinze 1959, Wimbush 1976, Purcell 
1977). Chemicals excreted or consumed by bottom- 
dwelling food organisms produce positive or negative 
concentration gradients ('halos') that diffuse slowly in 
the BBL and move across the bottom along predictable 
trajectories (Berner 1976, Purcell 1977). Blind benthic 
foragers with chemoreceptors on long first antennae 
and elsewhere on their bodies probably used these 
chemical gradients to locate patches of food as crus- 
taceans do today. For example, proprioreceptors, sen- 
sitive to the frequency and direction of slight pressure 
changes and water movement, permitted the detection 
of moving competitors, prey and predators, as well 
as shifting current directions (e.g.  Strickler 1975a,b, 
McNamara 1980, Marcotte 1984, Wong 1996). The ter- 
race lines of trilobites may have served this proprio- 
sensory function (Miller 1975, Schmalfus 1981). Other 
structures thought to be chemo- and proprioreceptors 
are numerous and widely distributed on the bodies of 
blind trilobites (Miller 1974/1975). 
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In addition to sensory adaptations, trilobites and trilo- 
bite-like taxa adapted to turbidity by (weakly) swim- 
ming above the nepheloid layer and inhabiting less 
turbid pelagic habitats. This evolutionary strategy, of 
which Symphysops, Opipeuter (Fig. 6) and Prospecta- 
tnx are early examples, arose independently in at least 
5 trilobite phylogenies (Fortey 1981) during the in- 
creasing turbidity of the Ordovician. In the pelagic 
realm, trilobite visual sensory modalities became mod- 
ified in derived forms. The Phacopina had schizochroal 
eyes; others retained the ancestral holochroal eye and 
survived the Ordovician-Silurian extinctions with gross 
anatomical adaptations of the eye (cf. Fortey 1974, 
1985) (Fig. 6) including: (1) enlargement, e .g .  Symphy- 
sops, Opipeuter, ( 2 )  conical projections or stalks that 
held the eyes above the surface of the head, e.g. Caro- 
ljnites and Sidneyia and/or, (3) orientation so that part 
of their visual surface was directed downward, e.g. 
Cyclopygacea: Prospectatrix. It is clear from these data 
that visual adaptations were numerous among Silurian 
trilobites, as predicted by the turbidity hypothesis. 

Trilobites and trilobite-like taxa were vulnerable to 
predation in the Silurian-'The Age of Fish' (Romer 
1968). As protection against these predators, benthic 
taxa evolving at this time, such as Ceratarges (Fig. 6), 
had long dorsal spines; contemporaneous pelagic taxa 
often had long sharp spines on their dorsal and lateral 
surfaces (e.g. Radiopsis, Fig. 6) both for protection 
from predators and for floatation. 

Some aqudtic arthropods mixed the strategy of swim- 
ming with relatively non-selective suspension-feeding 
(Bruton 1981, Whittington 1981). This conclusion is 
inferred from morphological similarities with extant 
Crustacea (e.g. Cannon 1933, Briggs 1977,1978). Some 
of these include the Cambrian trilobites and the trilobite- 
like taxa (e.g. Leanchoilia, Opabinia and perhaps Saro- 
trocerus), the pseudo-notostracans, the phyllocarids and 
some branchiopod crustaceans (Fig. 6). These animals 
were large and probably swam slowly in and out of the 
BBL as morphologically similar crustaceans do today 
(e.g. Manton 1977). Again, by comparison with extant 
Crustacea, their foraging strategy was inefficient, a 
fortiori, when the abundance of suspended, metaboli- 
cally inert particles (i.e. turbidity) increased (Conover 
1968, Poulet 1974, McCabe & O'Brien 1983). Only food 
size and coarse-grained features of food distributions 
(cf. Levins 1968) have been demonstrated as bases for 
trophic specializations among these taxa (Wilson 1973, 
Boyd 1976). Therefore, taxonomic diversity in these 
groups was low throughout the Phanerozoic. 

Crustaceans 

Two adaptive responses to high turbidity, unique to 
the Crustacea, revolutionized the potential for special- 
ization and evolutionary radiation in aquatic arthro- 
pods: high-speed miniaturization and 'the caridoid 
facies' (Fig. 7). 

High-speed miniaturization occurred independently 
among the copepods, ostracods and cladoceran bran- 
chiopods, and probably among ancestral barnacles 
(e.g. Fryer 1974, Marcotte 1982, 1983, McKenzie et al. 
1983). It is an adaptation which exploits the physics of 
moving water and permits small animals to selectively 
feed on a dilute suspension of small food items when 
foraging amid a dense (relative to the concentration of 
food) fog of small inert particles (turbidity) in hyper- 
benthic and pelagic environments (Zaret 1980, see 
also Ritzrau 1996, Morgan et a1 1997). This adaptation 
seems to have constrained the evolution of larval forms 
of marine invertebrates (Emlet 1991). 

High-speed miniaturization has been most thor- 
oughly studied in modern copepods (e.g. Koehl & 
Strickler 1981, Price et  al. 1983, Strickler 1984, Tiselius 
& Jonsson 1990). When cephalic and thoracic ap- 
pendages on small aquatic animals are moved at high 
speeds over short distances, currents or shear fields 
can be generated that draw suspended particles to- 
ward the animals in a non-turbulent, viscosity-domi- 
nated, laminar flow (Fig. 7) (e.g. Alcaraz et al. 1980, 
Koehl & Strickler 1981, Price et al. 1983). On the ben- 
thos, large slow-moving arthropods foraged through 
a kinematically stable fluid environment (Marcotte 
1983). In the plankton, small crustaceans created such 
an environment. In both cases, non-visual, chemo- and 
proprioreceptive abilities were used to detect foods by 
their chemical 'halos' (Strickler & Bal 1973, Hamner 
& Hamner 1977, Poulet & Marsot 1978, 1980, Friedman 
1980). In both environments, feeding was efficient. 
These taxa are not indiscriminate filterers (cf. Conover 
1968, Poulet 1974, McCabe & O'Brien 1983). Propriore- 
ception in free-living copepods is also important in 
selecting habitats (e.g. Marcotte 1984) and, for para- 
sitic copepods, in locating hosts (Wong 1996, see also 
Fields & Yen 1997). 

Sewell (1956) proposed a post-Cretaceous origin for 
the Copepoda based on blogeographic distributions 
and patterns of continental movements. Fossils of free- 
living copepods are known only from boron-rich lake 
sediments in the Miocene (Palmer 1960). Fossil para- 
sitic copepods similar to modern taxa have been found 

Fig 6. Representatives of trilobite and crustacean arthropod taxa adapted to benthic habitats and to pelagic and hyperbenthic 
habitats and their temporal ranges through the Phanerozoic eon. Abbreviations for geologic periods are defined in Fig. 1. 

Turbidity hypothesis: density of stippling indicates relative levels of turbidity in each period 
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Fig. 7 Anatomical and functional characteristics of the 2 adaptive responses among crustacean taxa to high turbtdity: high-speed 
miniaturization and the caridoid facies 
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on Cretaceous fish (Cressey & Patterson 1973). If 
ancestral copepods were free living, the whole taxon 
may have originated during the first Phanerozoic 
turbidity maximum; the taxon diversified extensively 
during and after the second turbidity maximum. 

Ostracods radiated into pelagic (as well as non- 
marine) habitats during the first Phanerozoic maxi- 
mum in turbidity (Fig. 8) (Miiller 1979, McKenzie et al. 
1983). If ancestral barnacles were similar in structure 
and habit to the cyprid larvae of contemporary cir- 
ripeds (Barnard 1892, Newman 1982, 1983), they prob- 
ably displayed characteristics of high-speed miniatur- 
ization. The appendages used to generate foraging 
currents by ostracods, ancestral barnacles and some 
cladocerans (the latter known only from the Tertiary 
onward) were enclosed within a bivalved carapace 
that altered the hydrodynamics of their foraging strat- 
egy (i.e. greater boundary effects, Bernoulli Effect), in- 
creasing foraging current speed and apparent viscosity. 
Unfortunately, little is known of the hydrodynamics 
within the bivalved carapace of these taxa. 

The morphological relationship between the large 
ancestral crustaceans and their miniaturized descen- 
dants has often been explained by invoking the process 
of neoteny, the retention of formerly juvenile character- 
istics by adult descendants produced by retardation of 
somatic development (e.g.  Garstang 1922, Dahl 1956, 

Schram 1982, Boxshall 1983). Only competition for food 
size has been proposed as an explanation of what drove 
this phenomenon (Marcotte 1983). Three more expla- 
nations can now be offered based on the observations 
that neotenous taxa are usually smaller when adult 
than their ancestors and that small organisms generally 
have shorter generations and reproduce more fre- 
quently than larger taxa (e.g. Fenchel 1974). 

(1) The foraging efficiencies of high-speed miniatur- 
ization during periods of elevated turbidity, as outlined 
above, would have strongly selected for neotenous 
mutations when they occurred. 

(2) Neoteny would have facilitated exploitation of 
small food sources by small herbivores, and these by 
small carnivores. In this context: small phytoplankton 
evolved during times of continental fission and high 
turbidity (e.g. d~noflagellates, see below). 

(3) Marine plants and animals whose physiologies 
and life histories (e.g. life span, reproductive fre- 
quency, fecundity) were adapted to the frequency with 
which resources were provided (e.g.  chemical nutri- 
ents) or destroyed (e.g. by bottom scour, advection) by 
ocean turbulence may have become smaller to keep 
pace with the higher frequencies, shorter durations 
and smaller area1 sizes of turbulent eddies that charac- 
terized intercontinental waterways and shallow inland 
seas d'uring periods of continental fission and high 
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turbidity (e.g.  Worsley & Broadhurst 1975, Marcotte 
1980, Jablonski & Flessa 1984). For example, (small) 
dinoflagellates are adapted to taking up nutrients pro- 
vided in high frequency fluxes while (large) diatoms 
are adapted to lower frequency nutrient fluxes (Turpin 
& Harrison 1979, Turpin et al. 1981). 

Neotenous adaptations to high frequency environ- 
mental changes during periods of continental fission 
may explain the iterative evolution of small entomostra- 
can and ostracod crustaceans during the Silurian- 
Devonian and Jurassic-Present, It also explains the 
post-Jurassic radiations of neotenous decapod crusta- 
ceans (see below and Fig. 8). Conversely, during peri- 
ods of continental fusion, which were dominated by low 
frequency environmental changes, large, longer-lived 
forms evolved, e.g. trilobites in the Cambrian and deca- 
pod crustaceans in the Permian-Triassic. 

The caridoid facies (Fig. 7), a suite of shrimp-like 
morphological characters (e.g. Calman 1909, Hessler & 
Newrnan 1975, Hessler 1982, 1983), was the second 
revolutionary adaptation of crustaceans to high tur- 
bidity. The first fossil caridoids-the eocarids and pa- 
laeostomatopods (Fig. 6)-appeared during the Devon- 
ian turbidity maximum (e.g. Moore 1955-1969, Hessler 
1982, 1983, Schram 1982), though their ancestors may 
have evolved during the Silurian. These taxa possessed 
stalked compound eyes, presumably of the apposition- 
type, as do extant decapod larvae and stomatopods 
(e.g. Land 1981, Di Stefano et al. 1990, Iacino et al. 
1990, Cronin et al. 1994). These eyes provided a pano- 
ramic view of the environment and, if the eyes of con- 
temporary stomatopods are instructive, were probably 
adapted to turbid waters in at least 4 ways. 

(1) The eyes were large, with wide facet diameters 
and high values of the 'eye parameter', indicating adap- 
tation to dim light (Horridge 1978). 

(2) The eyes were mobile and capable of maintaining 
a tremor that caused the retina1 image to flicker. Visual 
images must move or flicker on the retina to be per- 
ceived (e.g. Cohen 1969, Cronin et  al. 1988). Lateral 
inhibition of ocular elements can be used to physiolog- 
ically induce flicker, as in the ancestral chelicerate 
Limulus, that has immovable eyes (Ruck & Jahn 1954, 
Ratliff et al. 1967). Light entering the sea flickers more 
in clear water than in turbid water (McFarland & Munz 
1975, McFarland & Loew 1983). Physical movement of 
the eye (tremor) can modulate both external and inter- 
nal sources of flicker, thus causing edges of objects in 
the visual field to be accentuated (Horridge & Sander- 
man 1964, Horridge 1966) and enabling the perceiver 
to overcome the inherent luminosity of highly turb~d 
water. Retention of an ancestral, dim-adapted eye in 
contemporary stomatopods may explain the occur- 
rence of this eye-type in these taxa even though they 
are often active in bright light (Horridge 1978). 

(3) Ommatidia are aligned in a vertical array along 
the longer axis of the eye and their visual fields over- 
lap. As a result, horizontal motion of vertical edges 
would be enhanced (Schiff & Hendrickx 1997). 

(4 )  The eyes contained many types of photopig- 
ments; visual information was sampled over a broad 
spectral range by receptors with narrowly tuned sensi- 
tivities (Marshal1 et al. 1991). This is important because 
turbidity blocks blue light and transmits yellow-green 
light (Jerlov 1976, Loew & McFarland 1990). 

These first caridoids swam above the bottom to vary- 
ing degrees using serially arranged abdominal appen- 
dages. They thus avoided the visual limitations of the 
nepheloid layer and the tactile and chemosensing 
predators on the bottom (e.g. Marcotte 1983). In pelagic 
environments, however, they were not free of predation 
pressures, for ancestral caridoids evolved during the 
Silurian-'The Age of Fish' (Romer 1968). To avoid 
these predators, caridoids possessed a large muscular 
abdomen with caudal appendages that could be used 
to propel the animal suddenly backwards away from 
danger (Fig. 7) (e.g. Calman 1909, Daniel 1932, 1934, 
Hessler 1983). Caridoids may also have behaviorally 
avoided visually foraging predators by swimming into 
more dim, turbid, bottom waters during daylight hours. 
Die1 vertical migrations and crepuscular feeding habits 
could have originated in this manner. This predator- 
free space (sensu Marcotte 1984) near the bottom was 
exploited at the expense of prolonged foraging in 
brighter light. To compensate for this compromise, taxa 
derived from these early caridoids evolved superposi- 
tion eyes that functioned well in very dim light (e.g. 
Land 1981, Gaten et al. 1992). Contemporary mysids and 
euphausids are vestiges of these early derivations and 
retain both die1 migratory behaviors and superposition 
compound eyes (e.g. Land 1981, Hessler 1982, 1983). 

As turbidity decreased in the late-carboniferous- 
Permian, the benthos re-opened for the adaptive radi- 
ation of visual foragers. The caridoids, which had been 
demersal, now stayed on the bottom; the benthic Per- 
acarida evolved and the decapod crustaceans diversi- 
fied (Fig. 6) (Fryer 1968, Jansson & Kallander 1968). 
Many contemporary peracarids retain their ancestors' 
apposition eyes (Land 1981) although others have 
secondarily lost their visual capabilities especially with 
the evolution of cooperative groups (sensu Frank 1995). 
For example, parental care in amphipods has been 
described a number of times (e .g .  Thiel 1997 and 
references therein). In the Tanaidacea, benthic tube- 
dwelling, perhaps originally a predator avoidance 
strategy, evolved into an elaborate mechanism for food 
cultivation and social care of offspring (Anderson et 
al. 1978, Johnson & Attramadal 1982). In these taxa, 
the image-forming capacity of the eyes was reduced. 
Pheromones and tactile cues were used to locate 
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mates, juveniles and intruders. With the evolution of 
reflective superposition eyes, which functioned well in 
dim light (Land 1981), Permian caridoids were able to 
exploit recently ventilated deep-water habitats (Figs. 4 
& 8). Interestingly, the pelagic larvae of contemporary 
benthic decapods recapitulate the apposition eyes of 
their pelagic caridoid ancestors (Land 1981). 

In the Jurassic, when Pangaea I1 broke apart and 
turbidity again increased, paguran (hermit) and bra- 
chyuran (Cancer-like) crabs evolved (Fig. 6), perhaps 
through neoteny of a pelagic caridoid ancestor (Gurney 
1942). These crabs were the only decapods to retain the 
ancestral apposition compound eyes (Land 1981) that, 
in any event, were of little use to them on the turbid 
benthos. They foraged instead by using their chemo- 
sensitive first antennae and were protected from preda- 
tors by a strong compact exoskeleton and aggressive 
defense andlor burrowing behaviors (e.g. Gurney 1942, 
Laverack 1963, Hazlett 1966, Vance 1972). 

Chelicerate arthropods, which thrived with the trilo- 
bites in early Phanerozoic seas, and uniramian arthro- 
pods (e.g. Robison 1990), from which insects evolved, 
moved into intertidal pools and onto land with the first 
rise in oceanic turbidity: late-Ordovician-Devonian 
(e.g. Ratallack & Feakes 1987, Labandeira et al. 1988, 
Jeram et al. 1990, Shear et al. 1996). In this way, they 
escaped the difficulties of perceiving food and preda- 
tors in a turbid sea and of competing with the 'new 
wave' of marine crustaceans. In the clear light of the 
atmosphere, apposition-type eyes were sufficient and 
are retained today by Lirnulus, the sole survivor of 
marine Paleozoic chelicerate diversity, and by most 
insects (Ruppert & Barnes 1994). 

beaches exposed at low tide (Herrnking 1968, 1972, 
Young & Ambrose 1978). The ultimate success of this 
second invasion of land by aquatic arthropods may 
depend, in large measure, on the contemporary terres- 
trial biotic environment, which is filled with potential 
competitors and predators, unlike that which greeted 
Devonian eurypterids. Some Tertiary crustaceans, that 
have remained fully aquatic, have evolved phono- 
receptors and sound-producing organs that seem to per- 
mit sophisticated, non-visual communication among 
individuals and perhaps enhance predator detection 
(e.g. through bow wave detection) and avoidance (e.g. 
schooling behaviors of euphausiids) in a dim habitat 
(e.g. Mulligan & Fischer 1977, Salmon & Hyatt 1983, 
Weise 1996). Some crabs have evolved noxious chemical 
defenses that protect them from predation (Luckenbach 
& Orth 1990). Further, the diversification of copepods, 
cladocerans and ostracods during the Tertiary seems 
to be yielding a greater diversity of (high-speed) minia- 
turized forms than ever before. 

TESTS OF COROLLARY DEDUCTIONS USING 
OTHER TAXA 

The hypothesis that oceanic turbidity fluctuated dur- 
ing Phanerozoic time, and that perceptual adapta- 
tions, foraging strategies, habitat selection and pre- 
dator avoidance mechanisms appropriate to these 
fluctuations have produced alternating patterns of di- 
versifications and extinctions, is a hypothesis which is 
testable using taxa other than aquatic arthropods. The 
evolution of plants, mollusks and fish will be consid- 
ered briefly in this regard. 

Trends among modern Crustacea 
Plants 

If the volume of preserved sediments is an index of 
oceanic turbidity, as proposed above, then the Recent 
ocean has been as turbid as that of the Devonian. It 
should be noted, however, that the existence of polar ice 
caps at the present time and the consequent lower eu- 
static sea level and resultant lack of vast, shallow inland 
seas substantially limit comparison of contemporary and 
Devonian oceanic conditions (Clark 1982a,b). The bio- 
logy of extant crustaceans confirms the similarity be- 
tween Devonian and Recent (though not present day) 
oceans. For example, like eurypterid chelicerates during 
the Silurian-Devonian, some contemporary decapod 
crabs are evolving terrestrial life styles. They are solving 
the problem of respiring air with lung-like, internalized 
chambers (cf. Bliss 1963, Mason 1970, Hanken & Sterrmer 
1975, Waterston 1975). Their eyes are apposition-type, 
forming images and detecting polarized light to aid 
navigation to shoreward burrows after foraging sorties to 

In addition to decreasing the quantity of light that 
can penetrate water, turbidity changes the depth- 
specific spectral irradiance (Jerlov 1976, Loew & Mc- 
Farland 1990). Blue light is selectively eliminated and 
yellow-green light is transmitted. In contemporary 
seas, a soluble yellow pigment ('Gelbstoffe'), probably 
a complex organic material produced by living aquatic 
and decaying terrestrial plants, is partially responsible 
for this color shift (Kalle 1966, Jerlov 1976, Loew & 
McFarland 1990). For Phanerozoic marine plants, 
adaptations for maximizing photosynthetic energy 
production from a dim light source of changing wave- 
length became an imperative during the 2 periods of 
increased turbidity. As a consequence, the diversity of 
unspecialized green and acritarch algae fell precipi- 
tously during the first Phanerozoic period of high 
turbidity (e.g. Lipps 1970, Leoblich 1974). 
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Dinoflagellates, which may have distant ancestors in 
the Cambrian (Moldowan & Talyzina 1998), diversified 
during the Devonian turbidity maximum (e.g. Lipps 
1970, Leoblich 1974). Dinoflagellates have auxiliary 
pigment complexes specialized for absorption of dim 
light at various wavelengths and are capable of swim- 
ming and vertically migrating to stay in brighter sur- 
face waters during daylight hours (e.g Tappan 1968, 
Pitrat 1970, Blasco 1978, Parsons et  al. 1984). 

Diatoms, which also have accessory pigment sys- 
tems, originated during the Cretaceous turbidity maxi- 
mum and depend on frequent episodes of vertical 
turbulence to remain high in the water column. As out- 
lined above, a correlation of high turbidity and high 
frequency of vertical turbulence is predicted for peri- 
ods of continental divergence and shallow inland seas. 

During turbidity maxima, selection pressures favor- 
ing mutations that helped to support plants on or above 
the waters' surface (e.g.  Macrocystus, Pastalsia), and 
helped prevent desiccation when plants were exposed 
to air (e.g. FUCUS),  may have presaged the movement 
of plants onto land. The hypothesis that plants moved 
onto land during the first Phanerozoic rise in turbidity 
is supported by analysis of spore tetrads (Kenrick & 
Crane 1997). Nucleotide sequences in higher plants 
(Martin et al. 1989) have confirmed a Carboniferous 
origin. Paleogeochemical data independently support 
these conclusions, e.g. carbon/sulfur ratios (Fig. 4) 
(Garrels & Lerman 1981, Berner & Raiswell 1983). In 
context of the environmental change model proposed 
above, it is interesting to note that in addition to 
increases in freshwater primary productivity and the 
ventilation of the deep sea after the Carboniferous, the 
rise in, the carbon/sulfur ratio observed during the Per- 
mian-Triassic may have been affected by terrestrial 
aridity and the dominance of savanna-like biomes in 
which fires caused an increase in the turnover rate of 
carbon relative to sulfur and thus increased dispropor- 
tionately its deposition rate. Continental aridi.ty at this 
time may have also contributed, to a decrease in pri- 
mary production, recorded in the fossil record as a 
decrease in the 13C/"C ratio (Thackerary et al. 1990). 

Once land plants had become established, they 
affected their aquatic ancestors in at least 2 ways. They 
absorbed nutrients th.at had previously been washed 
into the sea (Tappan 1968, 1970) and, through decay of 
land plants and the resulting production of soluble 
organic compounds, they amplified and/or modified 
color shifts in light transmitted through coastal waters 
(Kalle 1966, Jerlov 1976, Loew & McFarland 1990). 
These effects contributed to the rapid decline in 
marine primary production that seems to have oc- 
curred during the Devonian-Permian and from which 
the ocea.ns may have never fully recovered (Tappan 
1968, 1970). 

Suspension feeders: mollusks, brachiopods, 
bryozoans and crinoids 

Turbidity adversely affects benthic suspension-feed- 
ing invertebrates and positively affects benthic deposit 
feeders (e.g Rhoads 1974). The hypothesis presented 
here would predict a decline in suspension-feeding 
diversity during the Devonian, i.e. 150 Myr before the 
'mass extinction' of aquatic invertebrates at the Permo- 
Triassic boundary. This prediction is confirmed by the 
middle-Paleozoic decrease in the contribution of bry- 
ozoans, brachiopods and pelmatozoan crinoids to 
carbonate sediments (Blatt et al. 1972). Although 
total mollusc diversity followed the general pattern of 
Phanerozoic changes, that of turbidity-sensitive mol- 
lusks did not. The majority of suspension-feeding 
bivalves, including rock-dwelling forms, became ex- 
tinct during middle-Paleozoic and post-Triassic turbid- 
ity increases (e.g. Fig. 2), while deposit-feeding and 
swimming taxa diversified (Larson & Rhoads 1983, 
Thayer 1983, Valentine 1986, Jablonski & Raup 1995). 

Other mollusks 

Nautiloid cephalopods, which lived in Paleozoic 
seas, foraged visually and probably had little or no 
chemoreceptive abilities (Morton 1968, Kohn 1983). As 
turbidity rose during the Paleozoic, nautiloid diversity 
fell and pelagic life styles evolved (e.g. Wiedmann 
1973, Ward 1984, Kohn 1983, Ward et al. 1984). During 
the clear water periods of the Mesozoic, ammonoid 
cephalopods, also visual foragers, originated and 
quickly diversified (e.g. Moore 195551969, Wiedmann 
1973). Ammonoid diversity fell precipitously in the tur- 
bid waters of the Cretaceous (Marshal1 & Ward 1996) 
and, before their extinction at the Cretaceous-Tertiary 
boundary, survivors were predominately pelagic like 
their nautiloid ancestors. In this ocean realm, am- 
monoids may have been out-competed by fish which 
possessed a host of non-visual sensory modalities (see 
below). The one group of pelagic cephalopods to sur- 
vive the Paleozoic and late-Mesozoic extinctions were 
nautiloids, such as Nautilus, which had well-devel- 
oped chemoreceptors in the mantle cavity (osphradia) 
that, interestingly, may also be mechanoreceptors 
capable of detecting the abundance of particles sus- 
pended in water, i.e. turbidity (Hulbert & Yonge 1937). 
Modern squids have an anal.ogue of the lateral line 
system in fish (Budelmann & Bleckmen 1988) that per- 
mits them to perceive key elements of their environ- 
ment (see also Aronson 1991). 

For paleozoic gastropods, morphological separations 
between sister-species were 5 times greater in the 
clear waters of the Cambrian than in the rising turbid- 
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ity of the late-Ordovician (Wagnei- 1995). Turbidity 
may have been the source of this morphological con- 
straint. 

Cnidaria: Anthozoa 

Although total anthozoan cnidarian diversity fol- 
lowed the pattern of 'mass extinctions' in the Mesozoic, 
within-taxon patterns did not. Paleozoic reefs were 
formed of mostly solitary rugose corals, colonial tabu- 
late corals played only a minor part (Coates & Oliver 
1973). Contemporary reef-building corals are very sen- 
sitive to turbidity (e.g. Tomascik & Sander 1985). Most 
of the Paleozoic reef corals went extinct in the first tur- 
bidity maximum during the Silurian-Devonian (Fig. 2) 
(Coates & Oliver 1973). The colonial anthozoans di- 
versified again during the clearing waters of the late- 
Carboniferous-Permian despite decreases In the area1 
extent and provinciality of the shallow tropical habitats 
in which they lived. Hermatypic corals, which require 
the energetic benefits of primary-producing symbiotic 
zooxanthellae for growth and form coral reefs in con- 
temporary seas, diversified in the rising turbidity of the 
Jurassic (e.g.  Rosen 1977). Zooxanthellae evolved from 
several classes of single-cell plant, especially dinofla- 
gellates with their turbidity-adapted pigments (see 
'Plants' above). The energetic benefits of symbiotic 
zooxanthellae notwithstanding, colonial anthozoans 
again declined in diversity dunng the second turbidity 
maximum (Jurassic-Tertiary) (Coates & Oliver 1973). 
Turbidity was an overriding selective force for the evo- 
lution of reef-building anthozoans and their animal- 
plant associations (e .g .  Jablonski & Flessa 1984, Young 
& Scrutton 1991). Thus, the turbidity hypothesis can 
explain both the long-term evolutionary trends among 
taxa as well as particular exceptions within these taxa. 

Fish 

Fish have a long Paleozoic history. Those that today 
inhabit turbid environments are predominately non- 
visual foragers; those in clear water use vision to forage 
and locate predators (e.g. Dusenbery 1992, Bond 
1996). Accordingly, like crustaceans, fish should show 
alternations in the distribution of vlsual and non-visual 
sensory modalities throughout their evolution. Here 
the data are less complete but are stlll in tentative 
agreement. The length of latero-sensory lines in placo- 
derm fish increased during the Paleozoic turbidity rise 
(Gi-aham-Smith 1978a,b). Contemporary examples of 
ancestral fish taxa, e.g. the Salmonidae, which prob- 
ably originated during the early-mid Mesozoic, are 
visual foragers (Lauder & Liem 1983, Marcotte & Brow- 

man 1986). Most contemporary fish, which probably 
originated during the late-Mesozoic-Cenozoic, possess 
well-developed non-visual sensory modalities, includ- 
ing olfaction, accoustico-lateralis system, ampullae of 
Lorenzini and possibly magnetic organs, which they 
use to explore dim turbid and even light-free environ- 
ments (e .g .  Dusenbery 1992, Bond 1996) 

CONCLUSION 

The hypothesis of marine Phanerozoic diversity de- 
veloped here synthesizes the work of geologists, pal- 
eoclimatologists and paleontologists with studies of 
sensory anatomy and behavior of aquatic organisms 
and allows predictions in such diverse fields as phyto- 
plankton ecology, invertebrate and vertebrate system- 
atics and the evolution of sensory modalities and etho- 
logy. This hypothesis emerged from a solipsistic para- 
digm of evolution which is inclusively uniformitarian, 
gradualistic and largely qualitative. 

Uniformitarianism is the ultimate null hypothesis of 
historical geology and posits that geological processes 
have always been (and still are)  due  to causes or forces 
operating continuously and with uniformity (e .g .  Hull 
1973; for important caveats, see for example Norris 
1991, Shear 1991, Erwin 1993). Its opposite, Cata- 
strophism-the theory that certain geological and 
biological phenomena were caused by catastrophes 
rather than by continuous and uniform processes-is 
here understood as included in Uniformitarianism; 
apparent differences are a matter of scale in space and 
time. Low frequency events such as the continental 
nfting and movement and relatively high frequency 
events such as earth-asteroid impacts (e .g  Alvarez et 
al. 1984) or periods of volcanic hyperactivity (e.g.  
Renne et  al. 1995) both affect evolution, but at different 
scales. High frequency events reinforce the effects of 
low frequency changes when both frequencies are at 
their peaks. For example, the number of asteroid colli- 
sions with the earth was high during the Devonian 
(e .g  Grieve & Robertson 1979, Playford et al. 1984, 
Claeys et al. 1992, McGhee 1996) and at least 1 large 
asteroid collided with the earth at the end of the Creta- 
ceous (e.g.  Alvarez et al. 1984). Air-borne dust and soot 
produced by these high frequency celestial events may 
have reinforced the cyclic dimming of marine environ- 
ments produced by low frequency continental rifting. 

Inclusive Uniformitarianism emphasizes that envi- 
ronmental processes act at different scales and fre- 
quencies in space and time and are not uniformly 
appreciated by evolving marine taxa. Quantitative 
indices of taxonomic change in the fossil record alone 
cannot capture the proximate causes of evolution amid 
the sample bias and alias which confounds the record. 
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The hypothesis of Phanerozoic diversity outlined here 
rests on an examination of qualitative features of taxa 
in the fossil record, especially perceptual modalities, 
foraging strategies, predator avoidance mechanisms, 
habitat specializations and the behavioral ecology 
these adaptations imply. This hypothesis generated a 
number of predictions which, when tested, confirmed 
the particulars of the model. 

Gradualism is closely associated with Uniformitari- 
anism and emphasizes that the earth changes con- 
stantly but gradually (e.g. Desmond & Moore 1991). 
The hypothesis presented here and the paradigm from 
which it was developed do not require (but do not 
exclude) episodes of rapid evolutionary change, such 
as those which would be associated with punctuated 
equilibrja (e.g. Eldredge & Gould 1972). Rather, they 
provide a context within which to understand them if 
and when they do occur. As with Uniformitarianism, 
Gradualism is a matter of scale-the scale of the 
organism experiencing change. Marine taxa appreci- 
ate different rates of environmental change; what is 
gradual to a whale may be abrupt to a barnacle. Qual- 
itative features of adaptation, such as mobility, body 
size and reproductive rates, are important in assessing 
what rates of environmental change are experienced 
by a particular organism. 

Finally, this paradigm is solipsistic: environmental 
variables must be understood as the study organism 
appreciates them and at that organism's scale in space 
and time. This paradigm strikes at the heart of the ves- 
tigial Newtonian 'Objective Observer', which remains 
in the calculus of evolution theory (e.g. Marcotte 1983). 
When environmental variables are understood as an 
organism appreciates them, conceptual dichotomies 
such as Uniformitarianism versus Catastrophism and 
Gradualism versus abrupt instantaneous change be- 
come less antagonistic and more heuristic. This para- 
digm accepts that taxa evolve uniquely, adaptations 
have multiple causes and consequences, and divorcing 
an adaptation from the organism that gave rise to it 
gives the adaptation an abstract reality it does not 
deserve. This paradigm also explicitly emphasizes the 
importance of perception in assessing adaptive strate- 
gies. Perception connects an organism to a stimulus 
through representations (cf. 'search images' in models 
of foraging behavior); representations make distinc- 
tions and have attributes unique to the organism pro- 
ducing them (e.g. Fodor 1980, Pylyshyn 1980). It is the 
representation and not the stimulus that should be 
taken as the act of perception, as it is the representa- 
tion to which the organism responds and ultimately 
adapts; stimulus is not experience just as physics is not 
the science of meter reading (e.g. Marcotte 1983). 
Though perception is on the cutting edge of selection 
pressure, evolutionary perceptual and cognitive ecolo- 

gies are still nascent sciences (cf. Marcotte 1983, Dusen- 
bery 1992, Dukas 1998 and references cited therein). 
They contribute not only new characteristics for phy- 
logenetic analyses but a new paradigm from which 
integrated multidisciplinary hypotheses can spring. 
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