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Abstract

:

The availability of nutrients and the quantity and quality of food at the base of food webs have largely been ignored in discussions of the Phanerozoic record of biodiversity. We examine the role of nutrient availability and phytoplankton stoichiometry (the relative proportions of inorganic nutrients to carbon) in the diversification of the marine biosphere. Nutrient availability and phytoplankton stoichiometry played a critical role in the initial diversification of the marine biosphere during the Neoproterozoic. Initial biosphere expansion during this time resulted in the massive sequestration of nutrients into biomass which, along with the geologically slow input of nutrients from land, set the stage for severe nutrient limitation and relatively constant marine biodiversity during the rest of the Paleozoic. Given the slow nutrient inputs from land and low recycling rates, the growth of early-to-middle Paleozoic metazoans remained limited by their having to expend energy to first “burn off” (respire) excess carbon in food before the associated nutrients could be utilized for growth and reproduction; the relative equilibrium in marine biodiversity during the Paleozoic therefore appears to be real. Limited nutrient availability and the consequent nutrient imbalance may have delayed the appearance of more advanced carnivores until the Permo-Carboniferous, when widespread orogeny, falling sea level, the spread of forests, greater weathering rates, enhanced ocean circulation, oxygenation, and upwelling all combined to increase nutrient availability. During the Meso-Cenozoic, rising oxygen levels, the continued nutrient input from land, and, especially, increasing rates of bioturbation, enhanced nutrient availability, increasing the nutrient content of phytoplankton that fueled the diversification of the Modern Fauna.
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1. Introduction


The fossil record of marine biodiversity consists of three evolutionary faunas: Cambrian, Paleozoic, and Modern [1]. Although the exact levels of biodiversity exhibited by these faunas have come into question, the relative levels of biodiversity and the succession of the faunas through the Phanerozoic have remained robust in recent studies [2,3]. A variety of factors have been hypothesized to account for these patterns, among them changes in climate regime, sea level, biogeographic provinciality (due to changes in continent-ocean configurations and latitudinal temperature gradients), habitat area, and extinction [4,5].



We believe that underappreciated factors in the diversification of the marine biosphere are nutrient availability and the quantity and quality of food at the base of food webs. Helen Tappan [6,7,8] was among the first to draw attention to food availability as a critical factor in long-term trends of marine biodiversification. More recently, Bambach [9,10] inferred that the “energetics” of the marine biosphere (biomass, metabolic rates, and physical activity such as predation) generally increased through geologic time in response to increasing food availability and, by implication, increasing nutrient availability. Martin [11] noted that the succession of the three macrofaunas is generally paralleled by the sequence of appearance of the dominant phytoplankton taxa through the Phanerozoic and their general preferences for increasingly nutrient-rich regimes [12]. Most recently, Bush and Bambach [13] concluded that increased ecological diversity, complexity, energy use, motility, predation, infaunality, and biological disturbance (bioturbation) have all increased since the Neoproterozoic. These trends largely parallel the diversification of the evolutionary faunas [13]. Predation and bioturbation appear to have increased through time especially during the Meso-Cenozoic (Figure 1), and require substantial amounts of energy because of their more advanced nervous and muscular systems [14,15]. Bush and Bambach [13] left open the question as to whether these trends are passive or driven, but singled out increasing primary productivity and thus, implicitly, nutrient availability, as the potential primary drivers.



Here, we integrate the results of our recent work on modern phytoplankton stoichiometry [16,17] with previous studies of the fossil record to propose a hypothesis for the role of phytoplankton evolution in the diversification of the marine biosphere. We suggest that the relative proportions of inorganic nutrients to carbon available in phytoplankton, i.e., their stoichiometry, evolved through time toward more nutrient-rich phytoplankton that were critical to the diversification of the marine biosphere.



The food represented by phytoplankton lies at the base of marine food pyramids and recent studies have found that not only the quantity but also the quality is critical to the maintenance, growth, and reproduction of organisms such as zooplankton which form a critical link between lower (phytoplankton) and upper (consumer) levels of food pyramids [18]. Zooplankton and metazoans must expend energy to “burn off” (respire) excess carbon in food before the associated inorganic nutrients can be utilized for growth and reproduction; thus, the more nutrient rich the phytoplankton, the less energy which must be expended to respire carbon and obtain the inorganic nutrients in food [18]. The conserved energy may then be devoted to other biological activities such as locomotion, predation, and reproduction, thereby driving increasing ecological complexity and, presumably, biodiversity.
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Figure 1. Marine biodiversity and environmental change through the late Proterozoic and Phanerozoic (adapted from [19]). (a) Sea level, tectonic cycles, and relative oxygen levels; (b) Terrestrial events: orogenies and land plant evolution (italics). Snowflakes indicate times of well-developed glaciers; (c) Comparison of mean Phanerozoic global isotopic signature of 87Sr/86Sr (dashed) and most recent calculation of subsampled number of marine genera (dotted; [2]). Original 87Sr/86Sr data from [20,21]). Increasing strontium isotope (87Sr/86Sr) are used as a general qualitative indicator of increased continental weathering and runoff [21,22]; these inferences have recently been confirmed by lithium isotope data [23]; (d) Geologic range and relative diversity of major phytoplankton taxa discussed in text; (e) Marine macroevolutionary faunas and family diversity from Sepkoski [1]. Note parallel diversification and decline of Paleozoic and Modern faunas and green and red algal taxa. Arrows indicate Big Five mass extinctions; (f) Bioturbation rates [14] and C:P burial ratios [19]. C:P burial ratios represent the ratio of marine carbon and phosphorus of the same samples and are used to indicate the relative remineralization of carbon [19], as discussed in the text. Note behavior of C:P burial ratios relative to bioturbation rates as discussed in the text. 
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2. The Fossil Record of Plankton


The availability of nutrients determines the population densities of plankton, in turn simultaneously impacting the representation of plankton in the fossil record and the quantity (primary production) and quality (stoichiometry) of food at the base of food pyramids. The fossil record of plankton, in particular that of calcareous plankton, provides clues to the availability of nutrients and food in the oceans through time. Modern species of coccolithophores tend to live in ocean waters characterized by low levels of macronutrients (oligotrophic conditions), whereas modern dinoflagellates and, especially, diatoms are frequently associated with higher nutrient levels [12,24,25,26]. (The recently-reported decline of Cenozoic diatom diversity after the Eo-Oligocene by Rabosky and Sorhanuus [27] may reflect sampling procedures.) There are, however, scattered reports of relatively robust calcareous zooplankton (entomozoans, tentaculitids) and much smaller phytoplankton as early as the Silurian, including coccolithophores or coccolithophore-like objects [28,29,30,31,32,33]. Nevertheless, a number of the reports of calcareous phytoplankton are considered unreliable because the fossils were not properly described or have been dismissed as contamination from younger sediments [34].



But, if calcareous zooplankton were present in the Paleozoic, why was the appearance of undoubted calcareous phytoplankton delayed until the Mesozoic? The easiest and most widely accepted answer to this enigma is that the appearance of coccolithophores in the fossil record accurately reflects their first evolutionary occurrence. However, molecular clocks indicate that the organic plate scales that serve as templates in calcification among coccolithophores must have appeared no later than the mid-Paleozoic while the biochemical pathways used in coccolithogenesis (coccolithophore biomineralization) may have existed in the Paleozoic or even earlier [35]. Similarly, biomarkers said to be characteristic of taxa that diversified during the Mesozoic (coccolithophores and dinoflagellates) are present, in low abundance, during the Paleozoic [36,37,38]. If taken at face value, these biomarker studies suggest the presence of these taxa in at least low numbers during the Paleozoic.



Another clue comes from the chemical composition of the plankton found in the geologic record of the Paleozoic. Early-to-middle Paleozoic plankton are mostly non-calcareous, and therefore resistant to dissolution. Possibly, the Calcite Compensation Depth (CCD) of the oceans was so shallow during the early-to-middle Paleozoic that any calcareous phytoplankton as small as coccolithophores (1–25 μm; [39]) that lived in open ocean waters dissolved [40]. Based on the CaCO3 content of deep-sea cores, van Andel [41] concluded that the CCD was as shallow as ~3–3.5 kilometers during the Cretaceous, when thick calcareous oozes formed in the epeiric seas. Stromatoporoid reefs thrived in epeiric seaways during the Early-to-Middle Paleozoic, when the predominant site of limestone deposition appears to have been on the cratons; cratonic limestone deposition during the early-to-middle Paleozoic is thought to have caused the CCD to shallow to only ~0.5 km depth [40,42]. Bown et al. [43] also state that diagenesis of coccolithophores is faster in calcareous sediments than hemipelagic ones. The presence of “calcite oceans” associated with increased hydrothermal exchange during the rifting of Pangea has been suggested to explain the appearance of unambiguous calcareous plankton during the Mesozoic [44,45]. Possibly this explains the first appearance of planktonic foraminifera, but calcite oceans were also present during the first half of the Paleozoic, when supercontinent rifting was also occurring, and, as noted above, at least some relatively robust calcareous zooplankton were present during the Paleozoic.



Coccolithogenesis itself impacts preservational issues. Recent studies of coccolithogenesis reveal that this process can be quantitatively and qualitatively regulated by environmental conditions and/or the life cycle stages of cells [35,46,47]. These studies have found naked or poorly calcified haptophyte cells in response to environmental perturbations such as changing CO2 concentrations. Rifting, seafloor spreading, and subduction during the first half of the Paleozoic likely pumped enormous amounts of carbon dioxide into the atmosphere, promoting dissolution in the photic zone (via an ancient version of “oceanic acidification”) and diagenesis of oozes which may have formed in the epeiric seas flooding the continents during supercontinent breakup [48]. Much of the carbon dioxide of the Paleozoic must have remained in the atmosphere because continental weathering is quite slow and terrestrial forests, which would have otherwise sequestered carbon dioxide in terrestrial plant biomass, did not become widespread until the Late Devonian and Carboniferous (Figure 1). Holococcoliths in particular are rarely preserved because of their small (<3 μm long) and delicate nature, resulting in rapid dissolution before burial [34,35,43]. Bown et al. [34,43] state that only a small proportion of calcareous plankton species are large enough or sufficiently calcified to be routinely preserved in the fossil record, and that most coccolithophore diversity is lost among holococcoliths, especially in deeper waters. Consequently, holococcoliths tend to characterize shelfal sediments up to a few hundred meters depth [39,43]. Similarly, Young et al. [49] reported that only certain types of coccoliths are resistant to dissolution, so that as little as ~30% of the modern diversity slowly accumulates in deep oceanic sediments.



Interestingly, either phosphorus or nitrogen limitation results in the production of abnormal coccoliths in certain cultivated strains of Emiliania huxleyi [24,46]. These results indicate that the processes of coccolith production and calcification, and hence the abundance and preservation potential of coccolithophores in the fossil record, is also closely connected to nutrient metabolism [46], including that of calcium and phosphate [35]. Indeed, calcification among open ocean coccolithophores tends to be robust and appears linked to the long-term stability of oligotrophic-to-mesotrophic waters offshore [25], whereas coastal and neritic coccolithophores often produce small and poorly calcified coccoliths and the haploid stages of the life cycles of modern forms are frequently non-calcifying [35].




3. Nutrients and the Evolution of Major Algal Lineages


Diatoms and undoubted dinoflagellates appeared in the geologic record during the Mesozoic. Together with coccolithophores, these taxa have been grouped under the informal heading of “red” algal lineages primarily on the basis of their chlorophyll-c plastids ([50,51]; Figure 1). An examination of their elemental profiles indicates that trace elements were important in defining the evolutionary trajectory of these groups of phytoplankton, which all have higher quotas for manganese, cobalt and cadmium and lower quotas for iron, zinc and copper; these quotas are more-or-less evolutionarily conserved [16,17]. Wilde et al. [52] earlier suggested that higher oxygen levels promoted the presence of dissolved molybdenum and other trace elements, biolimiting micronutrients essential to the photosynthetic pathways of coccolithophores [16,17,50], whereas iron, zinc and copper would have been less bioavailable in an oxygenated ocean. Given that the micronutrient (e.g., trace metal) requirements are evolutionarily conserved among modern algal lineages which have been examined [17], we suggest that specific micronutrient levels were insufficient to sustain large populations of red lineages such as coccolithophores during the Paleozoic. If ancestral red algal lineages were in fact present during the earlier Paleozoic, they may have been confined to shallow, oxygenated, coastal waters and may have fed via mixotrophy, only later acquiring red plastids via secondary endosymbiosis [35]. This is the case for dinoflagellates [53,54].



During the Cambrian through Devonian periods, by contrast, marine eukaryotic phytoplankton were dominated by acritarchs. These forms are considered by some to include the earliest green algal lineages [50], which use chlorophyll-b in photosynthesis and have higher requirements for iron, zinc and copper [16,17] (although larger forms are now considered to have been resting stages of multicellular algae or Ediacarans; [55,56]). Iron would presumably have been much more soluble under the low oxygen conditions of the early-to-middle Paleozoic. Indeed, prasinophytes, which have known green algal affinities, temporarily re-established themselves during anoxic events of the Mesozoic, signaling a temporary return to Paleozoic conditions [57].



But oxygen and micronutrient levels may not be the whole story. The most important macronutrients limiting primary production in the modern seas are nitrogen and phosphorus [12,58,59]; only diatom growth is limited by the availability of silica. Nitrogen is an essential component of amino acids (the building blocks of proteins) and phospholipids (used in cell membrane construction) whereas phosphorus is essential to the construction of DNA and RNA (found in ribosomes and messenger RNA), both of which are involved in information storage and transfer and cell division, and to ATP, which is used in energy capture, storage, and transfer [18]. Phosphorus is particularly important to RNA synthesis because of its vital role in protein synthesis. Consequently, according to this “growth rate hypothesis” [60], ecosystem conditions that produce organic matter with low C:P or N:P ratios should result in higher adaptive growth rates, more efficient energy transfer upward through food pyramids, and, notably, increased biomass of large-bodied animals (including invertebrates) relative to small ones, i.e., increased energetics [9,10,13]. The growth rate hypothesis has received support from several ecological and biogeographic studies since it was first proposed [61,62,63,64].



Nonetheless, there continues to be a debate as to which macronutrient, nitrogen or phosphorus, is the primary limiting nutrient of marine primary productivity in the seas [58,59,65]. This debate spans not only the different ecospaces of the oceans but the eons. Denitrification is accelerated in anoxic waters, which were widespread during the first half of the Paleozoic Era (Figure 1). By contrast, phosphorus is thought to be released under the same conditions [66]). Thus, nitrogen would seem to have been the primary limiting nutrient in early-to-middle Paleozoic oceans. However, recent studies by Goldhammer et al. [67] found that much of the phosphorus released under anoxic conditions in sediment is sequestered into authigenic apatite by bacterially-mediated precipitation; iron may have also contributed to phosphorus precipitation [68]. If this was the case for early-to-middle Paleozoic oceans, then phosphorus may instead have been the primary limiting nutrient. The primary limiting nutrient also appears to depend on the duration of the time scale selected. Tyrrell [58], based on a two-box model, concluded that under steady-state conditions surface ocean waters are more deficient in nitrate than phosphate but that phosphorus is the ultimate limiting nutrient and that external inputs of phosphorus (like those from land; [11]) regulate longer-term total primary productivity.




4. The Shift from Green to Red Phytoplankton Lineages


The shift from green to red phytoplankton lineages may have actually begun during the late Paleozoic. Oxygen levels likely began to increase during the Carboniferous as atmospheric carbon dioxide levels were drawn down by forests. Carbon-rich black shales were much more widespread during the first half of the Paleozoic than during the Permo-Carboniferous, and even less so during the Mesozoic, when black shale deposition was largely restricted to much more episodic oceanic anoxic events (Figure 1). The Permo-Carboniferous also coincides with the “Phytoplankton Blackout” of Riegel [69], who attributed it to nutrient decline that resulted from the radiation of forests and nutrient sequestration in terrestrial plant biomass (see also [7,8]). By contrast, Pitrat [70] cited evidence for abundant food supplies during the Permo-Carboniferous and Schwark and Empt [38] noted a sharp increase in steranes indicative of more modern algae across the Devonian-Carboniferous boundary. Other possibilities for the green to red shift have been discussed by Falkowski et al. [71].



The Permo-Carboniferous is also when the diversity and abundance of acritarchs greatly declined, never to recover their previous diversity in the fossil record (Figure 1; [36]). Widespread orogeny, sea level fall, and the spread of terrestrial forests during the Permo-Carboniferous would have increased the rates of erosion and weathering (including previously deposited shallow-water limestones of the earlier Paleozoic) and nutrient runoff into the seas (Figure 1). Rising nutrient levels during the Permo-Carboniferous is corroborated by the broad rise in strontium isotopes during the Permo-Carboniferous (Figure 1); increasing strontium isotope values are generally inferred to indicate increased continental weathering and runoff on long geologic scales of time [11,21,22,23]. Well-developed continental glaciers were also present in the southern hemisphere during most of the Permo-Carboniferous, presumably promoting relatively rapid circulation and oxygenation of the oceans and the upwelling of waters enriched in phosphorus and redox-sensitive trace metals such as molybdenum.



The further spread of terrestrial forests during the Mesozoic, coupled with warm humid conditions, may have increased weathering rates on the continents. The resulting nutrients would have run off into the shallow epeiric seas where red lineages of plankton were able to begin to thrive in a very widespread, and typically more oxygenated photic zone [71,72]. In fact, most of the world’s petroleum source rocks fall within the Mesozoic and Cenozoic [73].




5. Implications for the Phanerozoic Record of Marine Biodiversity


Our inferences point to the importance of nutrients as a control on marine biotic origination and diversification. The most recent iteration of the Phanerozoic generic marine diversity curve [2] is broadly paralleled by the strontium isotope curve (Figure 1); although the correspondence is not exact (likely due in part to different treatments of the raw data sets, chronologies, etc.), the resemblance of the curves is certainly suggestive of a relationship. Of the various factors examined (including sea level, δ18O, δ13C), Cárdenas and Harries [74] found a significant positive correlation only between changes in marine generic origination rates and 87Sr/86Sr (see also [11,75,76,77]. Cárdenas and Harries [74] further concluded that the δ34S signature reflects the efficiency of phosphorus recycling and oxygen levels which as, discussed above, likely influenced nutrient availability. Marine biodiversity and the sulfur cycle (and the related carbon cycle) are in turn related to the broad changes in sea level associated with the tectonic (Wilson) cycle (Figure 1; [3]).



The first tectonic cycle of the Phanerozoic spans the Paleozoic Era (Figure 1). Marine faunas of the Paleozoic were initially represented by the Cambrian Fauna, which evolved during the so-called “Cambrian Explosion” of marine biodiversity. The Cambrian Fauna was dominated by taxa which fed relatively close to the sediment-water interface and which presumably had relatively low metabolic rates [9]. (The predatory habit of Anomalocaris, long thought to be the Cambrian’s dominant hunter, has also recently been questioned; [78]). The Cambrian Fauna gradually gave way during succeeding periods to the Paleozoic Fauna, in which predation became more evident with the appearance of cephalopods early on and eventually durophagous (shell-crushing) predators by the Permo-Carboniferous [79]. Despite repeated extinction, which should seemingly have encouraged evolutionary novelty and biodiversification like that seen during the Meso-Cenozoic, the archaic communities of the Paleozoic maintained a relatively constant level of diversity until the end of the Permian, when they were mostly extinguished (Figure 1).



The second tectonic cycle of the Phanerozoic extends from the beginning of the Mesozoic to the present. Sessile taxa such as crinoids, which had fed as much as a meter above bottom, began to retreat toward the sediment-water interface while much of the rest of the benthos began to burrow ever deeper into the sediment, all presumably in response to increasing predation and cropping [80]. Thus, the energetics of the marine biosphere appears to have been increasing [9]. Despite continued input of external nutrients from land and increasing nutrient content of phytoplankton, the biosphere likely remained severely nutrient limited throughout the Phanerozoic. External inputs of nutrients would have been increasingly sequestered into living, and thus also dead, biomass of the marine and terrestrial realms as the biosphere continued to expand. The sequestration of nutrients into living and dead biomass of an ever-expanding biosphere would have made nutrients effectively unavailable for photosynthesis.



Thus, an acceleration of the rate of the remineralization of dead organic matter and the recycling of nutrients back to the photic zone would have been necessary to keep pace with, and sustain, an expanding biosphere. Increasing biodiversity in turn promotes increasing rates of ecosystem processes such as bioturbation, organic matter remineralization, and nutrient regeneration [81,82]. In fact, the expansion of the Modern Fauna is paralleled by increasing rates and depths of bioturbation (Figure 1) and the remineralization of marine organic carbon through the Meso-Cenozoic, as reflected by decreasing C:P burial ratios (Figure 1; [19]).



The availability of macronutrients like phosphorus to plankton would have affected not only the amount of food available at the base of marine food pyramids, but also the quality (inorganic nutrient content) of food. Of the three basic consumer strategies present in ecosystems, detritivores, herbivores, and carnivores, the latter eat the most nutritionally-balanced foods (animals eating animals) and consistently exhibit the highest growth efficiencies and assimilation, or conversion of food to their own biomass [18]. By contrast, detritivores such as burrowing organisms eat the least nutritious foods (animals eating non-living matter) and have low growth efficiencies and assimilation. Herbivores occupy an intermediate position [18]. The predominant green phytoplankton lineages of the Paleozoic appear to have been nutrient-poor (i.e., carbon-rich) as compared to the later red lineages of the Mesozoic Era. Quigg et al. [16,17] found that the ratio of carbon-to-phosphorus in cultivated lineages of modern green algal species is much higher than that of red lineages. Green lineages therefore appear to have been adapted to nutrient-poor conditions during the early-to-middle Paleozoic. Consequently, the growth of early-to-middle Paleozoic metazoans may have been limited by their having to expend energy to first “burn off” (respire) excess carbon in food before the associated nutrients could be utilized for growth and reproduction. Given the slow nutrient inputs from land and low recycling rates, nutrient pulses associated with orogeny may have initially promoted eutrophication and destabilization of marine ecosystems associated with intervals of extinction while also eventually promoting phytoplankton diversification and biodiversification [11,82,83]. Limited nutrient availability and the consequent nutrient imbalance may have delayed the appearance of more advanced carnivores until the Permo-Carboniferous, when widespread orogeny, falling sea level, the spread of forests, greater weathering rates, enhanced ocean circulation, oxygenation, and upwelling all combined to increase nutrient availability (Figure 1). Although it fluctuated, the relative equilibrium in marine biodiversity during the Paleozoic would therefore appear to be real.



Interestingly, crown metazoan taxa of the Modern Fauna appeared by the Cambrian [84] but did not begin to diversify substantially until the Mesozoic, despite repeated mass and minor extinctions of the Paleozoic Fauna that might otherwise have allowed the Modern Fauna to gain a larger foothold, as it did in the Triassic (Figure 1). Moreover, representatives of both the Paleozoic and Modern faunas tended to diversify from nearshore environments into offshore environments [85], perhaps tracking the evolution of phytoplankton. We conclude that the diversification of the Modern Fauna during the Meso-Cenozoic reflects the appearance of food quantity and quality sufficient to enhance metabolism and biomass, i.e., increasing population densities of red algal lineages such as the coccolithophores.




6. Food and the Emergence of Metazoans in the Fossil Record


If phytoplankton stoichiometry was critical to marine biodiversification during the Phanerozoic, then perhaps it was also intimately involved in the early diversification of the marine biosphere. The appearance of larger metazoans is typically attributed to rising oxygen levels in the atmosphere and oceans. Bangiophyte (red multicellular algae) from Ga, for example, are inferred to indicate rising oxygen levels but these would have still been much lower than at later times in Neoproterozoic [86]. Rising oxygen levels are thought to have triggered a trophic cascade-like process like those of lake ecosystems, but prolonged over geologic scales of time, possibly in response to enhanced phosphorus input from land [19,87,88]. But food quantity and, especially, food quality (autotroph stoichiometry) must have also been critical to early metazoan evolution; otherwise, the aerobic respiration of less nutritious carbon-rich substrates would have yielded less energy (ATP).



Modern trophic cascades are said to result primarily from the “top-down” control of community structure by upper trophic levels (herbivorous zooplankton and predators) that affect multiple lower trophic levels [18]. Herbivorous zooplankton involved in modern cascades are fast-growing and have high nutrient demands and thus are strongly constrained by “bottom-up” phytoplankton nutrient content, i.e., carbon-to-phosphorus (C:P) ratios of autotroph biomass must at least approximate “Redfield” ratios of 106:1 or less to sustain modern zooplankton metabolism [18,89]. Faster-growing zooplankton appear to have lower C:P ratios because faster growth requires more phosphorus for the production of nucleic acids during cell division [65]. Cropping by mesozooplankton further increases nutrient cycling, thereby maintaining autotroph populations in a state of relatively rapid growth and increasing their nutrient content; increasing food quality in turn allows additional trophic levels to be added [18].



We therefore suggest that, prior to the Neoproterozoic-Phanerozoic transition, marine ecosystems resembled modern “stoichiometrically-imbalanced” ecosystems, in which eukaryotic autotrophs fix large amounts of carbon despite low dissolved nutrient levels [18]. Under imbalanced conditions in modern ecosystems, nutrient use efficiency (=rate of C fixed per unit nutrient) of autotrophs is high but carbon use efficiency (=secondary production/primary production) by herbivores is low because the food is nutrient-poor (carbon-rich) and excess carbon must be respired by animals to obtain nutrients necessary for growth [18,89]. The initial appearance of metazoan bioturbators (detritivores) during the transition, followed by herbivores and carnivores in the fossil record, in turn suggests that marine ecosystems were moving toward a “stoichiometrically-balanced”state [18]. Under these conditions in modern ecosystems, phytoplankton produce biomass of approximately Redfield proportions under more-or-less nutrient-saturated conditions that are capable of consistently sustaining higher trophic levels [18].



Where would the nutrients have come from to increase food quantity and quality to stimulate metazoan evolution? Possibly from the widespread orogeny and glacial weathering that occurred just before the Paleozoic Era [21,88]. Like the Permo-Carboniferous, there is a significant broad increase of strontium isotope ratios during the few hundred million years preceding the Paleozoic Era. The rise of these ratios in the late Precambrian is so great that it not only surpasses that of the Permo-Carboniferous but also the rise that accompanied the formation of mountain belts all over the world during the Cenozoic (Figure 1; [21]).



Two recent field experiments serve as modern analogs for the early diversification of metazoans that is hypothesized to have resulted from increasing food and nutrient availability. The experimental input of phosphorus to the ultraoligotrophic (extremely nutrient-poor), phosphorus-starved surface waters of the eastern Mediterranean near Cyprus by Thingstad et al. [90] stimulated the rapid uptake of phosphorus by phytoplankton and bacteria well above the concentrations immediately required for growth, making the plankton more nutrient-rich. The intracellular phosphorus was then transferred through the food chain into zooplankton populations much more rapidly than normally occurs in marine ecosystems. In another field experiment, Elser et al. [91] added phosphorus to a stromatolitic community, not unlike those which existed during the late Precambrian and the Early Paleozoic. Phosphorus enrichment of these communities lowered the carbon-to-phosphorus ratios of stromatolite biomass from ~800–1100 to ~150 (compare green phytoplankton lineages of Quigg et al. [16], at which point growth, biomass, and survivorship of grazing snails significantly increased.



Nutrient inputs may have initially fueled rapid biomass increase. Increasing autotroph biomass would presumably have resulted in increasing rates of photosynthesis, as suggested by the shift of the carbon isotope curve to more positive values; the strong shifts in carbon isotopes during the Proterozoic-Phanerozoic transition may reflect the influence of Snowball Earth episodes on primary productivity or vice versa. Increased rates of photosynthesis during this interval would have in turn increased rates of oxygenation of the oceans and atmosphere, long thought to be the supposed prime driver of early metazoan evolution.



However, we also suggest the eventual onset of severe nutrient limitation during the Proterozoic-Phanerozoic transition because of the massive, geologically-rapid uptake of nutrients into biomass (see also [92]). Organisms of higher trophic levels tend to become enriched in phosphorus because of the widespread phosphorus-dependent energy transfer and information storage pathways involved in protein synthesis [18]. Massive nutrient sequestration may have set the stage for the relatively constant marine biodiversity of the Paleozoic, given the relatively nutrient-poor conditions hypothesized for this era. Martin [11] earlier suggested that marine surface waters of this time were so nutrient-poor (“superoligotrophic”) that they inhibited biosphere evolution.



Several lines of evidence support the inference of severe nutrient limitation during the Proterozoic-Phanerozoic transition despite higher nutrient runoff. First, phosphorite deposition first became pronounced during the late Neoproterozoic-Phanerozoic transition [93]. Although phosphorite deposition depends on the remineralization of dead organic matter with its sequestered nutrients [93], phosphorite deposition may have removed nutrients released by remineralization. Second, acritarchs averaged ~20 μm in diameter, which falls toward the lower limits of eukaryotic microplankton (range: 20–200 μm) and nannoplankton (2–20 μm) of the Meso-Cenozoic [94]; the extremely small size of acritarchs suggests increasing surface-to-volume ratios as an adaptation to nutrient-poor conditions [11,95]. Similar patterns occurred in the Cenozoic; changes in diatom and dinoflagellate sizes in this period have been correlated to changes in nutrient availability [96,97]. Third, once triggered, rapid biosphere expansion would have necessitated the onset of nutrient recycling to sustain biosphere metabolism on ecologic time scales and biosphere complexification on geologic ones, so that depths of bioturbation began to increase early in the Paleozoic [13,80,98].




7. Conclusions


Phytoplankton population densities, especially those of the Paleozoic, were severely constrained by nutrient availability and stoichiometry, thereby affecting their preservation in the fossil record. Calcareous (and other) phytoplankton characteristic of the Mesozoic may have existed during the Paleozoic but only in numbers insufficient or in environments too restricted to be preserved in the fossil record because of an extremely shallow CCD and accelerated diagenesis due to elevated atmospheric carbon dioxide.



The shift to more nutrient-rich phytoplankton may have begun during the late Paleozoic, as hinted by biomarkers and petroleum source rocks. Widespread orogeny, sea level fall, glaciation, oceanic overturn and upwelling, oxygenation, and the spread of terrestrial forests during the Permo-Carboniferous would have increased the rates of weathering, erosion, and nutrient runoff into the seas. Along with the erosion of shallow-shelf limestones via sea-level fall, these processes may have provided positive feedback on the deepening of the CCD, eventually leading to the more widespread deposition and preservation of deep-sea calcareous oozes in the Mesozoic.



Food quantity and quality in turn impacted the diversification of the marine biosphere and its fossil record. The availability of macronutrients like phosphorus to plankton would have affected not only the amount of food available at the base of marine food pyramids, but also the quality (nutrient content) of that food. Increasing food quantity and quality parallels the increasing “energetics” (carrying capacity, metabolic rates, and physical activity) of the marine biosphere inferred from the fossil record of evolutionary faunas, especially during the Meso-Cenozoic with the tremendous expansion of the Modern Fauna. Zooplankton and metazoans must expend energy to “burn off” (respire) excess carbon in food before the associated nutrients can be utilized for growth and reproduction; thus, the more nutrient rich the phytoplankton, the less energy which must be expended to respire carbon and obtain the nutrients in food.



We further suggest that food quantity and, especially, food quality were critical to the emergence of metazoans during the Proterozoic-Phanerozoic transition. Prior to the Neoproterozoic-Phanerozoic transition, marine ecosystems resembled modern “stoichiometrically-imbalanced” ecosystems, in which eukaryotic autotrophs fix large amounts of carbon despite low dissolved nutrient levels. The eventual appearance of herbivores and carnivores in the fossil record during the transition in turn suggests that marine ecosystems were moving toward a “stoichiometrically-balanced” state. Under these conditions in modern ecosystems, phytoplankton produce biomass of approximately Redfield proportions that can sustain higher trophic levels.



Once triggered, rapid biosphere expansion resulted in the massive sequestration of nutrients into biomass and severe nutrient limitation. Massive nutrient sequestration may have set the stage for the relatively constant marine biodiversity of the Paleozoic, given the relatively nutrient-poor conditions hypothesized for this era.
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