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Plankton: a paradox resolved

Freshwater streams and lakes are habitats for complex ecosystems, of which plankton is an important component. Even more extensive are the oceans, which cover about 70% of the Earth’s surface. Marine ecosystems including their plankton have very great ecological and economic significance. Although our knowledge of biodiversity patterns in marine phyto- and zooplankton (compared to terrestrial systems) is still very limited (Irigoien et al. 2004), much work, some of it theoretical, some experimental, has led to important insights. 

The study of plankton has played a crucial historical role in our understanding of ecological processes. The famous “paradox of the plankton” formulated by Hutchinson (1961) drew attention to the fact that many more species co-exist in the supposedly homogeneous habitat than permitted under the competitive exclusion principle of Gause. Hutchinson suggested that nonequilibrium conditions might lead to the greater than expected diversity, a suggestion shown to be correct by many subsequent studies. Hutchinson himself thought that seasons and weather-induced fluctuations were responsible. But, in addition, as reviewed by Scheffer et al. (2003), homogeneity due to mixing hardly exists, and even in the open ocean meso-scale vortices and fronts result in spatial heterogeneity. Moreover, modelling of plankton communities has shown that even in homogeneous and constant environments plankton may never reach equilibrium, because multi-species interactions may lead to oscillations and chaos. This is supported by laboratory experiments, which have shown highly irregular and unpredictable long-term fluctuations at the species level (Figure 1), although total algal biomass and other indicators at higher aggregation levels may show regular patterns. 

In the following I discuss some of the more important studies on which these conclusions are based. Some deal with communities at the species level, others with higher levels of aggregation over large spatial scales.

An early monographic treatment of plankton ecology is by Harris (1986), who showed that environmental disturbances are so frequent that competitive exclusion in phytoplankton species does not occur, leading to nonequilibrium and explaining the paradox of the plankton, although strong environmental pressures such as seasonality may make patterns more predictable (see Rohde 2005, p.34). Extensive and thorough theoretical and experimental studies by a group around Jef Huisman over many years have led to significant insights, although many problems remain unresolved.

Huisman and Weissing (1999) have shown that a resource competition model (based on a standard model for phytoplankton competition) can generate oscillations and chaos when species compete for three or more resources, which may allow the coexistence of many species competing for a few resources. They conclude that “competitive systems may display highly dynamical phenomena, with continuous shifts and changes in species composition…………Competitive interactions that generate oscillations and chaos may allow the persistence of a great diversity of competitors on only a few limiting resources”.

Using the same resource competition model, Huisman and Weissing (2001a) subsequently showed that when several species compete for three resources there can be several alternative outcomes. The winner depends on a fractal, so detailed that it is impossible to tell in advance which species will win. Here, the authors distinguish the “time course” and the “outcome” of competition. In chaotic systems, the time course depends on minute differences of initial conditions, and it is therefore not surprising that it is unpredictable.  However, the outcome may still be predictable if there is a single chaotic attractor. Huisman and Weissing could show more than just unpredictability of the course in long-term dynamics, they could show that uisman and Weissingthe dynamics leading to alternative outcomes may show transient chaos, and that, importantly, the basins of attraction of these outcomes may have an intermingled fractal geometry, which makes predictions about who wins impossible. “Only predictions in terms of probabilities make sense”.

How common are such chaotic systems in nature? Several papers deal with this problem. Thus, Huisman et al. (2001) simulated competition between many species using different physiological scenarios (such as random species parameters, physiological trade-offs) and concluded that physiological and life-history patterns are important in determining whether species interactions generate nonequilibrium with resulting increase in diversity. A very high biodiversity with sometimes more than 100 species competing for three resources, occurred in simulations with a cyclic relation between competitive abilities and resource contents.

In view of these intriguing findings, Huisman and Weissing (2001b) decided to analyse this standard resource competition model in full detail. The model is concerned with competition for abiotic essential resources, that is resources required for growth. The model is based on a number of assumptions, which are: 1) population dynamics depend on resource availabilities which in turn depend on resource supply rates and the amounts of resources consumed by the organisms; 2) specific growth rates of species are determined by the most limiting resource (Von Liebig’s “Law of the Minimum”) and are governed by the Monod equation; 3) there is a continuous supply of resources. The authors point out that this competition model has been tested extensively in experiments with phytoplankton species (e.g., Tilman 1977, 1981; Sommer 1985, 1986).  Indeed, because phytoplankton species, as well as terrestrial vegetation, use “quite a number of essential resources”, the model is particularly relevant for such species. If species consume most of those resources (i.e., if species have high contents of those resources) for which they have high requirements (i.e., for which they have a high R*), the model predicts stable coexistence of species; the model predicts oscillations and chaos if species consume most of those resources for which they have intermediate requirements; it predicts competitive exclusion if species consume most of those resources for which they have low requirements, with the winner determined by initial conditions. Concerning the general applicability of the model, the authors point out that the results should, at least qualitatively, also apply if not the Monod equation but other mathematical expressions are used for specific growth rates. Likewise, the authors conjectured that the predictions should also be valid if Liebig’s Law of the Minimum is not followed, i.e., in cases where essential resources show interactive effects. Indeed, in a later publication, Huisman and Weissing (2002), demonstrated that competition for interactively essential resources leads to dynamics as complex as competition for non-interactive resources following the Law of the Minimum. However, the model did not consider resource storage, and storage-based models often make more reliable predictions in fluctuating environments (Resource storage was considered by Revilla and Weissing (2007) who found, using an extension of the Droop model, currently  considered  to be the standard quota model for resource competition, that oscillations occur (almost) as readily in a model with nutrient storage as in a model without storage). 

Huisman and Weissing (2002) further consider the necessity to address the following empirical questions: 1) How many resources are limiting in phytoplankton communities? 2) What are the trade-offs in resource requirements? 3) How are resource requirements and resource consumption related? The first question is important, because the model predicts that competition may generate nonequilibrium dynamics if species compete for more than two resources. The second question is important because complex dynamics are predicted only if there are trade-offs in resource requirements. The third question is important because the dynamics depend on the order of species ranked according to their resource requirements versus species ranked according to resource consumption. Even for three species there are 3!(3!(3! (=216) possible ways to order their resource requirements for three resources. Hence, the model predictions discussed above cover only a minute fraction of all possible scenarios, i.e., the model predictions can only be considered as “rules of thumb”.

Studies of phytoplankton (references in Huisman and Weissing 2001b) have shown that there are other limiting resources in addition to the traditionally recognized phosphorus, nitrogen, silica and light, such as various trace metals and, during dense phytoplankton blooms, inorganic carbon. Also, limitation by two resources appears to be more common than limitation by a single one, and little is known about trade-offs between some of the essential resources. The authors conclude that “on the basis of the available data, we can neither confirm nor reject the hypothesis of complex dynamics in phytoplankton communities”, and “More data, for more species and especially for more limiting resources, would be most welcome”. Also and importantly, the simulations did not consider the effect of predators, such as zooplankton and fish, which will be discussed below.

Huisman et al. (1999) investigated the effects of critical light intensities (the lowest light intensity at which a species can just survive) on the competitive abilities of two species of green algae and two cyanobacteria in continuous cultures with limited light. Monoculture experiments were used to estimate the critical light intensity of each species. According to theory, the species with the lowest critical light intensity should be the superior competitor for light. Competition experiments showed that this was indeed the case for almost all species combinations. 


Passarge et al. (2006) extended this combined theoretical and experimental approach, and tested three alternative hypotheses for phytoplankton species, that competition for nutrients and light leads to stable coexistence of species, to alternative stable states, or to competitive exclusion. In nutrient-poor waters with good light penetration, phytoplankton can be expected to compete for limiting nutrients, a prediction well supported by experiments (references in Passarge et al.), whereas in nutrient-rich waters, species can be expected to compete for light. More specifically, in nutrient-rich waters that are well mixed and constant, the species with the lowest critical light intensity (corresponding to the light intensity at the bottom where the species can just survive) will be the superior competitor, a prediction also supported by experimental evidence (Huisman et al. 1999; Litchman 2003; Kardinaal et al. 2007). Passarge et al. (2006) examined the question of how competition affects species composition in waters of intermediate productivity. The model predictions are (1) if there is no trade-off, i.e., if a strong competitor for light is also a strong competitor for nutrients, the strong competitor should exclude all other species; (2) if there is a trade-off and the superior nutrient competitor uses relatively more light and the superior light competitor uses relatively more nutrients, there should be stable coexistence at intermediate nutrient supply rates; (3) if there is a trade-off but the superior nutrient competitor uses up relatively more nutrients and the superior light competitor uses relatively more light, the winner depends on the initial conditions, resulting in alternative stable states. Experiments were conducted in phosphorus-limited and light-limited chemostats. Phosphorus levels ranged from oligotrophic to eutrophic conditions. The monoculture experiments revealed that species that were strong competitors for phosphorus were strong competitors for light as well, i.e., there were no trade-offs. The population dynamics in the competition experiments were as predicted by the model: all competition experiments led to competitive exclusion. However, physiological characteristics of the species indicated that, if trade-offs in competitive abilities were found, competition for phosphorus and light would lead to alternative stable states rather than to stable coexistence. Therefore, stable coexistence resulting from competition for phosphorus and light is rare, and an unlikely explanation for the high biodiversity commonly found in phytoplankton communities. The authors suggest that strong competitors contain significantly more phosphorus than weak ones and may therefore be a preferred source of food for predators, i.e., they constitute an example for “keystone predation” (Leibold 1996). Such keystone predation might lead to an increased diversity.


Again using a combined modelling and experimental approach, Agawin et al (2007) have shown that the outcome of competition between nitrogen-fixing cyanobacteria and other phytoplankton species can be accurately predicted at different nitrate and light levels. Importantly, there is an intricate interplay between competition and facilitation: at low nitrate concentrations, nitrogen released by the nitrogen-fixing species facilitated an increase in abundance of the non-nitrogen-fixing species, whereas at high nitrate concentrations, the species with the lowest critical light intensity excluded the other.

But light intensities are far from being the only factor that determines the outcome of competition for light. As shown by Engelmann (1982,1883a,b, cit. Stomp et al. 2007a,b)) and many others after him, different species of phytoplankton possess different photosynthetic pigments and can utilize different wavelengths of light. Stomp et al. (2004) could show theoretically and experimentally that phytoplankton species can differ in spectral characteristics allowing niche differentiation and coexistence of species in the light spectrum. They point out that earlier studies which had concluded that competition for light must lead to competitive exclusion, did not consider spectral properties of the light. Stomp et al. (2004) used two species of picocyanobacteria isolated from the Baltic Sea for their laboratory experiments. One species is red due to the pigment phycoerythrin, the other is green-blue due to the pigment phycocyanin. When light was red, only the green species survived, while, when light was green, only the red species survived. Under white light both species coexisted for at least 60 days. They shared the light spectrum. A third species, a filamentous cyanobacterium, contained both the red and the green-blue pigment but could adapt its pigment composition (a phenomenon known as complementary chromatic adaptation), thus enabling it to use the light colour not used by its competitors. Under white light, this chameleon among the cyanobacteria survived in the presence of the green species by turning red, while it survived in the presence of the red species by turning green.


Stomp et al. (2007a) examined the question of whether this niche differentiation in the light spectrum, which they had demonstrated in the laboratory, can be demonstrated in natural waters as well. They used a competition model for predicting the outcome of competition between red and green phytoplankton species and then tested the results by sampling picocyanobacteria from 70 water bodies as diverse as clear blue oceans to turbid brown peat lakes and found that, under certain conditions, species can indeed coexist. The model did not show non-equilibrium dynamics or multiple stable states. Simulations were run until equilibrium was reached. The final state was always independent of the initial abundances of the species. The model predicted that red picocyanobacteria should win when turbidity is low, that green picocyanobacteria should win when turbidity is high, and that both species should coexist at intermediate turbidity. Coexistence also depends on the depth of the surface mixed layer. If it is shallow, the green and red bacteria can coexist using the white light spectrum near the surface. These model predictions were consistent with their sampling data from 70 water bodies, which indeed showed that red picocyanobacteria dominated in clear waters, and green bacteria dominated in turbid waters. Coexistence was found in waters of intermediate turbidity. Brilliant follow-up studies by Stomp et al. (2007b) examined the question of which spectral niches are available for photosynthetic microorganisms. They could demonstrate that water molecules absorb light at specific wavebands that match the energy required for their stretching and bending vibrations. Light absorption at these specific wavelengths appears only as weak shoulders in the absorption spectrum of pure water, however, these “shoulders create

large gaps in the underwater light spectrum due to the exponential nature of light attenuation”, defining distinct niches by wavebands between these gaps. These wavebands match the light absorption spectra of the major photosynthetic pigments. 

Huisman et al. (2004) used a modelling and experimental approach to examine the question of how changes in turbulent mixing affect competition for light between buoyant and sinking phytoplankton species in eutrophic waters. Their model made certain predictions, which were all confirmed by experiments in which the turbulence of an entire lake was manipulated: the balance between buoyant and sinking species changed in a predictable fashion. Turbulence changes are indeed important factors determining plankton composition under natural conditions, mixing depending on climatic factors such as heat exchange and wind action. Sinking species become dominant as the result of strong mixing as induced by storms, buoyant species become more dominant during warm weather, when wind mixing is low. For instance, it is known that, in eutrophic lakes, buoyant cyanobacteria dominate when mixing is low, and diatoms dominate when mixing is intense. Similarly, in many coastal ecosystems, dinoflagellates dominate when mixing is low, while diatoms dominate when mixing is intense. Therefore, weather–induced changes in turbulence, for instance by periodic storms, may be important contributors to maintaining high biodiversity.

Huisman et al. (2006) extended these turbulence models, and showed that reduced vertical mixing in water columns may induce oscillations and chaos in the biomass of phytoplankton and its species composition in oligotrophic waters. They proceeded from the observation that in oligotrophic waters with a mixed, nutrient poor surface layer, there often are deeper layers with chlorophyll maxima caused by greater phytoplankton biomass. Such deep chlorophyll maxima (DCM’s) are permanently found in tropical and subtropical oceans, and seasonally at higher latitudes. In the model, light intensity decreases exponentially with depth and nutrients near the surface are gradually depleted by the phytoplankton; consequently the nutricline and with it the phytoplankton move slowly downwards. When turbulent mixing is high (turbulent diffusivity is ~0.5 cm2s-1), the phytoplankton settles at a stable equilibrium where the downward flux of consumed nutrients equals the upward flux of nutrients from below. When turbulent mixing is less intense the plankton densities in the DCM oscillate and may even be chaotic. The reason is that, when turbulent mixing is very weak, the downward flux of phytoplankton is fast relative to the upward flux of nutrients, and the phytoplankton, because of lack of light, cannot use up the rising nutrients which now can rise further towards the surface to where light conditions facilitate plankton growth and the next peak of DCM. Complexity of the dynamics is further increased by introducing seasonality into the model. In nature, detailed time series show that seasonal changes in light have indeed significant effects on DCM dynamics. When replacing a single entity “phytoplankton” by multiple phytoplankton species in the model, each with a different growth rate, as well with different light and nutrient requirements and different sinking velocities, again in a seasonal environment, oscillations and chaos were again apparent, and all species could coexist. The authors conclude that, although a simple model does not consider all the real-world phenomena, studies of DCM’s show that many features of the real world are indeed adequately reproduced by the model.
Except for the brief discussion in Passarge et al.  (2006), which does not provide experimental evidence, none of the investigations discussed above considers predators such as zooplankton and fish, or parasites such as viruses. Viruses are very abundant in the oceans and infect many hosts including bacteria and eukaryotic primary producers (Hilker et al. 2006, further references therein). Although they may affect mortality and diversity of phytoplankton, termination of algal blooms, etc., we still know little about their role in phytoplankton populations. However, it is known that viruses infecting phytoplankton have two replication cycles, i.e., there are lytic (or virulent) infections with destruction of but without reproduction in the host, and lysogenic (or temperate) infections in which the genome of the virus is integrated in that of the host, and the virus multiplies with the host, until the lytic cycle begins. The latter may occur spontaneously or may be induced by environmental triggers (radiation, pollution, temperature changes, nutrient depletion). A number of studies have modelled virally infected plankton populations. In such a model based on reaction-diffusion equations, Malchow et al. (2004, 2005) observed oscillations and waves in food chains with frequency-dependent disease transmission. Hilker et al. 2006, proceeding from this model, investigated the transition from the lysogenic to the lytic phase and its effects on the dynamics of interacting phyto- and zooplankton in a biomass-based stochastic model of phytoplankton-zooplankton dynamics. The assumption was that part of the phytoplankton population is infected by a virus which switches from lysogeny to lysis. The model generated a complex spatiotemporal structure, as indeed found in natural plankton. In the theoretical study of Medvinsky et al. (2002), the dynamics of fish populations are incorporated as well. They demonstrated that the interplay between turbulent mixing and matter fluxes may lead to transient and irregular spatial structure in plankton distribution. Pattern formation is characterized by an intrinsic length of about 1 km, which corresponds to what is found in nature. The dynamics corresponding to pattern formation is chaotic.  Planktivorous fish schools may induce irregular spatial patterns as well. Field data showed that relatively stable heterogeneities in temperature, salinity, and
 biogen concentration of intermediate size may affect the dynamics of aquatic communities. The kind of dynamics depends on patch size and distance between patches. There is a continuous competition between pattern creation by biological mechanisms and pattern destruction by turbulences. However, models incorporating more detailed turbulence motion are needed. The authors conclude that chaotic regimes may play a vital role in “organizing” aquatic ecosystems.

In summary, the studies discussed here and many others have revealed an amazing complexity of the supposedly homogeneous aquatic habitats and the plankton communities within them. Many problems need much further work, including the effects of predators and disease agents such as viruses. Nevertheless, we can conclude that the paradox of the plankton resolves itself as follows (Scheffer et al. 2003): 1) homogeneity due to mixing hardly exists, and even in the open ocean meso-scale vortices and fronts result in spatial heterogeneity; 2) aquatic habitats provide many more niches for niche differentiation than originally thought (different wave lengths of white light; additional essential resources); 3) modelling of plankton communities and experimental studies have shown that even in homogeneous and constant environments plankton may never reach equilibrium, because multi-species competition may lead to oscillations and chaos, contributing to the maintenance of a great biodiversity.

Many of the predictions derived from modelling are supported by field data. Importantly, the detailed plankton studies have provided convincing evidence that, in contrast to many communities in which nonequilibrium conditions occur in largely non-saturated niche space with little interspecific competition, nonequilibrium and chaos in plankton may be caused by such competition.
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Figure 1. Nonequilibrium dynamics in an experimental community of plankton that consisted of more than 20 species and developed in a long-term laboratory experiment under constant external conditions. Data show the observed time course of (A) phyto- and (B) zooplankton. (A: green = green flagellates, blue = prokaryotic pico-phytoplankton, red = the diatom Melosira, B: green = the rotifer Brachionus, blue = the copepod Eurytemora, red = protozoans). After Scheffer et al. (2003) Verhandlungen der internationalen Vereinigung für Limnologie 26, 1952-1956, based on data from Heerkloss and Klinkenberg (1998). With permission of the authors and Kluwer Academic Publishers.

�I moved this paragraph forward, so that the competition study of Passarge et al. (2006) follows directly after the earlier study of Huisman et al. (1999)


�I moved this paragraph upward, to follow the earlier competition studies of Huisman et al. (1999) and Passarge et al. (2006). All three papers use a similar approach to investigate various aspects of phytoplankton competition.


�I moved this paragraph upwards, so that it follows directly after the earlier paragraph on the light spectrum


�What is biogen?





