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HAL is

Coprophagy is a well-recognised process in planktonic systems that may have considerable impact on 208 food web dynamics. For instance, low chlorophyll:phaeopigment ratios have been proposed to indicate 209 high levels of mesozooplankton coprophagy, but given the importance of microzooplankton in food 210 webs (e.g. Azam et al., 1983;Davidson, 1996), it may be that they too are important in this process.
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To this end, Strom (1993) developed a mathematical model to test the hypothesis that re-ingestion of 212 faecal material by protozoa could account for the observed variation in the conversion of chlorophyll to 213 phaeopigment. In this model, which was applied to her experiments on Strombidium and 214 Gymnodinium and to the O. marina-based data of Klein et al. (1986), protozoa preyed on made a function of phytoplankton prey (Table 1, Eq. 1), with a selection factor for phytoplankton cells 217 or faecal particles that allowed the determination of an ingestion rate for faecal particles (Table 1, Eq. predator (N eq ) was then determined from

1 - ⋅ = p pred eq V V N
, where V pred and V p are mean predator and 235 prey cell volumes, respectively. This allow the calculation of the encounter distance
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If predation of a particular prey type continues when δ is greater than that of alternative prey, 238 then the predator is deemed to select the former item. This concept was applied to a set of laboratory The role of prey quality was further explored by Mitra et al. (2003) who hypothesized that it could 264 influence predation through modulation of either 1) the rate of ingestion (Table 1, Eq. 11), with "a" in 265 Eq. 11 being a variable rather than a constant or 2) the efficiency of assimilation of this ingested 266 material. The study examined the relative importance of these processes through a model that related 267 both maximum rate of predation and assimilation efficiency to prey quality (defined as its C:N ratio) in 268 a range of different functional forms. By making the maximum predation rate a function of prey 269 quality the model simulated experimentally observed phenomena exhibited by O. marina of "surge 270 feeding" (Öpik and Flynn, 1989) and prey rejection (Flynn et al., 1996). In particular, this study The quantitative importance of nutrient regeneration and cycling 318 While mathematical models are often used in predictive mode, an equally important application is the 319 analysis of processes that cannot be easily understood by simple observation. One of the most 320 important of these for microbial community population dynamics is the regeneration of inorganic 321 nutrients by protozoa, and their subsequent use by phytoplankton (Goldman et al., 1987). This process 322 maintains the stoichiometric balance of nutrients within the predator and fuels further growth of the 323 prey (Caron, 1991). et al., 1995a,b) and that functional form used to simulate this selectivity will influence 518 model results (Mitra et al., 2003;Mitra, 2006;Mitra and Flynn, 2006). In this light, there is a et al., 2006). This is an obvious area for 
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  between prey types, with selective grazing, on the basis of prey quantity or 199 quality, now being recognised as a key issue in the functioning of microbial food webs (Montagnes et 200 al., 2008a). A range of factors such as morphology, chemical defence, and nutritional quality may 201 govern the selectivity of prey items by protozoa (Montagnes et al., 2008a). The O. marina-based 202 studies that have experimentally addressed these factors are not germane to our work, but the interested 203 reader is directed to (Roberts et al., this issue); here we specifically review how models have addressed 204
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 9 and hence, by subtraction from the functional response, an ingestion rate for phytoplankton cells.219Although the model did not lend support to the notion that re-ingestion governed phaeopigment 220 distributions, it demonstrated that the re-ingestion of faecal material by protozoa was a plausible 221 trophic pathway that may have significant implications for energy flow within the microbial loop.

  s (1993) model-based demonstration of discrimination between live and dead food by 225 protozoa, the selection of alternative live prey by O. marina was addressed by Flynn et al. (1996) who 226 presented a theoretical relationship for the distance travelled by a raptorial predator to encounter a equal its own volume (δ,
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  To this end,Davidson et al. (1995b) studied nutrient regeneration using a predator-prey model 325 that included O. marina and I. galbana, to assess the response of different nitrogen (N) regeneration 326 equations. The model incorporated the phytoplankton growth model of Davidson et al. (1993) that 327 simulates both carbon (C) and N dynamics of I. galbana during unbalanced growth, allowing 328 simulation of experiments in which prey exhibit active growth. Again, as an example of how such 329 models are developed, we provide the relevant equations. 330 The equation for the rate of change of I. galbana N is give by of change of O. marina N was simulated by
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  somewhat surprising relative lack of more basic combined experimental-modelling studies based 520 around O. marina that specifically seek to model the response to particular environmental drivers (an 521 Davidson et al. 10. Oxyrrhis marina based models 25 exception being the temperature based study of Kimmance

  , c are constants; I = ingestion rate; I max = maximum ingestion rate; p = prey abundance; k I = half 750 saturation constant of the ingestion curve; r = specific growth rate; r max = maximum specific growth 751 rate; p′ = threshold prey abundance (at which r = 0); k r = a constant (k r -p′ = half saturation constant of 752 the growth curve); T = temperature; v = volume; v max = maximum volume; k v = half saturation constant 753 of the volume curve; v′ = the volume at zero food abundance; N = O. marina concentration; Re = re-754 ingestion of faecal particles; D = concentration of faecal particles; SF = selection factor; N eq = number 755 of prey cells equivalent to one predator in terms of biovolume; α = variable related to the swimming 756 speed of prey and predator; S p = cross section of encounter party of predator and a given prey species; 757 e i = preference for different prey types; C i = capture rate of specific prey species; f i = capture rate 758 parameter; E = nitrogen excretion rate; n = O. marina nitrogen content; θ i = C:N ratio of prey or 759 predator; R = respiration rate, S = gross growth efficiency.

Fig 1 .

 1 Fig 1. An indication of how further population dynamics might be obtained for comparison with model output: abundance of Oxyrrhis marina and the prey flagellate Dunaliella primolecta, grown at 16 °C in 32 PSU seawater enriched with f/2 media (Sigma). Panels a-c are 18 d time-course incubations of predator (○) and prey (•) in triplicate flasks. Panels d and e are phase plots: d is a plot of the three 18-d time course incubations (a-c); e is a plot of a series of short (5-11 d) incubations, indicating a semblance of population cycling. 142x159mm (600 x 600 DPI)
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 1 Eq. 10). To illustrate how such simulations are 228 developed, below we use this model as an example.The model was developed by first determining that the cross sectional area (S p ) of the encounter and prey are speeds are C pred and C p , respectively, 233 and N p is the number of prey. The number of prey cells equivalent, in terms of biovolume, to one
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	231	path for the predator and a given prey (p) species is	S	p	= π	( r	pred	+	r	p	) 2	, where r pred and r p are the radius
	232	of the predator and prey cells, respectively. The rate of prey encounters per predator (E) was then
	given by , where predator 234 2 2 pred p p p C C N S E + ⋅ ⋅ =										
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241 communities may be complex and dependent on both prey size and prey quality, both of which may 242 change with time, rather than simple random encounter. Clearly, in this case, O. marina acted as a

  

	249	marina study of Flynn and Davidson (1993b) and the multi prey-O. marina experiments of Flynn et al.
	250	(1996).
	251	Flynn and Davidson (1993b) suggested that O. marina initially ingested but then rejected the
	252	flagellate prey, but Davidson et al. (1995a) found that no parameterization of a standard type II
	253	functional response (Table 1, Eq. 1) generated adequate simulations of their data. Instead, qualitatively
	254	better simulations were achieved if the maximum ingestion rate was made to decrease with continued
		prey ingestion (
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	240 243 244	experiments in which O. marina ingested three differently sized prey species. The analysis demonstrated the occurrence of selection of live cells and suggested that selective grazing in microbial model organism to test general issues associated with selection. R e v i e w
	245	
	246	Prey inhibition of grazing
	247	The role of selective grazing in governing the temporal changes of both prey and predator was further
	248	studied by Davidson et al. (1995a) through simulation of two independent data sets: the I. galbana-O.
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 1 Eq. 11), a factor that was attributed to the build up of an inhibitor within O.255 marina through the ingestion of the prey. The same model structure was also able to simulate the O.Kimmance et al., 2006), it would now seem appropriate to test these model predictions with empirical

	256	
	257	marina-multiple prey data of Flynn et al. (1996). Thus, this O. marina-based model quantitatively
	258	demonstrated that the quality of a prey item as well as its abundance or size may govern its suitability
		as a prey item for protozoa. Given the tractability of using O. marina for grazing experiments (e.g.
	260	
	261	data.
	262	
	263	Prey quality governing predator functional response
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  Ox, Is, Ox N , and Is N represent the number and N-content of O. marina and I. galbana,The protozoan compartment of the model was parameterized from laboratory experiments on O. Nutrient regeneration was related to the relative C:N ratios of prey and predator using three 388 alternative functions all capable of representing, to some degree, the N regeneration efficiency of O.are, therefore, required to better validate these and future models. As guidance, we present an example 433 of such a data set for model comparison (Fig.1). This represents a subset of numerous time course 434 experiments beginning at many initial predator and prey concentrations. Such an approach, while 435 generating time-course data, may minimize the bottle effects (e.g. accumulation of toxins and fouling 436 on surfaces) that can bias long-term incubations. Population models, independently derived from O.Individual based models (IBMs) provide an alternative modelling strategy to those that seek to 500 represent the ecosystem as a whole, and O. marina is an ideal candidate for these. IBMs calculate 501 biological variables while following individual (or meta-) particles in space. These models may then 502 be of particular use for the study of advective populations and/or species that form only a small fraction 503 of the biomass of a trophic level but are important for other reasons. A number of important biotoxin 504 producing phytoplankton species such as the advective Dinophysis spp.(Hart et al., 2007) or the low-505 biomass high-toxicity dinoflagellate Alexandrium tamarense(Touzet et al., 2010) fit these criteria. As

	499	Individual based models	
	389 480	here again using O. marina may be instructive. The use of PFT models is somewhat controversial,
	390 481	marina: a constant nitrogen regeneration efficiency (NRE); a stepwise switching function between low with some authors (e.g. Anderson, 2005) suggesting that their application may be premature. However,
	391 437 482	and high NRE, termed threshold elemental ratio (TER), (Table 1, Eq. 16); and a dynamic nutrient notwithstanding this debate, there is consensus that better model parameterization is required. This is
	438 483	regeneration equation (Caron and Goldman, 1988), (Table 1, Eq. 15). marina functional and numerical response and prey growth data may be tested using the resultant particularly pertinent at the microzooplankton level. For example, the dynamic green ocean model (Le
		F o F o F o F o F o F o Quéré et al., 2005) contains five separate autoptrophic functional types, but only a single composite, phase-plot data. F o
		r r r r r r r	
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	450	Doney (1999) highlighted the need for succinct but realistic mathematical models capable of simulating
	405 451	the cycling of multiple nutrients within microbial food webs. These are necessary to simulate the
	406 452	modelling studied have drawn on this resource, to date. Clearly, considerable scope exists to develop transfer of production to higher trophic levels and the export flux of C to the ocean floor. Within this
	453	and improve existing models, and to produce alternative formulation for comparison, as illustrated context parameterisation of zooplankton or microzooplankton response in a range of different model
	339		
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respectively; I is the ingestion rate of O. marina; and E Is and E ox are the N-regeneration rates of I. 336 galbana and O. marina, respectively. Within the equations, N-regeneration by O. marina was 337 simulated either as a constant or on the basis of an "optimal" O. marina C:N ratio, using a range of N 338 regeneration models. 387 marina. 392 Simulations demonstrated quantitative differences between the output generated by the different 393 models, particularly between the switching and dynamic models and the constant NRE model in terms 394 of the density of phytoplankton blooms. Differences in C:N ratio of model components were also 395 evident with only the dynamic model predicting a stoichiometrically balanced zooplankton C:N ratio 396 close to 6.6, the Redfield value, similar to the values that experimental estimates suggests that 397 protozoa, including O

. marina, maintain (Goldman and Dennett, 1992; Nakano, 1994; Davidson et al., 398 1995a)

. Such O. marina-derived results have important implications for the formulation of the multiple 399 functional type models that are now being formulated to better understand the global C cycle (e.g. le 400

Quéré et al., 2005)

.
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Considering the importance of protozoa within marine ecosystems and the relative wealth of data, 404 response relationships and models based on O. marina (Table

1

), it is unclear why so few synecological 407 above (The influence of N regeneration on a food web). Moreover, the now recognised diversity of O.
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One of the reasons that the O. marina-I. galbana data set of Flynn and Davidson (1993b) has 440 been so often used as a comparison with simulations is the availability of a robust model that predicts 441 prey growth in non-steady state conditions

(Davidson et al., 1993; Davidson and Cunningham, 1996)

.
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Hence, the experimental study and modelling of O. marina in particular, and protozoa in general must 443 be conducted in parallel with that of their prey, to allow both trophic levels to be simulated to the same 444 level of complexity. This requires experimental studies to measure a sufficient array of parameters 445 including numbers, biomass, ingestion, grazing, respiration, and nutrient cycling rates to allow 446 appropriate model parameterization and testing, to minimise the need to "fit" free model parameters. 484 protozooplankton compartment to represent heterotrophic flagellates and ciliates. While this is 485 understandable in terms of model tractability, the parameterisation of the equations used to represent 486 this "functional group" requires deeper consideration in the light of the wealth of behaviour that 487 different species and genera are capable of (Montagnes et al., 2008) and observations of temporal 488 succession of different micro-zooplankton groups (Davidson et al., 2007). 489 Analysis of the functional response of O. marina in comparison with other heterotrophic marine 490 micro-or dinoflagellates, expanding on initial studies such as those of Jeong et al. (2008), and with 491 multiple prey items (John and Davidson, 2001), would add confidence to single functional group 492 parameterisation, or provide definitive evidence that multiple micro-zooplankton functional groups are 493 required in models. The application of developing techniques such as lectin labelling Wootton et al. 494 (2007), flow cytometric separation of prey and predators (Montagnes

et al., 2008)

, the analysis of 495 stable isotope signatures

(Flynn and Davidson, 1993a)

, or stable isotope probing

(Radajewski et al., 506 

O. marina ingests biotoxin producing dinoflagellates

(Jeong et al., 2001; Jeong et al. 2003) 

it may be a 507 suitable candidate organism for developing grazing terms within such models. Furthermore, in rare 508 cases it forms large blooms of up to 10 5 cells ml -1

(Begun et al., 2004) 

and thus own its own may be 509 important in short-term rapid fluxes of nutrients in some ecosystems. Thus, O. marina-IBMs may too 510 be justified in the future.

513

What has O. marina modelling delivered to the scientific community? Of the autoecological models 514 reviewed, the majority deal with some aspect of prey selectivity; the combined body of work in this 515 area is particularly useful in demonstrating that prey selectivity by micro-heteroptrophs is, indeed, 516 capable of influencing the trophic transfer of phytoplankton biomass (e.g.

Strom, 1993; Flynn et al., 517 1996; Davidson 
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 1 522 further fruitful study. The relative lack of synecological studies employing O. marina based model 523 parameterisation perhaps reflects this need, with the more sophisticated models of prey selectivity In conclusion, as O. marina is not often abundant in open water samples, it might not be the 526 organism of first choice to parameterize the protozoan component of such models. However, as 527 indicated above, available evidence suggests its use is appropriate, and the relative wealth of O. marina 528 studies makes it a pragmatic choice. Furthermore, there are ecosystems where O. marina may be 529 abundant, and in these regions using O. marina-derived parameters would be entirely appropriate. An indication of how further population dynamics might be obtained for comparison with model 741 output: abundance of Oxyrrhis marina and the prey flagellate Dunaliella primolecta, grown at 16 °C in Studies that determine or apply O. marina based equations and their functional forms.

	524	
		requiring a fundamental underpinning prior to their wider application.
	530	
	531	Therefore, we support its continued use as a model organism to parameterize simple and more complex
	532	population models.
	533	
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phytoplankton and faecal particles (with which phaeogiment was associated). Protozoan growth was

Plankton functional type (PFT) models are increasingly being employed in ocean biogeochemistry, and
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