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Abstract

:

As the extent of hypoxia in coastal waters increases, the survivorship of jellyfish polyps relative to that of competing sessile organisms often increases, enabling them to reproduce more prolifically, leading to a medusa bloom in the following year. Quantifying the population of polyps can be used to predict when these blooms will occur. We used a time-delayed logistic equation to quantify the response to variable dissolved oxygen (DO) concentrations and temperatures in a population of moon jellyfish (Aurelia coerulea) polyps on substrates that carried competing sessile organisms. The availability of substrate depends on the DO threshold for each competitor, and substrates only become available to the polyps during hypoxic periods. We used the median sublethal concentration (SLC50) thresholds of hypoxia for different groups of benthic organisms to calculate the DO-dependent survivorship of A. coerulea polyps competing on the substrate. Since the median lethal time (LT50) for cnidarians is close to 240 h, we chose a 10-day delay in the time-delayed logistic equation. The carrying capacity is determined every 10 days depending on DO concentrations and temperature. The polyps reproduce by budding at a temperature-dependent rate after settling on the substrate during the hypoxic period, and thus, the annual polyp reproduction rate is determined by multiplying the temperature-dependent budding rate by the DO-dependent survivorship. The duration of hypoxia is a key factor determining the polyp population, which can increase more as the duration of hypoxia increases. Modeling simulations were compared to observed data. In this model, the DO and temperature distribution data make it possible to quantify variations in the population of the A. coerulea polyps, which can be used to predict the abundance and appearance of medusa the following year.
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1. Introduction


Hypoxia in coastal waters is expected to increase because of eutrophication, climate change, stratification pattern change, and oxygen solubility [1,2]. According to many reports, both the intensity and duration of hypoxia are increasing [3,4], while the number of coastal sites where hypoxia has been reported has increased exponentially at 5.54% per year [5].



Hypoxia profoundly affects the abundance and distribution of marine species in coastal waters [6,7,8]. The reduced growth and increased mortality of mussels caused by hypoxia has implications at the ecosystem level because of their functions of water column filtration and benthic–pelagic coupling [6]. In coastal systems, vertical and horizontal distributions of organisms follow oxygen gradients and discontinuities, and migratory behavior is constrained in response to oxygen availability [8]. During hypoxic periods, organisms such as cnidarians that have a high tolerance for low dissolved oxygen (DO) concentrations dominate the substrate [5].



Hypoxia usually begins at a DO concentration  ≤  2 mg O2 L−1 [9]; however, the criteria for classifying the responses of DO-dependent ecosystems as hypoxic are somewhat ambiguous. There are some ecosystem-related DO thresholds, such as the median lethal time (LT50), which represents the time interval at which 50% of a given population dies after exposure to low DO levels, and the median sublethal concentration (SLC50), which represents the O2 concentration at which 50% of the organisms in a given population exhibit sublethal responses, such as forced migration and reduced presence in otherwise suitable habitat [5].



The hypoxia tolerance threshold is species- and stage-specific and may have a significant effect on both benthic and pelagic species at both individual and population levels [5,10]. Jellyfish polyps can survive and even reproduce exponentially under hypoxic conditions [11]. Different species cannot coexist if they have identical niches, because the species that is a better competitor will always exclude its competition from the area [12].



During hypoxic seasons, moon jellyfish (Aurelia coerulea) polyps can be excellent competitors against other sessiles with lower SLC50. However, during other seasons and under normal DO conditions, organisms with a higher competitive hierarchy appear on the substrate [13,14]. In these circumstances, although the polyps are able to reproduce by budding, they do not have sufficient space on the substrate to do so because of the presence of many other high-level competitors.



After settling on the substrate, polyps reproduce asexually at a rate that depends on the temperature, yielding more polyps at higher average sea surface temperatures SSTs in the coastal zone, which have been increasing globally [15,16] by approximately 0.13 °C per decade over the past 100 years [17].



DO concentrations and water temperature are the key conditions for the survivorship and reproduction of jellyfish polyps competing on coastal substrates [11,18]. In hypoxic coastal waters where food is sufficient, such as in eutrophic areas, the population of A. coerulea polyps increases under ambient temperatures. With prolonged periods of hypoxia, the survivorship of A. coerulea polyps increases and polyps reproduce more prolifically, leading to a medusa bloom in the following year [19,20].



The annual distributions of DO and temperature were used to establish an equation to simulate population variations of polyps in competing substrates. This model can be used to quantify the population of polyps and predict the time when medusa will occur in the following year. We suggest a model that describes the polyp population dynamics on a substrate in competition with other sessile organisms depending on the dissolved oxygen (DO) concentration and temperature. The model was applied to the polyp experiment in Tokyo Bay, Japan, 2001, where the DO data were available from field observations [13]. The temperature-dependent population growth rate was approximated from laboratory experimental data [21].




2. Methods


The present polyp population, x(t), depends on the population before  τ  time, x(t −    τ   ), which influence of the population on the carrying capacity requires time in order to create additional survivorship depending on environmental conditions [22]. The carrying capacity is determined every delay time depending on DO concentrations and temperature. Since the LT50 of cnidarians is in the range of 232 ± 114 h [5] we used a 10-day delay time in the dynamic equation. The Equation (1) gives 10-day unit variation of the population of A. coerulea polyps with DO and temperature.



To express the rapid change of survivorship at near hypoxia conditions we used a sigmoid function with an inflection point at hypoxic DO concentrations, which generates the DO-dependent survivorship value of A. coerulea polyps. This was constructed using the SLC50 data of mollusks and cnidarians from Vaquer-Sunyer and Duarte [5].



2.1. Model


We used a dimensionless, time-delayed, logistic equation with a time-dependent carrying capacity, expressed as,


   x ′   t    =    x   t  −    x 2   t    y  x       



(1)




where   x  t    represents the normalized polyp population unit [22,23]. The effective carrying capacity   y  x    depends on the population at an earlier time,  τ ,


  y  x  = y   x   t − τ     = α + γ    O 2  , T , t − τ      x    t − τ    











The constant  α  represents the dimensionless basic carrying capacity, whereas   γ    O 2  , T , t − τ     represents the reproduction rate dependent on dissolved oxygen and temperature at an earlier time,


   γ    O 2  , T , t − τ   =    β    t − τ   ×     h ( t − τ ) ,   








where   β  t    represents the annual survivorship depending on DO and h(t) represents the annual reproduction rate depending on temperature.



The carrying capacity over the time interval,   0 ≤ t < τ  ,


  y   x    t    = 0     = α + γ    O 2  , T ,  t    = 0      x     t    = 0    











Thus, the present carrying capacity depends on the environmental condition of the substrate and the population of polyps at time   t = 0  .



By denoting


  x    t    = 0   =  x 0     








and


  y   x    t    = 0     =      y   0  = α + γ    O 2  , T ,  t    = 0    x 0  ,  








the solution for Equation (1) is


  x  t  =    x 0   y 0   e t     y 0  +  x 0     e t  − 1     .  











This equation gives the population size of A. coerulea polyps over the time intervals,   0 ≤ t < τ  ,   τ ≤ t < 2 τ  , …,     n − 1   τ ≤ t <  n τ   . The parameters used for the simulations of the population dynamics are summarized in Table 1.




2.2. Algorithm







	
The initial polyp population size    x 0    was set to one unit;



	
The basic carrying capacity  α  was set to one unit;



	
The DO-dependent survivorship of the polyps was estimated through the sigmoid function:     β     O 2     ;



	
The annual survivorship curve,     β   t   , was constructed;



	
The temperature-dependent reproduction rate was estimated through the interpolating function:   h  T   . It is constructed by fitting a curve to the experimental data;



	
The annual reproduction rate curve,     h   t   , was constructed;



	
The annual reproduction rate polyp was calculated:   γ    O 2  , T , t   =    β   t  ×   h(t);



	
The population units of polyps over a 1-year period were evaluated using a delay dynamic Equation (1).









2.3. Dissolved Oxygen-Dependent Polyp Survivorship


In the inner Tokyo Bay, the dominant sessile organisms that are found when the DO is above 2 mg O2 L−1 are mollusks, such as Mytilus galloprovincialis, Crassostrea gigas, Perna viridis, and Xenostrobus securis, and crustacean barnacles [13]. In summer, when the bottom waters reach DO concentrations below 2 mg O2 L−1, many empty spaces become available on the substrate. This enables the scyphozoan A. coerulea polyps to take over the empty substrate. The population of A. coerulea polyps can increase by reproduction at these low DO levels. Survivorship ranges between   0 ≤ β    O 2    ≤ 1  . As the value approaches 1, the A. coerulea polyps become dominant, while for values close to 0, the polyps become hard to find.



To simulate the population of A. coerulea polyps, survivorship on the substrate was generated using the SLC50 criteria. Since the SLC50 of crustaceans is relatively high (Table 2), other benthic organisms were not commonly found on the substrate when the DO level was lower than 2 mg O2 L−1. Focusing on two species of mollusks and cnidarians, we set up the survivorship of the A. coerulea polyps as 0.1 for the 90th percentile of mollusk SLC50, which meant that when 90% of mollusks reside on the substrate, only 10% was available for A. coerulea polyps. At 1.99 mg O2 L−1, 50% of the mollusks move to other places, giving the polyps a 50% chance of surviving. At 0.91 mg O2 L−1, the survivorship was set up as 0.9 when we referred to the 90th percentile of cnidarians, while at 0.6 mg O2 L−1, it was set up as 0.95 at the 95th percentile by assuming the SLC50 of cnidarians followed a normal distribution. Table 3 shows the resulting value of   β    O 2      for various DO concentrations.



The sigmoid function was constructed by curve fitting the data in Table 3, which generates the survivorship. Figure 1a shows the DO-dependent survivorship curve:


  β    O 2    =  1  1 +  e    2.118 ×  O 2  − 4.215       ,  



(2)




where    O 2    represents the concentration of dissolved oxygen.



The inflection point appeared near 2 mg O2 L−1, where the survivorship was 0.5 (Figure 1b). The survivorship increased up to 0.9 near 0.91 mg O2 L−1 and decreased to 0.1 near 2.83 mg O2 L−1.



It was used to estimate the DO-dependent survivorship of the polyps. The annual DO-dependent survivorship curve,   β  t    (Figure 1c), was calculated by inserting the annual DO data (Figure 1b) into Equation (2).




2.4. Temperature-Dependent Polyp Reproduction Rate


The hypoxic period began near mid-June and ended near mid-October (Figure 1b). During this period, the polyp survivorship increased rapidly (Figure 1c). During the hypoxic period, the polyps had a high chance of residing on the substrate and reproducing asexually by budding. The reproduction rate mainly depended on temperature.



The temperature-dependent reproduction rate of polyps,   h  T    in Figure 2a, was constructed by fitting a curve to the experimental data from Han and Uye [21]. The data were rescaled to 365 days after adding the number of directly budded and stolonic budded polyps. Then the annual reproduction rate,   h  t   , was calculated by inserting the annual temperature data to h(T).



Figure 2b shows the annual temperature in Tokyo Bay in 2011 [13]. The annual reproduction rate showed that, during the hypoxic period from mid-June to mid-October, the annual reproduction rate was more than 200% after adding the number of directly budded and stolonic budded polyps, with values close to 400% in July and August (Figure 2c).





3. Results


Figure 3b shows the population of polyps over a 1-year period calculated using Equation (1), which was similar to the observed data of Ishii and Katsukosh [13] in Figure 3a.



We modified the data to simulate the population size when hypoxia duration was changed. The modified distribution is the solid line in Figure 4a, in which hypoxia occurs 1 month earlier and lasts longer. The population started to grow 1 month earlier and became much larger (solid line in Figure 4b).




4. Discussion


We constructed a mathematical model to quantify the variation in the population of A. coerulea polyps on substrates on which they compete with other sessile organisms in terms of DO and temperature distribution. This model can be used to predict the abundance and appearance dates of A. coerulea in the following season. The model can be extended easily to include various environmental parameters.



4.1. Survivorship of Polyps Depends on the Thresholds of Hypoxia


Hypoxia is a key parameter to diagnose the marine ecosystem balance. Based on the observed data of Ishii and Katsukosh [13], the A. coerulea polyps were not commonly found on the substrate at a DO concentration of 4 mg O2 L−1, as they were inferior competitors compared to sessile organisms such as M. galloprovincialis. During a hypoxic period, A. coerulea polyps have a more distinct niche in the habitat in competition with other sessile organisms. When DO concentrations are close to 2 mg O2 L−1, usually referred to as hypoxia, many competing sessile organisms leave their habitat [5], which allows the A. coerulea polyps to remain and expand on the substrate through budding. Hypoxia in coastal waters can directly affect the survivorship of benthic organisms by inducing the formation of sublethal stress, leading to reduced growth and reproduction, forced migration, reduction of suitable habitats, and disruption of life cycles [1,24]. To quantify this sublethal stress, the median sublethal concentration, denoted by SLC50, is used as the reference, which means that 50% of the species experience sublethal stress levels. Cnidarians such as A. coerulea have a low SLC50, so their survivorship is very high in hypoxic waters, enabling them to be one of the best competitors. Hence, the DO concentration is a key factor for polyps to settle on substrates.




4.2. Effects of Hypoxia Appears Some Time Later


With extension of the hypoxic period, the ecosystem is expected to be more disturbed, species by species, depending on the tolerance of hypoxia [5]. The DO concentration can change in a matter of minutes and varies with seasons [25]. We used a 10-day delay time of the cnidarians’ LT50, which is in the range of 232 ± 114 h [5]. However, more precise data of the LT50 for the A. coerulea polyp and its competitors on the substrate are needed to simulate this more accurately.




4.3. Reproduction Until the Recovery of Normoxia


Recovery may follow hysteresis paths. After the DO levels recovered, the benthos did not fully recolonize the substrate for two months [26]. Hence, transient recovery process from DO changes cannot affect the growth of a polyp population. The population of A. coerulea polyps can be further increased by extending the duration of hypoxia. Therefore, the length of the hypoxic period is another major factor for estimating the population size of A. coerulea polyps.




4.4. Other Factors to Account for the Population of Polyps


In addition to the DO and temperature information, various environmental factors can be included in the model, but substrate preference is not considered in this model. It is necessary to consider new recruitments to estimate the population of polyps in a year. The effects of food are not counted. We focused on the substrate competition of A. coerulea against other species.





5. Conclusions


Variations in polyp populations have been quantified as a function of DO concentration and temperature. We constructed a substrate competition model describing the population variation of A. coerulea polyps depending on the DO concentration and temperature. This model is mainly based on the relative thresholds of hypoxia for benthic organisms.



The duration of hypoxia is a key factor determining polyp survivorship and population of A. coerulea polyps, which can increase more as the duration of hypoxia increases. After hypoxia has reached a level that is conducive to the polyps being dominant on the substrate, we estimated the population of polyps in terms of budding rate, which depends on the temperature.



With a 10-day delay time we were able to indicate that the environmental impact on polyp survival appeared after 10 days. We simulated 10-day unit variation of the population of A. coerulea with DO and temperature. The simulated population distributions of polyps were very close to the actual observed data. The dissolved oxygen and temperature distribution data made it possible to quantify the population variation of the A. coerulea polyps during the year.



This model can be easily extended to include various environmental parameters. If the population of some species changes due to environmental conditions, the carrying capacity can be increased or decreased, which has a delayed effect on the population at some later timer. This method can be also applied to population changes of many species due to environmental changes.







Author Contributions


Conceptualization and methodology, H.J.; software and validation, H.J. and D.H.; formal analysis, investigation, and resources, H.J. and I.C.; writing—original draft preparation, H.J.; writing—review and editing, H.J. and K.K.; visualization, D.H.; supervision, K.K.; funding acquisition, H.J. All authors have read and agreed to the published version of the manuscript.




Funding


This research was partially supported by the basic research program through the National Research Foundation of Korea (NRF) funded by the Ministry of Education (NRF-2020R1I1A3071769), Republic of Korea. This study was also partially supported by the BK21 FOUR (Fostering Outstanding Universities for Research, NO.5120200913674) funded by the Ministry of Education and National Research Foundation of Korea (NRF).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data available on request from the corresponding author.




Acknowledgments


The authors acknowledge the Ministry of Education, Korea, for funding this research through the National Research Foundation of Korea.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Service, R.F. Oceanography- New dead zone off Oregon coast hints at sea change in currents. Science 2004, 305, 1099. [Google Scholar] [CrossRef]

	



Stow, C.A.; Qian, S.S.; Craig, J.K. Declining threshold for hypoxia in the Gulf of Mexico. Environ. Sci. Technol. 2005, 39, 716–723. [Google Scholar] [CrossRef]

	



Stramma, L.; Johnson, G.C.; Sprintall, J.; Mohrholz, V. Expanding oxygen-minimum zones in the tropical oceans. Science 2008, 320, 655–658. [Google Scholar] [CrossRef]

	



Chan, F.; Barth, J.A.; Lubchenco, J.; Kirincich, A.; Weeks, H.; Peterson, W.T.; Menge, B.A. Emergence of anoxia in the California current large marine ecosystem. Science 2008, 319, 920. [Google Scholar] [CrossRef] [PubMed]

	



Vaquer-Sunyer, R.; Duarte, C.M. Thresholds of hypoxia for marine biodiversity. Proc. Natl. Acad. Sci. USA 2008, 105, 15452–15457. [Google Scholar] [CrossRef]

	



Altieri, A.H.; Witman, J.D. Local extinction of a foundation species in a hypoxic estuary: Integrating individuals to ecosystem. Ecology 2006, 87, 717–730. [Google Scholar] [CrossRef] [PubMed]

	



Howarth, R.; Chan, F.; Conley, D.J.; Garnier, J.; Doney, S.C.; Marino, R.; Billen, G. Coupled biogeochemical cycles: Eutrophication and hypoxia in temperate estuaries and coastal marine ecosystems. Front. Ecol. Environ. 2011, 9, 18–26. [Google Scholar] [CrossRef]

	



Breitburg, D.; Levin, L.A.; Oschlies, A.; Grégoire, M.; Chavez, F.P.; Conley, D.J.; Garçon, V.; Gilbert, D.; Gutiérrez, D.; Isensee, K.; et al. Declining oxygen in the global ocean and coastal waters. Science 2018, 359, eaam7240. [Google Scholar] [CrossRef]

	



Diaz, R.J.; Rosenberg, R. Marine benthic hypoxia: A review of its ecological effects and the behavioural responses of benthic macrofauna. Oceanogr. Mar. Biol. 1995, 33, 245–303. [Google Scholar]

	



Wu, R.S.S. Hypoxia: From molecular responses to ecosystem responses. Mar. Pollut. Bull. 2002, 45, 35–45. [Google Scholar] [CrossRef]

	



Ishii, H.; Ohba, T.; Katsukosh, K. Effects of low dissolved oxygen on planula settlement, polyp growth and asexual reproduction of Aurelia aurita. Plankton Benthos Res. 2008, 3, 107–113. [Google Scholar] [CrossRef]

	



Hardin, G. The competitive exclusion principle. Science 1960, 131, 1292–1297. [Google Scholar] [CrossRef] [PubMed]

	



Ishii, H.; Katsukosh, K. Seasonal and vertical distribution of Aurelia aurita polyps on a pylon in the innermost part of Tokyo Bay. J. Oceanogr. 2010, 66, 329–336. [Google Scholar] [CrossRef]

	



Diaz, R.J. Overview of hypoxia around the world. J. Environ. Qual. 2001, 30, 275–281. [Google Scholar] [CrossRef]

	



Amos, C.L.; Martino, S.; Sutherland, T.F.; Al Rashidi, T. Sea surface temperature trends in the coastal zone of British Columbia, Canada. J. Coast. Res. 2015, 31, 434–446. [Google Scholar] [CrossRef]

	



Barnett, T.P.; Pierce, D.W.; AchutaRao, K.M.; Gleckler, P.J.; Santer, B.D.; Gregory, J.M.; Washington, W.M. Penetration of human-induced warming into the world’s oceans. Science 2005, 309, 284–287. [Google Scholar] [CrossRef]

	



Ocean Warming. Available online: https://www.iucn.org/resources/issues-briefs/ocean-warming (accessed on 26 August 2020).

	



Condon, R.H.; Decker, M.B.; Purcell, J.E. Effects of low dissolved oxygen on survival and asexual reproduction of scyphozoan polyps (Chrysaora quinquecirrha). Hydrobiologia 2001, 451, 89–95. [Google Scholar] [CrossRef]

	



Dong, Z. Blooms of the moon jellyfish Aurelia: Causes, consequences and controls. In World Seas: An Environmental Evaluation, 2nd ed.; Chales, S., Ed.; Academic Press: Cambridge, MA, USA, 2019; Volume 3, pp. 163–171. [Google Scholar] [CrossRef]

	



Yoon, W.; Chae, J.; Koh, B.S.; Han, C. Polyp removal of a bloom forming jellyfish, Aurelia coerulea, in Korean waters and its value evaluation. Ocean Sci. J. 2018, 53, 499–507. [Google Scholar] [CrossRef]

	



Han, C.H.; Uye, S.I. Combined effects of food supply and temperature on asexual reproduction and somatic growth of polyps of the common jellyfish Aurelia aurita sl. Plankton Benthos Res. 2010, 5, 98–105. [Google Scholar] [CrossRef]

	



Yukalov, V.I.; Yukalova, E.P.; Sornette, D. Population dynamics with nonlinear delayed carrying capacity. Int. J. Bifurc. Chaos 2014, 24, 1450021. [Google Scholar] [CrossRef]

	



Jin, H.S.; Han, D.; Kim, J.H.; Shin, H.J.; Yoon, Y.H.; Han, C.H. Simulations of the population dynamics of jellyfish polyps living on artificial substrates in coastal areas. Thalass. Int. J. Mar. Sci. 2017, 33, 43–50. [Google Scholar] [CrossRef]

	



Rabalais, N.N.; Turner, R.E.; Wiseman, W.J. Gulf of Mexico hypoxia, aka “The dead zone”. Annu. Rev. Ecol. Syst. 2002, 33, 235–263. [Google Scholar] [CrossRef]

	



Villnäs, A.; Norkko, J.; Lukkari, K.; Hewitt, J.; Norkko, A. Consequences of increasing hypoxic disturbance on benthic communities and ecosystem functioning. PLoS ONE 2012, 7, e4492. [Google Scholar] [CrossRef]

	



Lim, H.S.; Diaz, R.J.; Hong, J.S.; Schaffner, L.C. Hypoxia and benthic community recovery in Korean coastal waters. Mar. Pollut. Bull. 2006, 52, 1517–1526. [Google Scholar] [CrossRef]








[image: Diversity 13 00184 g001a 550][image: Diversity 13 00184 g001b 550] 





Figure 1. (a) Survivorship generating function,   β    O 2     , of Aurelia coerulea polyps; (b) dissolved oxygen concentrations observed at Tokyo Inner Bay in 2001 at 4 m depth [bar] [13] and the interpolated curve; (c) the annual survivorship curve,   β  t   , constructed by inserting the DO data into the survivorship generating function. 
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Figure 2. (a) Temperature-dependent annual reproduction rate year,   h  T   , constructed by fitting the curve to the data [bar] [21] which are rescaled to 365 days after adding the number of directly budded and stolonic budded polyps in the experiment of Han and Uye [21]; (b) annual temperature in Tokyo Bay, 2011 [13]; (c) annual reproduction rate,   h  t   , constructed by inserting the annual temperature distribution to   h  T   . 
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Figure 3. (a) Observed Aurelia coerulea polyp abundance [bar] [13] and the interpolated curve. (b) simulated polyp population. 






Figure 3. (a) Observed Aurelia coerulea polyp abundance [bar] [13] and the interpolated curve. (b) simulated polyp population.



[image: Diversity 13 00184 g003]







[image: Diversity 13 00184 g004 550] 





Figure 4. (a) Modified dissolved oxygen (DO) distribution to simulate hypoxia occurring one month earlier and for longer (solid line). (b) The population of Aurelia coerulea polyps for two cases of annual DO distributions. The solid line represents the simulated polyp population. If the hypoxia occurs earlier and lasts longer the population starts to grow earlier and becomes larger. 
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Table 1. Summary of the parameters used in the construction of a model of the population dynamics of Aurelia coerulea polyps.
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	Parameter
	Definition
	Comments





	  α  
	Basic carrying capacity
	Dimensionless unit.

Set to one unit



	   β    O 2      
	Survivorship depending on DO
	Values closer to 1 represent better conditions for polyps



	   β  t    
	Annual DO dependent survivorship
	Annual survivorship

  0 < β  t  < 1  



	   h  T    
	Reproduction rate depending on temperature
	Assuming food and other conditions are satisfied.



	h(t)
	Annual temperature-dependent reproduction rate
	Assuming food and other conditions are satisfied



	   γ    O 2  , T , t     
	Reproduction rate depending on DO, temperature, and time
	Annual reproduction rate

  γ    O 2  , T , t   =    β   t  ∗   h(t)



	   y   x   t − τ       
	Effective carrying capacity
	Carrying capacity depending on the population at time   t − τ  



	    y 0    
	Effective carrying capacity
	Constant carrying capacity over the time intervals



	  τ  
	Time delay
	Feedback time, set to 10 days



	   x  t    
	Normalized population
	Normalized polyp population unit



	    x 0  = x   t − τ     
	Polyp population for   t < τ  
	Polyp population size before feedback 1 to the present







1 feedback: the effect of dissolved oxygen and temperature on the surrounding waters.
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Table 2. Median sublethal concentrations (SLC50, mg O2 L−1) and the 90th percentile thresholds for hypoxia in Crustacea, Mollusca, and Cnidaria provided by Vaquer-Sunyer and Duarte [5].
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	Organisms
	SLC50

(mean ± S.E.)

(mg O2 L−1)
	N
	90th Percentile
	Standard Deviation





	Crustaceans
	3.21 ± 0.28
	30
	5.0
	1.53



	Mollusks
	1.99 ± 0.16
	28
	2.83
	0.85



	Cnidarians
	0.69 ± 0.11
	19
	1.43
	0.48







S.E.: standard error of the mean, N: number of observations.
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Table 3. Survivorship   β    O 2      of Aurelia coerulea polyps at different dissolved oxygen concentrations; estimated using the median sublethal concentration (SLC50) of mollusks, which would competitively occupy the substrate that would otherwise be available to cnidarians.
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	     O  2     Concentration

(mg O2 L−1)
	2.83
	1.99
	0.91
	0.60





	   β    O 2      
	0.10
	0.50
	0.90
	0.95
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