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Appendix 1: Analytical Bifurcation Analysis 

Joint detoxification assumption. In this case we assume that the alleviation of toxicity is only dependent on the biomass of the organisms (f(X) =d1 X).

We scale the model (3) by substituting:
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This simple model with two parameters has the same form as the model of Noy-Meir (Noymeir 1975) and is known to have alternative stable states for a range of parameters. The range of conditions can be analyzed analytically. The equilibria of this model are:
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The model can have three equilibria if the square root in (x) is larger than 0:
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 or simplified: 
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Condition (xx) determines the position of the fold bifurcation, which is the upper boundary of parameter region with alternative stable states. For biological meaningful solutions, both equilibria in (x) should also be positive, which is the case if:
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Which is true if 
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. These conditions determine the lower boundary of parameters with alternative stable states (transcritical bifurcation). So the conditions for alternative stable states are:
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Substituting the original parameters:
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Growth dilution assumption. In this case we assume that the alleviation of toxicity is dependent on the growth of the population (we conservatively assumed this to be similar with the logistic growth term f(X) = d2 a X (1-X/K)).

We again scale the model (3) by substituting:
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and defining two non-dimensional parameters: 
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Again we have a model with two parameters that are similar to the parameters in the above model. However the analytical solution of the equilibria is too complex to analyze. Therefore we analyzed the bifurcations numerically using GRIND for MATLAB (Figure 3B).
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Appendix 2: Analysis of Eelgrass Response to NH3 Exposure

To estimate the toxicity effect of NHx in eelgrass, we used experimental data of Van der Heide and others (2008). In that study, we performed a 5-day experiment to investigate eelgrass tolerance to reduced nitrogen (NHx: the sum of NH3 and NH4+) at varying pH and eelgrass density. We applied 4 different loads of NHx (0, 50, 100 and 250 (mol l-1), 2 pH levels (pH 8 and 9) and two densities (88 and 884 shoots m-2). 


We found that treatments at pH 8 showed no signs of NHx toxicity at all. In contrast, shoots in low density treaments became necrotic within a few days at pH 9, indicating that NH3 rather than the total load of NHx is toxic to eelgrass. Finally, we also found that at pH 9, shoots in high density treatments hardly showed any necrosis. In these treatments, shoots were able to alleviate toxic effects through “joint uptake”, which resulted in much lower ambient NHx concetrations.

To establish the relation between ambient NH3 concentrations and eelgrass response, we used the data from the low density treatments to calculate the dose-response curve of eelgrass to NH3. For this purpose, we calculated the NH3 load per treatment using the total NHx load and pH:
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Where ka is the dimensionless dissociation constant of NHx in water with a salinity of 16 PSU at 20 °C. Next, to describe the relation between NH3 and shoot necrosis, we fitted 3 different functions to the data, using linear and non-linear regression. We first tested a 3-parameter linear equation. Second, we fitted the 3-paramter Michaelis-Menten equation: 
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Here M describes the fraction leaf tissue mortality in eelgrass after 5 days of exposure to NH3, i is the background leaf mortality at zero exposure and HNH3 is the half-saturation constant (mmol m-3). Finally, we tested the 4-parameter Hill-curve:
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Where n is a dimensionless exponent determining the slope of the curve. We used R2 and adjusted R2 to evaluate the quality of each fit and to select the best equation to include in our model. 


Results of this equation selection procedure showed that all functions showed reliable fits to the data. R2 values were 0.888, 0.892 and 0.898 for the linear, Michealis-Menten and Hill equations respectively (Table A1). Because the Hill-curve uses one more parameter than the other two equations, adjusted R2 values were more similar: 0.883, 0.883 and 0.884 for the linear, Michealis-Menten and Hill equations respectively.


Although all equations were well able to describe eelgrass response to NH3 in the tested range, the Hill-curve yielded slightly better results for both R2 and adjusted R2 compared to the other two functions. Even though the shape of the toxicity curve is not critical for the general behavior of the model (see the conceptual model in the main text), one additional reason to select the Hill-curve over the linear and Michaelis-Menten equation in this case, is that the Hill-curve is typically used to describe toxic effects in organisms. We therefore chose to include the Hill-equation in our model. Finally, we also estimated the maximum mortality rate in the model from our experiment. In these calculations we assumed a constant mortality rate in our 5-day experiment.

Table A1: Regression Results of Eelgrass Response to NH3 Exposure, Calculated for Original Data from Van der Heide and others (2008). 

	Equation type
	R2
	Adj R2
	Intercept (%)
	Slope

(% / (mol l-1)
	Maximum level (%)
	Half-saturation ((mol l-1)
	Exponent

	Linear
	0.888
	0.883
	6.315 
	0.592 
	
	
	

	Michaelis-Menten
	0.893
	0.883
	5.597 
	
	177.4
	2.372
	

	Hill
	0.898
	0.884
	6.480 
	
	51.40
	37.48
	1.691
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