On-line Appendix A: Model Calculations Leading to “Expected Nutrient Concentration Pattern in Water” (Column 3 in Table 1)

Table 1 in the paper presents how positive feedback and scale-dependent feedbacks are expected to drive underlying patterns in nutrients and hydrology. In this appendix, we explain how the hypotheses for “Expected nutrient concentration pattern in water” (Column 3 in Table 1) were derived from calculations using previously published model equations (Belyea and Clymo 2001; Rietkerk and others 2004). We show that the positive feedback predicts a positive effect on nutrient availability on hummocks and ridges, because increased mineralization outweighs increased productivity. Further, we show that the scale-dependent feedback has a positive effect on nutrient availability on ridges, because increased local recycling of plant litter outweighs increased vascular plant uptake.  

Effect of the positive feedback

To study how the occurrence of the positive feedback would influence nutrient concentration in water, we used the positive feedback model of Belyea and Clymo (2001). This model includes two biological processes that would influence nutrient concentration in the opposite directions: plant production or primary productivity (uptake of nutrients) and decomposition (here assumed to lead to mineralization and release of nutrients). Decomposition involves competition between microbial biomass and (mainly vascular) plants for released nutrients. If litter quality is poor, decomposition may lead to immobilization of nutrients, whereas decomposition of high quality litter may lead to mineralization and release of nutrients. Litter quality can be indicated by C:N and C:P ratios (for example, Köppisch 2001). Recently, Bragazza and others (2007) found that in ombrotrophic habitats the decomposition of Sphagnum and vascular plant litter with C:N ratios of 56-75 and C:P ratios of 1030-1975 always leads to net mineralization of nutrients. In our vegetation samples, we measured mean C:N ratios of 28 (ridges) and 42 (hollows), and mean C:P ratios of 438 (ridges) and 804 (hollows). Given this relatively high quality as compared to the litter in the experiment of Bragazza and others (2007), the assumption that was made to formulate the hypotheses seems reasonable. 

To quantify the balance between primary productivity and decomposition, we analyzed the model, which consists of one ordinary differential equation describing acrotelm growth rate:
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Where ZA is the acrotelm thickness (Units: m) and ΔWC the catotelm’s rate of water storage (m.yr-1). Further the model includes two biological processes; P is the net primary productivity (g.m-2.y-1), DA is the cumulative mass loss rate through decomposition in the acrotelm (g.m-2.y-1). Also the model includes two characteristics of the peat; ρD is the dry bulk density at the acrotelm-catotelm boundary (g.m-3) and θ is the effective porosity at the acrotelm-catotelm boundary (-). All these four terms are functions of the acrotelm thickness itself. The model has been parameterized with data from a field experiment on Ellergower Moss, an ombrotrophic peatland in Scotland (Belyea and Clymo 2001). For our purpose, we focused on the terms primary productivity and cumulative mass loss through decomposition:
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In which k1k2,k3,k4 and k5 are parameters that have been estimated by regression in the original study. How the balance between decomposition and plant production changes with increasing acrotelm thickness can be studied by the ratio of the derivatives to acrotelm of both components, which is given by:
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If the value of this ratio is smaller than 1, an increase in acrotelm thickness leads to a larger increase in decomposition as compared to the increase in primary productivity. If the value of this ratio is larger than 1, an increase in acrotelm thickness leads to a larger increase in primary productivity as compared to the increase in decomposition. Provided that nutrients are mineralized instead of immobilized through decomposition and that living and dead organic matter have the same C:Nutrient stoichiometry (a simplifying modeling assumption, as assumed in Rietkerk and others 2004; Eppinga and others in press), a ratio smaller than 1 means that there is a relative increase in the amount of available nutrients. Using the parameter values of Belyea and Clymo (2001), we plotted the quotient as a function of acrotelm thickness (Figure A1).

[image: image17.wmf][

]

(

)

(

)

(

)

(

)

xy

E

B

t

gr

xuB

r

gP

x

duB

gN

E

B

t

N

T

V

N

N

IN

T

V

+

+

+

+

+

=

q

q

ˆ


Figure A1: The ratio of change in primary production and change in decomposition as specified by the local positive feedback model of Belyea and Clymo (2001). If the value of the ratio is smaller than 1, an increase in acrotelm thickness implies that there will be a larger increase in nutrient release via mineralization as compared to the increase in nutrient uptake by plants. If the ratio is larger than 1, the increase in uptake of nutrients is larger than the increase in release of nutrients. Hence, an increase in acrotelm thickness would be expected to lead to an increase in nutrient availability when the ratio becomes smaller than 1. Using the parameter settings of Belyea and Clymo (2001) this threshold occurs at acrotelm thickness of approximately 0.25 m. If these parameters are varied up to 10% of the original value, the threshold occurs within the acrotelm thickness range of 0.20-0.33 m.  .  

Figure A1 shows that if the acrotelm is thicker than approximately 0.25 m, the model predicts that with an increase in acrotelm thickness, decomposition increases more than production. Yet, it is important to note that this model has been specifically parameterized for one particular bog, so the parameters are likely to vary across peatland ecosystems. Therefore we performed a sensitivity analysis for this result. If all parameters are allowed to deviate (both increase and decrease) up to 10% of the original value, the following range of thresholds is observed: 0.20 - 0.33 m. Because the hummocks and ridges of patterned peatlands typically have an acrotelm thickness above this threshold range, we hypothesized that the positive feedback mechanism induces a higher nutrient availability with increasing acrotelm thickness (see Column 3 of Table 1 in the paper).

Effect of the scale-dependent feedback

Models predict that occurrence of the scale-dependent feedback leads to patches of high vascular plant biomass to where nutrients are transported (Rietkerk and others 2004; Eppinga and others in press). Here, we focused the analysis on the model of Rietkerk and others (2004), because this model aims to identify the effect of solely the scale-dependent feedback.  The effect of an increase in vascular plant biomass on nutrient concentration in the mire water, however, is not straightforward, because it leads to increased nutrient depletion through plant uptake, but also to increased litter input and hence possibly to increased nutrient release through mineralization. Therefore, we analyzed how an increase in vascular plant biomass in a certain patch would alter the nutrient concentration in water of that patch, using the mean field model version of Rietkerk and others (2004). The reaction equations for vascular plant biomass, nutrient availability and hydraulic head are:
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In which Nin is the nutrient input rate (gN.m-2.y-1), t is time (y), rN is a nutrient loss parameter (y-1), u is a plant uptake parameter (m3.gB-1.y-1), 
[image: image2.wmf]q

 is soil porosity (dimensionless), H is the hydraulic head (m), P is the precipitation rate (m.y-1), ET is an evaporation parameter, tV depicts the vascular plant transpiration rate (m3.gB-1.y-1), B is vascular plant biomass density (g.m-2), g is a vascular plant growth parameter (m3.gN-1.y-1), d is the fractional return in litter (y-1), b is the rate of fractional export or loss from the landscape (y-1). N is the amount of nutrients in the mire water (g.m-2), [N] is then the nutrient concentration in the mire water, which is defined as: 
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Further, f(h(H)) is a dimensionless soil water stress function that is defined as follows:
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in which h1 is the pressure head below which soil water stress occurs (m), h2 is the rooting depth of vascular plants (m) and z is a reference height (m). 

For brevity, we introduced:
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Now, solving eqs. a-5, a-6 and a-7 after each other gave the equilibrium values for nutrient amount, hydraulic head and vascular plant biomass:
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The above equations, however, only apply if the pressure head H-z is between h1 and h2 (eq. a-11). It follows from eq. a-16 that H-z is always larger than h2. Further, H-z needs to be smaller than h1, which yielded the following constraint on B:
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By combining eqs. a-8, a-15 and a-16 and subsequent rearranging, we obtained an expression for the equilibrium nutrient concentration in the mire water, which depends on vascular plant biomass:
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Now, the relation between nutrient release and nutrient uptake could be studied analytically by examining the rate of change in nutrient concentration as a function of biomass density. First, we used the expression in equation a-19 to calculate the derivative to B:



In case of the occurrence of the scale-dependent feedback, patches emerge that act as nutrient sinks, meaning that these patches receive an extra input of nutrients from their surroundings. Therefore these patches reach higher biomass density than the equilibrium density predicted by the mean field model (Rietkerk and others 2004). Combining eqs. a-17 and a-20 yielded an analytical expression of the effect on such an increase in vascular biomass on the nutrient concentration in the mire water. If the sign of the derivative is positive, the increase in biomass increases nutrient concentration in the mire water, if the sign is negative, nutrient concentration in the mire water decreases. For almost the entire parameter range in precipitation and nutrient input rate that was studied in the original paper, the sign of the derivative is positive and the constraint given by eq. a-18 is satisfied if the predicted mean field density is larger than approximately 100 gB.m-2 (calculated using eq. a-17). This is indeed the case in the parameter region where maze pattern formation occurs in the model (Rietkerk and others 2004).

Crucial for this positive sign of the derivative, however, is the effect of local recycling of nutrients by decomposition of vascular plant litter (Figure A2). Without this process, eq. a-20 reduces to:

    


The sign of the right hand side of eq. a-21 is determined by the second term in the numerator, which is always negative for the parameter regions that have been examined in the original paper (Figure A2). Concluding, based on these model calculations and predictions we could hypothesize that occurrence of the scale-dependent feedback creates nutrient sinks and thereby patches of higher vascular plant density within the landscape. So, the main mechanism of nutrient accumulation from the surroundings in high-density patches is entrapment in the vascular plant tissue. Further, the vascular plant tissue in high-density patches contains nutrients that were partly imported from the surroundings, but these nutrients are recycled only locally. Therefore, occurrence of the scale-dependent feedback indirectly (meaning first taken up by plants, then locally released) increases nutrient concentration in the mire water under high-density patches.   


Figure A2: The relation between nutrient concentration in mire water and vascular plant biomass as predicted by a model that only mimics the occurrence of a scale-dependent feedback (Rietkerk and others 2004). Positive values of the derivative 
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 mean that if the vascular plant biomass exceeds the predicted mean field density (because of extra nutrient import from the surroundings), the equilibrium nutrient concentration in the mire water also increases. When the local recycling of plant litter is included in the model, 
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 is positive except for very small values of nutrient input rate (left panel), coinciding with predicted mean field vascular plant densities of < 100 gB.m-2 (calculated using eq. a-17 in text). If local recycling is excluded from the model, the sign of 
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 is always negative (right panel), showing that the role of local recycling is essential in the model predictions on the effect of the scale dependent feedback on nutrient concentrations in the mire water.
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