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Summary of key findings and conclusions
1. Aqueous N is more affected by management than sediment N

2. All management additions of N lead to slowly increasing sediment NO3-, which is vulnerable to leaching and might “spill over” downstream

3. Addition of mineral N fertilizer (NH4+, NO3-)

· leads to a surface NO2- spike 

4. Addition of active organic residue

· depletes surface NO3-
· leads to a surface NO2- spike

5. Exchange of “dirty” topwater (containing active organic residue)

· leads to a surface NO2- spike

6. Exchange of “clean” topwater (containing no organic residue)

· depletes surface NO2-
7. Aqueous P is highly buffered by equilibration with insoluble forms

8. Management additions of P are likely to have only short-term impact

9. P availability is largely determined by pH

· management operations rarely attempt to influence pH

10. Rice plant roots create an oxic rhizosphere within a largely anoxic sediment

· this enhances their ability to exploit sediment N (as NO3- instead of NH4+)

11. Rice plant roots acidify their rhizosphere by oxidising Fe2+
· this enhances their ability to exploit sediment P

Management implications

1. Use a holding tank to “clean” topwater exchange water so as to prevent a surface water NO2- spike

2. Use (appropriately-fertilized) rice plants to “mop up” excess N and P added to the sediment 

Introduction
Nitrogen (N) and phosphorous (P) are essential components of all biomass. Limitations in the supply of these nutrients can determine the productivity of extensive biological production systems such as shrimp farms and rice fields. Oversupply, on the other hand, might lead to irreversible shifts in system function or – more likely – unwanted effects downstream. 
In order to understand N and P cycling in flooded systems we need first to understand oxygen (O2) supply and demand, and the changes in acidity (pH) dependent on them. 
Oxygen 
Oxidation of organic matter (here represented simplistically as CH2O) is essential to life. It requires an electron-acceptor (oxidant) capable of reduction. The energetically-preferred sequence of electron-acceptors commonly found in agro-ecosystems is shown in Table 1. 
Table 1
Oxidation of organic matter (CH2O)
	oxidant
	reaction
	approximate stoichiometry

	oxygen (O2)
	respiration
	CH2O + O2 → CO2 + H2O

	nitrate (NO3-)
	denitrification
	5 CH2O + 4 HNO3 → 2 N2 + 5 CO2 + 7 H2O

	ironIII (Fe(OH)3)
	iron reduction
	CH2O + 4 Fe(OH)3 →  4 Fe(OH)2 + CO2 + 2 H2O

	sulphurIV (H2SO4)
	sulphate reduction
	2 CH2O + H2SO4 → H2S + 2 CO2 + 2 H2O

	OM (CH2O)
	methanogenesis
	CH2O + CH2O → CH4 + CO2


Where O2 is available, NO3- is not generally oxidised; where NO3- is available, FeIII is not generally oxidised; and so forth down the list. O2, ubiquitous in the atmosphere at some 21% by volume, diffuses into the flooded system from the surface (z = 0) to depth (z) and is consumed at rate Q as it does so: 
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where [O2] represents the local O​2 concentration and t time. Similar equations apply to the other oxidants (cf Arah & Kirk, 2000). The result is a stratified system with an oxic zone (in which O2 is the primary oxidant) overlying a suboxic zone (in which NOx is the primary oxidant) overlying an anoxic zone (in which reduction of FeIII and SO42- and methanogenesis predominate) (Ponnamperuma, 1972). 
Nitrogen

N transformations in the oxic and suboxic zones are summarised in Table 2, in which the denitrification reaction is broken down into its component steps. N fixation in the oxic zone produces organic N at the expense of the oxidation of considerable amounts of CH2O. Ammonium (NH4+) produced by mineralization of organic matter is oxidised in the oxic zone to nitrate (NO3-) which diffuses into the anoxic zone where it is sequentially denitrified to nitrite (NO2-), nitrous oxide (N2O) and nitrogen gas (N2). Soluble products diffuse back into the oxic zone, while the gases (N2O and N2) largely bypass that zone via ebullition to the atmosphere (Patrick & Tusneem, 1972). 
Table 2
Major N transformations in flooded systems
	reaction
	approximate stoichiometry
	symbol
	inhibitors

	oxic
	
	
	

	nitrogen fixation
	3 CH2O + 2 N2 + 7 H2O → 4 NH4OH + 3 CO2
	Jfix
	

	nitrification
	2 NH4OH + 4 O2 → 2 HNO3 + 4 H2O
	Jnit
	NO3-

	suboxic
	
	
	

	denitrification [1]
	CH2O + 2 HNO3 → 2 HNO2 + CO2 + H2O
	J1 denit
	O2

	denitrification [2]
	CH2O + 4 HNO2 → 2 N2O + CO2 + 5 H2O 
	J2 denit
	O2, NO3-

	denitrification [3]
	CH2O + 2 N2O → 2 N2 + CO2 + H2O
	J3 denit
	O2, NO3-, N2O


A simple (two-compartment) model of these processes is illustrated in Fig.1. In a typical shrimp-production system the oxic zone might represent the water and the suboxic zone the underlying sediment. The actual boundary between the two zones is fluid, but for our current purposes let it stand: oxic denotes water; suboxic denotes surface sediment. Transformations J (solid lines) are represented by dual-substrate kinetics subject to concentration-dependent inhibition where indicated in Table 2. For example:
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where IX is an inhibition constant for species X. Transfers F (dashed lines) obey Fick’s Law:
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where kD is a transfer coefficient, i represents the source compartment and j the destination. Oxygen transformations (Table 1) and transfers (not shown in Fig.1) are handled similarly.

[image: image4]
Fig.1
Nitrogen cycling in flooded soils and sediments. Boxes represent pools, solid lines transformations (fixation, mineralisation, nitrification, denitrification), dashed lines transfers (diffusion, ebullition, settling); bold arrows represent major fluxes.
Typical model output is illustrated in Fig.2. The dual-compartment system is subjected to three management operations, at times t = 25, 50 and 75 d. These are: 

(i) fertilizer addition (equal amounts of NH4+ and NO3- added to the oxic zone);
(ii) topwater exchange (reoxygenation of the oxic zone coupled with addition of organic matter and inorganic N;
(iii) residue addition (active organic C and N added to the oxic zone).

The actual numbers illustrated in Fig.2 count for little – model parameters were not optimised against data. What matters instead is the patterns they show.
Oxygen and Active Organic C
Active organic C in the system declines continuously until restored by surface water exchange (which is assumed to bring with it a flush of organic matter) or direct input of residue, after which the process begins again. Where active C is abundant, O2 consumption exceeds supply from the surface and the O2 concentration declines; where active C is scarce, O2 concentration rises. Topwater exchange restores the O2 concentration of the surface zone; addition of mineral N fertilizer has little effect; addition of organic residue enhances O2 consumption. 
Ammonium and Nitrate

Mineral N fertilizer addition leads to spikes in the concentrations of NH4+ and NO3- in the oxic zone, the former declining more rapidly than the latter (as a consequence of volatilization and, more importantly, nitrification). Addition of organic residue leads to a bell-shaped NH4+ spike (mineralization) accompanied by a drop in surface zone NO3- (nitrification, diffusion to depth, denitrification). Topwater exchange leads to a mixture of the above two patterns. There is a gradual increase in sediment NO3- throughout.
Nitrite and Nitrous Oxide

All management operations lead to a marked spike in surface zone NO2-, followed after a few days by a lesser increase in N2O. In every case this is due to denitrification in the sediment (of NO3- diffusing down from above) followed by upward diffusion of its products. Nitrite (NO2-) is toxic to shrimp (Chen & Chen, 1992). Simulations (not shown) in which topwater exchange does not bring with it an addition of active organic matter show no such spikes; instead there is a marked decline in surface zone NO2- and no subsequent increase in N2O.
Nitrogen Uptake

Nitrogen uptake is here taken to be a simple function of the availability of NO3- and NH4+, weighted in the sediment by the relative immobility of NH4+ (which is adsorbed on clay particle surfaces). It is higher in the surface water than in the underlying sediment, and also more responsive there to management effects. In general, all management effects are more marked in the aqueous zone than in the sediment.
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Fig.2
Output of dual-compartment N transformation model. Surface water (_aq) and sediment (_s) concentrations and potential N uptake rates; orgC denotes active, not total organic C, other symbols should be self-explanatory. 
Rice roots
The simple model described and discussed above takes no account of a very important feature of rice roots: they have aerenchyma (Armstrong et al, 1991). These air-filled internal passages conduct O2 from the surface through the roots to the root tips, where it escapes into the rhizosphere (the root zone). 

The consequence is a (small) oxic rhizosphere, in which nitrification becomes a possibility (Fig.1). This may enable the plant to take advantage of the greater mobility of NO3- than NH4+ in a sediment, giving it a greater potential N uptake rate than suggested in Fig.2 (Kirk & Kronzucker, 2000).
Nitrification is not an unmixed blessing, however. It acidifies the rhizosphere (Table 2), further reducing the already limited NH4+ mobility as the concentration of HCO3- decreases (Kirk et al, 1994). 

Phosphorous

Phosphorous exists in the biogeosphere overwhelmingly in the +6 redox state, as phosphate PO42-. The changes in redox potential Eh which dominate O2, CH2O and N processes have no effect on the redox state of P (Schlesinger, 1991). 
The availability of P to biomass depends on the balance between precipitation of soluble PO42- to insoluble forms and the remobilisation of those forms. The major insoluble form is apatite [Ca5(PO4)3OH] but PO42- may also be immobilised by adsorption to, substitution in, or occlusion by many other mineral forms. As an example of the complexity this gives rise to, dissolution of Fe-oxyhydroxide minerals in anoxic zones (Table 1) may result in the release of co-precipitated PO42- (Bostrom et al, 1988).
Nevertheless, the various processes governing precipitation and remobilisation are probably most importantly influenced by acidity (pH). Below ~pH 5.7, increasing pH is likely to increase available P as it inhibits co-precipitation with Al3+; above  ~pH 5.7, increasing pH reduces available P by promoting precipitation of Ca5(PO4)3F (Lindsay & Vlek, 1977). 
A stylised version of the many processes at work is illustrated in Fig.3. The background pH of the (brackish) aqueous zone is taken to be somewhere around pH 8, the range pH 6-9, greatly simplifying the above account: decreasing pH enhances P availability, increasing pH reduces it.
There is no need to create a model of so simple a system: it is obvious that increasing pH (alkalinity) will tend to decrease P availability (ie the soluble P pool) in the surface water, while decreasing pH (acidity) will tend to increase it. The (small) labile P pool acts to buffer the system against any short-term change, the (large) stabilised P pool against longer-term shifts. Management additions to the system will generally be of organic or soluble P, which will be converted relatively quickly into the labile forms, and more gradually into the stabilised ones. The consequences of undersupply and oversupply will both take considerable time to be manifest in the background levels of the indicator pools (organic and soluble P).
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Fig.3
Phosphorous cycling in flooded soils and sediments (simplified). Boxes represent pools; solid lines represent biologically-mediated fluxes; dashed lines represent largely inorganic fluxes. Transformations above the midline are favoured by increasing acidity, those below it by increasing alkalinity (pH).
Acidity (pH)

Nitrification increases acidity (reduces pH) and thereby increases P availability, as does denitrification to a lesser extent (Table 2). Sulphate reduction (Table 1) and N fixation (Table 2) both increase alkalinity (increase pH) and might therefore be expected to have the opposite effect.

One important reaction is missing. Where an oxic rhizosphere meets a surrounding anoxic zone, oxidation of reduced iron Fe2+ occurs:


O2 + 4 Fe2+ + 10 H2O → 4 Fe(OH)3 + 8 H+




[4] 

This greatly acidifies the contact zone and promotes P mobility and uptake (Kirk et al, 1994; Saleque & Kirk, 1995). 
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Bullet points

· Aqueous N is more affected by management than sediment N
· All management additions of N lead to slowly increasing sediment NO3-, which is vulnerable to leaching and might “spill over” downstream
· Addition of mineral N fertilizer (NH4+, NO3-)

· leads to a surface NO2- spike 
· Addition of active organic residue

· depletes surface NO3-
· leads to a surface NO2- spike

· Exchange of “dirty” topwater (containing active organic residue)

· leads to a surface NO2- spike

· Exchange of “clean” topwater (containing no organic residue)

· depletes surface NO2-
· Aqueous P is highly buffered by equilibration with insoluble forms

· Management additions of P are likely to have only short-term impact
· P availability is largely determined by pH

· management operations rarely attempt to influence pH

· Rice plant roots create an oxic rhizosphere within a largely anoxic sediment

· this enhances their ability to exploit sediment N (as NO3- instead of NH4+)

· Rice plant roots acidify their rhizosphere by oxidising Fe2+
· this enhances their ability to exploit sediment P

Bottom line

· Use a holding tank to “clean” topwater exchange water so as to prevent a surface water NO2- spike

· Use (appropriately-fertilized) rice plants to “mop up” excess N and P added to the sediment 
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