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Thesis summary 

In Viet Nam, mangroves had been massively destroyed by herbicide spraying 

during the Second Indochina War (“Vietnam War”), in particular within the Saigon 

River Delta. In co-operation with J.M. Stellman (Department of Environmental and 

Occupational Health, Downstate Medical Center, State University of New York, 

Brooklyn, NY 11203, USA), it was determined (Oxmann et al., 2008a) that at least 

3,776,560 litres of herbicidal agents were sprayed by military aircraft* in the Delta 

using a recently developed Geographic Information System (GIS) that 

incorporates extensive military data resources of defoliation missions during the 

Second Indochina War (Stellman et al., 2003 a,b). The herbicide dispersal resulted 

in complete mangrove destruction within the sprayed regions of the delta. 

After the war, reforestation started in the delta and continued consistently to 

the present day, using predominantly seeds and saplings of Rhizophora apiculata. 

For the development of an effective rehabilitation management within disturbed or 

destroyed mangrove areas it is necessary to understand the driving forces behind 

successful, restricted or failed reforestation. One of the main reasons why 

mangrove reforestation fails is due to previously induced changes in the sediment 

properties that occur when sediments are no longer vegetated. Sediment 

acidification through pyrite oxidation is probably the most problematic, wide-spread 

growth limiting factor that restricts the re-establishment of mangroves on bare flats. 

Decreased litterfall production and an accompanying decrease in the 

decomposition of organic matter (OM) by micro-organisms cause sediment 

oxidation. If iron sulphides are formed by sulphate reduction, the formation of 

sulphuric acid by the oxidation of these sulphides drastically lowers sediment pH, 

when the buffering capacity, through CaCO3 for example, is insufficient. The low 

productivity of the so-called “sulphate acid soils” can be mainly attributed to toxicity 

of alumina and to nutrient deficiencies, especially of phosphorus (P). 

The aim was to determine the nutritional status, including P and nitrogen (N) 

dynamics, of reforested mangrove stands that provide large gradients of sediment 

pH and redox potential (Eh) values in order to assess the effect of sediment 

physicochemical properties on nutrient limitations. Since P seems to be the limiting 
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nutrient for plant growth on acidified sediments (e.g., Dent, 1986), it has been 

focused especially on the effect of the sediment pH on P dynamics. 

Common sequential P extraction methods provide useful information about the 

composition of P fractions in soils and sediments but they are not specific to 

particular chemical species and have several limitations. Hence, within this work 

the first chemical method for quantification of individual mineral and sorbed P 

species was developed (Oxmann et al., 2008b) in order to interpret common 

sedimentary P fractionation of higher sample through-put, which has been 

conducted for an extensive number of samples from the study area. The new 

method had been constructed by combining a conversion technique with a 

sequential extraction procedure. Mangrove sediments with different characteristics 

were incubated in pH-adjusted 0.01 M CaCl2 with and without reference material 

additions of octacalcium phosphate (Ca8H2(PO4)6·5H2O; OCP), hydroxyapatite 

(Ca5(PO4)3OH), strengite (FePO4·2H2O) or variscite (AlPO4·2H2O). The changes in 

soluble phosphate concentration were measured in the supernatant solution, while 

pH-induced variations in P composition were determined by subsequent 

sequential extraction of the sediments. Dissolved phosphate concentration was 

controlled by adsorption below pH 7.8. Above this pH, soluble phosphate 

concentration was governed by OCP, which was qualitatively determined by 

plotting the experimental values of pH + pH2PO4 and pH – 0.5pCa on a solubility 

diagram. In contrast to the often predicted slow dissolution rate of crystalline 

phosphates in soils or sediments, drastic changes in P composition by dissolution, 

precipitation and adsorption processes were detected after seven days, which 

were mainly not observed indirectly by changes in dissolved phosphate due to 

adsorption effects, but were determined quantitatively through subsequent 

sequential extraction, thus enabling the quantification of individual species. 

Evaluation of the method was performed by standard addition experiments. 

Besides P species quantification, the method provides the means for other 

applications, such as the determination of P mineral dissolution kinetics in soils 

and sediments, the prediction of P composition in changing environmental settings 

and the refinement of theoretical models of phosphate solubility in soil and 

sedimentary environments. 

Subsequently, common sedimentary P fractionations of sediments sampled 

within the study area were interpreted (Oxmann et al., 2008a) using individual P 
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species values of six selected sediments, which have been analysed by the 

CONVEX method (Oxmann et al., 2008b). The effect of physicochemical 

parameters on the distribution of P compounds and P uptake is discussed in 

relation to these analytical results. 

For the analyses of physicochemical parameters in sediments and P and N 

determination in sediment and leaves, five transects along a tidal inundation 

gradient were monitored in replanted mangrove stands (Oxmann et al., 2008a). 

Spatial gradients of sediment Eh and pH were affected by OM decomposition and 

varying inundation frequencies. Al/Fe-P correlated with Eh or pH, depending on 

the depth of the sediment layer, whereas Ca-P, available P (Morgan-P) and leaf P 

were primarily influenced by the pH. Highest concentrations of Al/Fe-P were 

recorded at pH 6.5 probably due to an increased amount of adsorbed P. Ca-P 

strongly increased with pH in the ranges below 4 and above 6, reflecting the 

different pH-dependent solubilities of individual Ca-P mineral species, as observed 

by comparison with the CONVEX data. A strong increase of Morgan-P and leaf P 

above pH 6 and correlations of Morgan-P vs. Ca-P (p < 0.001) or leaf P (p = 0.004) 

suggest that Morgan-P contains mainly thermodynamically less stable Ca-P 

compounds, which seem to fuel P plant uptake. In contrast to P, sediment N 

decreased with increase in pH, while leaf N significantly correlated with leaf P (p < 

0.001). Since foliar and sediment N:P ratios were mainly influenced by the 

sediment pH, shifts in pH likely cause limitation transitions. Extremely low P levels 

and restricted tree growth were found in areas, which were characterised by 

oxidized, acidic conditions through the destruction of the original mangrove forest. 

Analysis of the nutritional status in environments subjected to submergence 

has often focused on the Eh as the key factor for P availability. However, the 

above mentioned results (Oxmann et al., 2008a) implied that effect of the pH on 

enrichment, availability and limitation of P has been probably underestimated. 

Moreover, the descriptions of influences by the Eh on P dynamics in wetland 

sediments are controversial. Therefore, direct spatial comparisons of pH- and Eh-

driven effects are needed. We analysed spatial three dimensional patterns of 

physicochemical parameters in relation to sediment P compounds and leaf P in 

order to investigate sediment-plant interactions with focus on P uptake (Oxmann et

al., 2008c). Along the inundation gradient, submergence durations of 254 to 2 

days/year caused a large gradient of Eh values in sediment layers of 0-20 cm 
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depth, while Eh changes were small within 20-45 cm depth. At individual layers, a 

correlation of Eh vs. Al/Fe-P was only found in the upper depth interval (< 20 cm), 

while no correlation was observed at deeper sediment layers (> 20 cm). Further, 

no significant effect of Eh or Al/Fe-P on Morgan-P was detected at any depth. A 

highly significant correlation of Morgan-P vs. leaf P (p < 0.001) for sediments 

within 20-45 cm depth indicates that P uptake is likely enhanced at deeper 

sediment layers due to increased root biomass. While minor effects on within-

stand composition changes by the Eh were caused through generally highly 

reduced sediments at deeper layers, variations in pH produced extreme 

differences on both, Ca-P and Morgan-P content at these depth layers of 

apparently predominant P uptake. Since Ca-P was highly significantly correlated 

with Morgan-P (p < 0.001), it is likely that Ca-P is a more effective source for 

mangrove tree growth than Al/Fe-P. These results (Oxmann et al., 2008c) 

contradict a frequently proposed reduction-governed P cycling in regions 

subjected to submergence. 
*Calcutated for defoliation by military aircraft. Additionally, other facilities for herbicide dispersal had 

been used (see Stellman et al., 2003a). 
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Zusammenfassung der These 
 
Mangroven wurden während des Zweiten Indochinakrieges (“Vietnam Krieg”) in 

Viet Nam durch Herbizid-Besprühungen massiv zerstört, insbesondere innerhalb 

des Saigon River Deltas. In Zusammenarbeit mit J.M. Stellman (Department of 

Environmental and Occupational Health, Downstate Medical Center, State 

University of New York, Brooklyn, NY 11203, USA) wurde durch ein neu 

entwickeltes Geographisches Informationssystem (GIS, Stellman et al., 2003 a,b), 

welches umfangreiche Militärdaten von Entlaubungseinsätzen während des 

Zweiten Indochinakrieges nutzt, festgestellt, dass ein Herbizidvolumen von 

mindestens 3,776,560 Litern durch Militärflugzeuge* innerhalb des Deltas 

versprüht wurde (Oxmann et al., 2008a). Die Herbizid-Besprühungen führten zu 

einer völligen Zerstörung der Mangroven innerhalb der besprühten Regionen des 

Deltas. 

Die Wiederaufforstung im Delta begann nach dem Krieg und wurde bis zum 

heutigen Tage mittels Saat und Sämlingen von Rhizophora apiculata fortgesetzt. 

Für den Aufbau eines effektiven Wiederaufforstungs-Managements innerhalb 

zerstörter Mangrovenareale ist es notwendig festzustellen, welche Faktoren 

entscheidend für erfolgreiche, eingeschränkte oder gescheiterte Wiederauf-

forstungen sind. Ein hauptsächlicher Grund für das Scheitern von 

Wiederaufforstungen liegt in zuvor induzierten Veränderungen in den 

Sedimenteigenschaften, wenn die Sedimente nicht mehr bewachsen sind. Die 

Ansäuerung des Sediments durch Pyrit-Oxidation ist wahrscheinlich der 

problematischste und am weitesten verbreitete wachstums-limitierende Faktor, der 

die Wiederansiedelung von Mangroven auf nicht bewachsenen Flächen 

einschränkt. Eine Abnahme des Laubfalls und eine damit einhergehende 

Abnahme der Zersetzung von organischem Material (OM) durch Mikroorganismen 

bewirken eine Oxidation des Sediments. Wenn Eisensulfide durch Sulfatreduktion 

gebildet wurden, senkt die Bildung von Schwefelsäure durch die Oxidation dieser 

Sulfide drastisch den pH-Wert des Sediments, wenn die Pufferkapazität, durch 

CaCO3 zum Beispiel, nicht ausreichend ist. Die niedrige Produktivität der so 

genannten „sulfatsauren Böden“ kann hauptsächlich auf die Toxizität von 
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Aluminium und auf Nährstoffmangel zurückgeführt werden, insbesondere auf den 

Mangel von Phosphor. 

Ziel war es, den Stand der Nährstoffversorgung, einschließlich der Dynamiken 

von P und Stickstoff (N), von wieder aufgeforsteten Mangrovenbeständen, die 

einen großen Gradienten von pH-Werten und Redoxpotential-Werten (Eh) 

aufweisen, zu bestimmen, um den Effekt von physikochemischen Eigenschaften 

des Sediments auf Nährstofflimitierungen zu erfassen. Da P der limitierende 

Nährstoff für das Pflanzenwachstum auf angesäuerten Böden zu sein scheint (e.g. 

Dent, 1986), wurde insbesondere der Effekt des pH-Wertes des Sediments auf P-

Dynamiken näher untersucht. 

  Übliche sequenzielle P-Extraktionsmethoden bieten nützliche Informationen 

über die Zusammensetzung von P-Fraktionen in Böden und Sedimenten, nur sind 

sie nicht spezifisch für einzelne chemische Verbindungen und haben viele 

Einschränkungen. Deshalb wurde im Rahmen dieser Arbeit die erste chemische 

Methode zur Quantifizierung von einzelnen mineralischen und sorbierten P-

Komponenten entwickelt (Oxmann et al., 2008b), um eine herkömmliche P-

Fraktionierung von Sedimenten mit höherem Analysendurchsatz zu interpretieren, 

welche für eine große Anzahl von Proben aus dem Untersuchungsgebiet 

durchgeführt wurde. Diese neue Methode wurde konstruiert, indem eine 

Transformationstechnik mit einer sequentiellen Extraktionsprozedur verbunden 

wurde. Mangrovensedimente mit unterschiedlichen Charakteristiken wurden in pH-

eingestellter 0.01 M CaCl2 mit und ohne Referenzmaterialadditionen von 

Oktakalziumphosphat (Ca8H2(PO4)6·5H2O; OCP), Hydroxyapatit (Ca5(PO4)3OH), 

Strengite (FePO4·2H2O) oder Variscite (AlPO4·2H2O) inkubiert. Veränderungen in 

der Konzentration an gelöstem Phosphat wurden in der überstehenden Lösung 

gemessen, während pH-induzierte Variationen in der P-Komposition durch 

anschließende sequentielle Extraktion der Sedimente bestimmt wurden. Unter pH 

7.8 wurde die Konzentration an gelöstem Phosphat durch Adsorption kontrolliert. 

Über diesem pH wurde die Phosphatkonzentration beherrscht von OCP, welches 

qualitativ durch Einfügen der experimentellen Daten von pH + pH2PO4 and pH – 

0.5pCa in Löslichkeitsdiagramme nachgewiesen wurde. Schon nach sieben Tagen 

wurden drastische Veränderungen in der P-Komposition durch Lösungs-, 

Präzipitations- und Adsorptionsprozesse detektiert, im Widerspruch zu der oft 

vorhergesagten langsamen Lösungsrate von kristallinen Phosphaten im Boden. 
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Diese Prozesse wurden vorwiegend nicht indirekt durch Veränderungen an 

gelöstem Phosphat beobachtet, als vielmehr durch die quantitative Bestimmung 

mittels der sequentiellen Extraktion, wodurch eine Quantifizierung von einzelnen 

Spezies möglich wurde. Eine Evaluation der Methode wurde mittels 

Standardadditionsexperimenten durchgeführt. Neben der Quantifizierung von 

einzelnen P-Spezies bietet die Transformations-Extraktionsmethode (CONVEX) 

andere Applikationen, wie die Determinierung von Löslichkeitskinetiken einzelner 

P-Minerale in Böden und Sedimenten, die Vorhersage der P-Komposition in sich 

verändernden Ökosystemen und die Verfeinerung von theoretischen Modellen zur 

Phosphatlöslichkeit in Böden und Sedimenten. 

Anschließend wurden herkömmliche P-Fraktionierungen von Sedimenten aus 

dem Untersuchungsgebiet, mittels der einzelnen P-Kompositionen von sechs 

ausgewählten Sedimenten interpretiert (Oxmann et al., 2008a), welche durch die 

CONVEX-Methode (Oxmann et al., 2008b) analysiert wurden. Der Effekt von 

physikochemischen Parametern auf die Verteilung von P-Komponenten und die P-

Aufnahme wird in Verbindung mit diesen analytischen Ergebnissen diskutiert. 

Für die Analyse der physikochemischen Parameter in Sedimenten und die 

Bestimmung von P und N in Sedimenten und Blattmaterial wurden fünf Transsekte 

entlang eines Inundationsgradienten in wiederaufgeforsteten Mangroven-

beständen begutachtet (Oxmann et al., 2008a). Räumliche Gradienten von Eh- 

und pH-Werten in Sedimenten waren durch das tidale Regime und Pyrit-Oxidation 

beeinflusst. Al/Fe-P korrelierte mit dem Eh oder pH, abhängig von der Tiefe der 

Sedimentschicht, wohingegen Ca-P, verfügbares P (Morgan-P) und Blatt-P 

vorwiegend durch den pH beeinflusst waren. Die höchsten Konzentrationen an 

Al/Fe-P wurden bei einem pH von 6.5 gemessen, wahrscheinlich aufgrund von 

Adsorptionseffekten. Ca-P stieg stark mit dem pH in den pH-Bereichen unter 4 

und über 6, was die unterschiedlichen pH-abhängigen Löslichkeiten der einzelnen 

Ca-P Minerale widerspiegelt, wie durch einen Vergleich mit den CONVEX-Daten 

deutlich wurde. Ein starker Anstieg von Morgan-P und Blatt-P über pH 6 und 

Korrelationen von Morgan-P vs. Ca-P (p < 0.001) oder Blatt-P (p = 0.004) legen 

nahe, dass Morgan-P hauptsächlich thermodynamisch weniger stabile Ca-P 

Komponenten beinhaltet, welche scheinbar die P-Aufnahme steigern. Die N-

Konzentration im Sediment sank mit einem Anstieg des pH, im Gegensatz zum P-

Gehalt, während Blatt-N signifikant mit Blatt-P korrelierte (p < 0.001). Da N:P 
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Verhältnisse in Blättern und Sedimenten vorwiegend durch den pH des Sediments 

beeinflusst waren, erzeugen Übergänge im pH wahrscheinlich Übergänge in 

Nährstofflimitierungen. Extrem niedrige P-Gehalte und eingeschränktes 

Baumwachstum wurden in Bereichen gefunden, die wegen der Zerstörung des 

ursprünglichen Waldes durch oxidierte, sulfatsaure Bedingungen charakterisiert 

waren. 

Die Analyse der Nährstoffversorgung in von Überflutung beeinflussten 

Gebieten hat sich oft mit dem Eh als hauptsächlichen Faktor für die P-

Verfügbarkeit beschäftigt, während die zuvor genannten Ergebnisse (Oxmann et 

al., 2008a) nahe legen, dass der Einfluss des pH auf die Anreicherung, 

Verfügbarkeit und Limitierung von P möglicherweise unterschätzt wurde. Darüber 

hinaus sind Beschreibungen über den Einfluss des Eh auf die P-Dynamik in 

Sedimenten innerhalb von durch Überflutung beeinflussten Regionen kontrovers. 

Aus diesem Grund werden direkte räumliche Vergleiche von pH- und Eh-

kontrollierten Effekten benötigt. Wir haben räumliche, dreidimensionale Muster von 

physikochemischen Parametern in Beziehung zu P-Verbindungen in Sedimenten 

und Blatt-P analysiert, um Sediment-Pflanzen-Interaktionen im Hinblick auf die P-

Aufnahme zu untersuchen (Oxmann et al., 2008c). Entlang des 

Inundationsgradienten verursachte eine unterschiedliche Überflutungsdauer von 

254 bis zu 2 Tagen pro Jahr einen großen Gradienten der Eh-Werte in 

Sedimentschichten von 0-20 cm Tiefe, während Eh-Veränderungen innerhalb von 

20-45 cm weniger ausgeprägt waren. In einzelnen Schichten wurde eine 

Korrelation von Eh vs. Al/Fe-P nur im oberen Tiefeninterval (< 20 cm) gefunden, 

während keine Korrelation in tieferen Sedimentschichten beobachtet wurde. Des 

Weiteren wurde bei jeder Tiefe kein Effekt des Eh auf  Al/Fe-P oder Morgan-P 

festgestellt. Eine hochsignifikante Korrelation von Morgan-P vs. Blatt-P (p < 0.001) 

für Sedimente innerhalb einer Tiefe von 20-45 cm zeigt, dass die P-Aufnahme 

wahrscheinlich in tieferen Schichten durch eine höhere Wurzelbiomasse erhöht ist. 

Während geringere Effekte auf Zusammensetzungsunterschiede durch den Eh 

innerhalb des Bestandes durch die im Allgemeinen reduzierenden Bedingungen 

bei erhöhten Tiefen verursacht  wurden, haben Variationen im pH extreme 

Unterschiede in beiden verursacht, dem Gehalt an Ca-P und Morgan-P und dieses 

in Tiefen von scheinbar vorherrschender P-Aufnahme. Da Ca-P hochsignifikant 

mit Morgan-P korrelierte (p < 0.001), ist es wahrscheinlich, dass Ca-P eine 
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effektivere Quelle für das Wachstum von Mangroven ist, als Al/Fe-P. Diese 

Resultate (Oxmann et al., 2008c) widersprechen einem oft vorhergesagten 

reduktions-gesteuerten P-Kreislauf in von Überflutung beeinflussten Regionen. 
*Die Kalkulation bezieht sich auf Entlaubungen durch Militärflugzeuge. Zusätzlich wurden andere 

Möglichkeiten zur Dispersion genutzt (siehe Stellman et al., 2003a). 
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Thesis introduction 

Mangrove destruction and reforestation in Viet Nam - Historical 
relationships

Herbicide spraying and research on herbicide dispersal 

The U.S. military forces used different herbicide mixtures during the Second 

Indochina War in order to gain direct military advances by the defoliation of forests 

or to destroy the crop production. For these purposes, more than 19 million gallons 

of phenoxy and other herbicidal agents were dispersed in the Republic of Viet 

Nam between 1961 and 1971, including more than 12 million gallons of dioxin-

contaminated Agent Orange (Stellman et al., 2003a). Subsequently, the usage of 

Agent Orange (a 1:1 mixture of 2,4,5-trichlorophenoxyacetic acid [2,4,5-T] and 2,4-

dichlorophenoxyacetic acid [2,4-D]) that had been mainly manufactured by 

Monsanto and Dow Chemical has been suspended, since the included 2,4,5-T 

fraction was found to be teratogenic (Courtney et al., 1970). The contamination 

with 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) that is derived from the 2,4,5-T 

synthesis caused the teratogenic effect. Therefore, all used herbicide mixtures that 

contained 2,4,5-T had been contaminated with varying levels of TCDD, such as 

Agent Orange, Agent Orange II, Agent Pink, Agent Green and Agent Purple 

(Stellman et al., 2003a). While these agents had been predominantly used, other 

uncontaminated herbicide mixtures, such as Agent White and Agent Blue, had 

been sprayed in lower amounts. 

In 1970, the U.S. Congress made dispositions in order to assign the 

Department of Defence to commission the National Academy of Sciences (NAS) 

for a comprehensive study on the physiologic and ecologic effects of the 

defoliations in Viet Nam (NAS, 1974). The so-called study “NAS-1974” is based on 

an herbicide report system (HERBS). The “HERBS-Files” include data of 

dispersed herbicide amounts in space and time. 

The U.S. Department of Veterans Affairs (VA) concluded that a large-scale 

epidemiologic study requested by the Congress in 1979 is impossible. In 1991, an 
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U.S. law (“Agent Oragne Act”) passed that requested the Institute of Medicine, in 

co-operation with the VA, for a large-scale epidemiologic study on health effects 

caused by the exposure to the herbicides used. Subsequently, a GIS  was 

developed (Stellman et al., 2003a,b) in order to determine the herbicide amounts 

sprayed in space and time using a more-complete set of data than that used by 

“NAS-1974”. The amount of sprayed herbicide mixtures is expanded by more than 

seven million litres, in particular with heavily dioxin-contaminated herbicides. Even 

by “conservative” calculations, using a value of only 3 mg/kg TCDD in Agent 

Orange, Stellman et al. (2003a) found that the amount of dioxin sprayed is almost 

doubled in comparison to the amount published by “NAS-1974” (366 kg instead of 

106-163 kg TCDD). According to the “conservative” calculations, the amount of 

dispersed TCDD is at least 200-times higher than that released by the accident in 

Seveso (1976). However, the analysis of samples implied that the TCDD content 

of Agent Orange had been around 13 mg/kg and, moreover, an Agent Purple 

sample was found to contain 45 mg/kg TCDD (Young et al., 1978). Hamlet census 

data reveal that millions of Vietnamese were likely to have been sprayed upon 

directly (Stellman et al., 2003a). However, the co-operation of the VA that is 

necessary for providing the funding for an epidemiologic study is still pending. 

Comparatively limited epidemiologic and environmental research has been 

carried out on the distribution and health effects of the defoliations (Stellman et al., 

2003a). Recently, Schecter et al. (2003) published results of exposure caused by 

TCDD contaminated food in Bien Hoa. Within the blood of residents, 

concentrations of up to 413 ng/kg were found (levels of negative exposure in 

Vietnamese: ca. 2 ng/kg). TCDD contamination was found in some nearby soil and 

sediment samples. This TCDD uptake was recent and occurred decades after 

spraying ended, since persons without direct Agent Orange contact also had 

elevated TCDD levels (persons new to this region and children born after Agent 

Orange spraying). The authors hypothesized that a major route of current and past 

exposures is from the movement of dioxin from soil into river sediment, then into 

fish, and from fish consumption into people (Schecter et al., 2001). Accordingly, 

elevated TCDD levels of food products were found. 

Finally, it can be summarized that a 30-year delay in getting an epidemiologic 

study approved is extreme (Butler, 2008). Apart from the use of the GIS for its 

original purpose, it is also relevant in order to support environmental studies in Viet 
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Nam. For instance, the system can be used for locating regions of varying 

herbicide dispersal in different ecosystems and the subsequent determination of 

involved environmental impacts. Moreover, it is the most promising tool to select 

soil or sediment sampling sites for a detailed environmental TCDD assessment 

that had not been carried out so far. 

 

Mangrove destruction and reforestation 

Viet Nam has a potentially large area of mangrove forests due to its extensive 

coast line and its environmental conditions, including a tropical climate and a large 

tidal range (Saenger 1983). The main part of the mangrove area is located in the 

South (Figure 1). About 105000 hectares amounting to 36% of the original 

mangrove area had been destroyed by defoliation in South Viet Nam (NAS, 1974). 

In Viet Nam, extensive reforestation projects started after the war, in particular 

within mangrove ecosystems, since mangroves had been comparatively heavily 

sprayed (Figure 2). For instance, the codenamed Rung Sat Zone of the Saigon 

River Delta was one of the most heavily sprayed regions (see Figure 2). The 

mangroves within this delta had been completely exhausted by herbicide spraying, 

because of its strategic position (see Figure 1). Using the GIS developed by 

Stellman et al. (2003 a,b) we determined that at least 3,776,560 litres of herbicidal 

agents were sprayed by military aircraft during the “Ranch Hand Operation” in the 

delta (Oxmann et al., 2008a). The main part of the delta is located within the Can 

Gio district of Ho Chi Minh City (Figure 1). A spray map shows the high density of 

spray paths, especially within the delta, resulting in complete destruction of the 

mangrove vegetation for military purposes (Figure 1, Oxmann et al., 2008a, Page 

72).  
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 Figure 1  Distribution of mangrove forests (black coloring) in Vietnam. The research area 

was located within the Can Gio Mangrove Biosphere Reserve (CGMBR). The CGMBR is 

a part of the Can Gio District of Ho Chi Minh City (adapted from Nam and My, 1993). 
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A summary of the amounts of the different herbicide mixtures and the numbers 

of individual sorties sprayed within the delta is given in Table 1. A continuous 

exposure opportunity index (log E4, Stellman 2003b) of the stations used in the 

current study is given in the appendix (Table 2, Page 128) together with their 

geographic positions. 

As can be concluded through the descriptions within the current work, the 

reforestation of mangroves was not a politically motivated decision that preferred 

the re-establishment of mangrove forests. Simply, there had been no alternative to 

reforestation, since it is not possible to convert such huge mangrove areas to 

agricultural use. Mangroves exhibit the highest potential of a shift to sulphate 

acidic conditions in comparison to other ecosystems (Dent, 1986). Moreover, 

agricultural systems of free tidal irrigation are limited to those areas lying on main 

rivers or creeks which carry sufficient fresh water during the precipitations to push 

back the sea water and leach the accumulated salt from the soil (Hart, 1959). In 

contrast to the problems, which arise from conversions to agricultural use, the high 

economic and ecologic value of mangroves is beyond question. Mangroves are 

highly productive ecosystems, which provide the basic subsistence resources for 

the local population, such as through small scale fisheries and also support the 

sustainability of commercial fisheries. Mangrove trees are used for fuelwood, 

timber and cellulose production. 

 

Table 1  Individual sorties and amounts of different herbicide mixtures sprayed within the 

Saigon River Delta. 
 

Agent 
 

Missions 
 

  Litres 
 

 

Orange* 161 2149899 
Purple* 31 242002 
Pink* 1 18925 
Blue 16 172672 
White 
 

86 
 

1193070 
 

 

Total 
 

295 
 

3776560 
 

 

Total 2,4,5-T 
 

193 
 

2410825 
 

* contaminated with varying levels of TCDD 
Sorties and sprayed amounts of the different agents were calculated using a GIS developed by Stellman et al. 
(2003a,b). 
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Figure 2  Comparison of the mangrove distribution pattern in Southern Viet Nam (a) and 

the volumes of Agent Orange sprayed by U.S. military forces in RVN, 1961 – 1971 (b) (b: 

Stellman et al., 2003a). Volumes in litre (see colour-key) are given for 1.2 km2 according 

to the individual grids within the GIS developed by Stellman et al. (2003a,b). Note that the 

volumes within this figure are given for Agent Orange, only. 

 

 

After 1975, more than 20000 hectares have been reforested within the Saigon 

River Delta following the massive wartime destruction (Nam and My, 1993). Re-

plantation campaigns used predominantly seeds and saplings of Rhizophora 

apiculata (Tuan et al., 2002). Using satellite remote sensing of the delta a study 

reconstructed the re-coverage of the Saigon River Delta by replanted mangrove 

trees (Hirose et al., 2004). The patterns of the forest structures determined by 

satellite imagery (Hirose et al., 2004) correspond to the field data presented in this 

thesis (see Figure 3, adapted from Oxmann et al., 2008c). A detailed description of 

the forest structure data is given in Oxmann et al., 2008a. In 2000, the Can Gio 

Mangrove Biosphere Reserve (CGMBR) that covers the main part of the delta was 

registered as the first biosphere reserve in Viet Nam by the United Nations 

Educational Scientific and Cultural Organisation (UNESCO). 

Various thinning treatments and natural regeneration within the different sites 

of the CGMBR are documented by the forestry department. Therefore, the region 

provides the possibility to investigate the effect of environmental management in 

mangrove areas on sediment features (Oxmann & Lara, 2006; congress 

contribution; not enclosed within the thesis). 
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The current work investigates nutrient dynamics in reforested mangrove 

stands in order to detect the driving forces behind successful, restricted or failed 

reforestation campaigns. As will be described in detail, previously induced 

changes in the sediment properties by the deterioration of the vegetation cause 

unfavourable conditions for mangrove tree growth. Sediment acidification through 

pyrite oxidation is probably the most problematic, wide-spread growth limiting 

factor that restricts the re-establishment of mangroves on bare flats. Since P 

seems to be the limiting nutrient for plant growth on acidified sediments (e.g., Dent, 

1986), we focused especially on the effect of the sediment pH on P dynamics. 
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Figure 3  Mangrove classification map. (a) Mangrove classification within the CGMBR of 

the Saigon River Delta (adapted from Oxmann et al., 2008c). (b) Location of the two study 

sites within the CGMBR. (c) Mangrove forest structure and average Eh values (0-45 cm) at 

the control (d) and the sulphate acidic site (e). (d, e) Location and topographic elevation of 

the sampling stations (dots) and forest structure plots (squares) at the transects of the 

control site (d) and the sulphate acidic site (e). Relative dominance was averaged for the 

three lower-laying sectors at the control site, which comprised three plots for each sector. 

Yellow, green and red colours correspond to genera as shown in key. Coloured squares in 

(d) and (e) indicate the predominant genus within the different plots: More than 75% 

(relative dominance) had been occupied by either Avicennia or Rhizophora. Dotted arrows 

mark the direction of the transects (decresing inundation duration). The numbers at the 

isolines indicate the elevation in meters above MSL. 
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The structural framework of the manuscripts within the thesis 

As described above, P cycling has been analysed in detail on account of its 

relevance within the selected environmental setting concerning possible growth 

limitations and according reforestation restrictions. As will be described within the 

next chapter, phosphorus dynamics in regions subjected to submergence are 

highly complex and detailed mechanisms are poorly investigated. Moreover, 

descriptions about P availability are often inconsistent. Studies on P dynamics of 

reduced environments focused especially on the redox potential (Eh) as an 

important factor for controlling available P levels, while the impact of the pH has 

been often disregarded although the thermodynamic stability of calcium 

phosphates is predominantly driven by substrate pH values. According to these 

two physicochemical parameters, which predominantly control P cycling in natural 

environments, investigators of those P dynamics have the possibility to select 

between P fractionation schemes, which use either a chemical reduction or pH 

shifts as the basic step for separation. 

Since we focused on P cycling, the experimental setup had to be chosen in an 

adequate manner. Common phosphorus fractionation methods provide a 

worthwhile contribution for investigations dealing with P dynamics – within 

agricultural systems and natural environments. However, they do not provide a 

possibility for the quantification of individual P species. In view of the inconsistent 

results of some studies dealing with P dynamics it is likely that the lack of an 

existing extraction method for the determination of individual P species causes a 

huge gap in the knowledge of possible interactions. Our focus on the pH-driven 

thermodynamic aspects in P cycling enabled us to develop a technique for the 

quantification of individual P species. The selection of a sequential phosphorus 

extraction method that uses pH shifts as the basic step for separation was 

essential for the development of this method, because the method utilizes the 

different pH-dependent solubilities of individual P species for differential 

dissolution. Since a number of compounds are involved, the conversion-extraction 

(CONVEX) scheme of this technique is rather complex as is the theoretical 

background. Therefore, the second publication (Pages 34-66; Oxmann et al., 

2008b) describes the new method, while the third paper (Pages 67-96; Oxmann et 
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al., 2008a) investigates P dynamics in reforested mangrove stands of the Saigon 

River Delta using results obtained by the CONVEX method. While the latter paper 

deals with the main aspects of nutrient cycling within the investigated 

environmental setting, the fourth publication (Pages 97-124; Oxmann et al., 2008c) 

focuses on spatial differences of involved P interactions. Some raw data for 

samples and subsamples as well as some related parameters determined by the 

CONVEX method are presented in the appendix (Table1, Page 127). They may 

additionally help to understand the experimental setup of the CONVEX scheme 

and the involved calculations. 

In the following, the first publication (Pages 23-33; Lara et al., 2009) gives a 

review of P cycling within submerged systems, in particular within mangroves and 

salt marshes. This description (published within the frame of this thesis) will 

summarize the state of the art until we will proceed with the above mentioned 

publications. 
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Phosphorus dynamics in wetlands – a review 

The description of P dynamics in mangroves and salt marshes has been published 

as a contribution to the following publication: 

 

Lara, R.J., Szlafsztein, C.F., Cohen, M.C.L, Oxmann, J.F., Schmitt, B.B. & Souza 

Filho, P.W.M. 2009. Geomorphology and sedimentology of mangroves and salt 

marshes: the formation of geobotanical units. In: Coastal Wetlands: An Integrated 

Ecosystem Approach (eds Perillo, G.M.E., Wolanski, E., Cahoon, D. & Brinson, 

M.). Elsevier B.V. Earth Sciences. 

 

 
To illustrate how geomorphology, and the topographic and hydrological setting 

influence the P dynamics of mangroves and salt marshes, the P dynamics will be 

discussed for different environmental settings: For (i) regularly inundated, (ii) rarely 

inundated and (iii) waterlogged wetlands. 

 

Regularly inundated wetlands 
 
Reducing soil conditions of regularly flooded areas promote Fe3+-reduction, 

dissolution of ferric phosphates (e.g. strengite), release of Fe2+, reduction of 

sulphate to potentially Fe-binding sulphides, and desorption of P bound to ferric 

oxyhydroxides (Mortimer, 1971; Lindsay and Vlek, 1977). Increases of available P 

and decreases of total P (TP) in sediment are generally accompanied by these 

effects. Similar changes in Fe3+/Fe2+-ratio and available-P concentration occur with 

decreasing redox potential (Eh) along inundation gradients and increasing 

sediment depth, producing 3-dimensional distribution patterns of biogeochemical 

parameters. Accordingly, Eh decreased along a salinity gradient from freshwater 

marsh to brackish and salt marsh in surface sediments from the Cooper River, 

South Carolina (Sundareshwar and Morris, 1999), while Fe3+ declined in surface 
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sediments of these marshes from freshwater marsh to brackish marsh and was 

below detection limit in the salt marsh (Paludan and Morris, 1999). These data 

were consistent with the highest relative degree of free sorption sites on metal 

particles into the fresh water marsh, decreasing P-sorption, decreasing TP, 

increasing porewater-dissolved reactive P and increasing Ca-bound P from 

freshwater marsh to salt marsh (Sundareshwar and Morris, 1999).  

While sorption of P by Fe depends mainly on Eh, pH and salinity are significant 

factors for changes in P-sorption by Fe, Al and Ca in flooded regions, besides the 

impact of the metal concentration by itself (Paludan and Morris, 1999; Andrieux-

Loyer and Aminot, 2001), the Fe:P ratio as a measure of free sorption sites for 

phosphate on FeO(OH) (Jensen et al., 1992) and, in the case of Fe, the 

concentration of reactive Fe, that can interact with P (Raiswell and Canfield, 1998). 

Salinity and pH affect also the P-sorption by organic matter (OM) (Koch et al., 

2001), humic acids and metal-humic acid complexes (Gerke and Hermann, 1992; 

Paludan and Morris, 1999; Morse et al., 2004). Gooch (1968) hypothesized, that a 

seasonal cycle of sorption and release of inorganic P in a natural saltmarsh in 

Delaware is controlled by the adsorption of P on ferric hydroxide and precipitation 

of ferric phosphate during the winter, and release of P in spring, mediated by the 

changes in sulphide concentration and pH, which therefore may be responsible for 

the summer phosphorus eutrophication in this region. P-sorption in carbonate 

systems is less affected by Eh, since relatively more inorganic P is bound to 

calcium carbonate, than to redox sensitive compounds of metals like Fe and Mn, 

or is fixed in minerals like apatite and octacalciumphosphate (Moore and Reddy, 

1994; Feller et al., 2003a). 

Although waterlogged sediments are known to release P into overlying water 

(Mortimer, 1971), and the amount of available P typically increases with 

decreasing Eh, Feller et al. (2003a) and McKee et al. (2002) reported low 

porewater-soluble reactive P concentrations, irrespective of the Eh and 

waterlogging. Data from Hinchinbrook Island in Australia (Boto and Wellington, 

1984), showed a strong biomass-Eh correlation, may be as a result of oxygen 

translocation by the plants to the root zone. As it is common in mangrove areas, 

above-ground biomass was highest at the low elevated fringe sites near channels, 

where TP and bioavailable P were high. However, the redox potential at the fringe 

sites was also high, may be additionally though aeration by tidal flushing, and 
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decreased with increasing elevation. Thus, probably a major reason for the higher 

bioavailable P values at the lower sites is the higher degree of tidally influenced 

sediment exchange, compared to higher dwarf forests. Reduced flow in areas of 

dense vegetation result in excess of sediment deposited from incoming tidal water. 

High pH values due to flooding with seawater, increasing pH caused by reduction, 

and reductive dissolution of ferric Fe compounds, generally enhance desorption 

and dissolution of P in flooded soils. Therefore, sediment exchange may represent 

a major source of P enrichment in topographically low areas with dense vegetation 

(Boto and Wellington, 1983). Accordingly, Florida Bay is supposed to be the 

source of dissolved inorganic nutrients for southern Everglades mangroves, while 

freshwater inputs from the Everglades marshes are an important source of 

dissolved organic matter (DOM) in these wetlands (Davis et al., 2003; Chambers 

and Pederson, 2006). The Gulf of Mexico seems to be the major source of the P 

enrichment in Florida Bay (Fourqurean et al., 1992a; Fourqurean et al., 1992b) 

and the TP concentration decreases in mangrove forests of South Florida with 

increasing distance from the Gulf of Mexico (Chen and Twilley, 1999). Amounts of 

bioavailable P and total P in surface sediments of two tidal freshwater marshes in 

Virginia appeared to be directly linked to sediment accumulation with higher P 

contents at the topographically lower marsh, where sediment inputs were highest 

(Morse et al., 2004). 

 

 

Rarely inundated wetlands 
 
In contrast to the observed P-enrichment by likely sediment deposition at the 

mangrove fringe, P pools as well as accumulation rates seem to be higher in soils 

of irregulary flooded marshes compared to regulary flooded marshes (Craft et al., 

1988; Sundareshwar and Morris, 1999). At low pH-values, Fe- and Al-hydroxides 

carry a net positive charge. Hence, low soil pH-values promote P-sorption, while at 

higher pH-values the metal hydroxides are negatively charged (Stumm and 

Morgan, 1981) and therefore lower the adsorption capacity in marsh environments 

with higher salinity. Additionally, higher concentrations of anions like chloride and 

sulphate reduce the isoelectric point of metal hydroxide particles (Stumm and 

Morgan, 1981) and compete with phosphate for available sorption sites. 
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The geomorphologically related changes in P-sorption may result in a switch 

from P-limitation in higher elevated areas to N-limitation in topographically lower, 

temporary inundated regions. Accordingly, primary production was found to be N-

limited in salt marshes (Valiela and Teal, 1979) and could be probably P-limited in 

fresh water marshes (Paludan and Morris, 1999; Sundareshwar and Morris, 1999). 

Although marshes were generally considered to be N-limited by other authors 

(Valiela et al., 1973; Patrick and DeLaune, 1976; Bowden, 1984; Kiehl et al., 1997; 

Bedford et al., 1999), irrespective of the elevation, these findings contributed to the 

vision of a shift from P-limitation in freshwater environments to N-limitation in 

coastal and estuarine ecosystems. Fertilisation experiments have shown, that N-

limitation at fringe sites may shift to P-limitation in dwarf forests (Boto and 

Wellington, 1983; Feller et al., 2003a). While other studies carried out in mangrove 

areas agreed (Feller et al., 2003b) or disagreed (Feller, 1995; Koch and Snedaker, 

1997; Naidoo, 2006) with the generally accepted paradigm of N-limitation in costal 

and estuarine environments, the question of P- or N-limitation in mangrove regions 

remains unclear. McKee et al. (2002) hypothesized that a switching in nutrient 

limitation observed in Belize reflected the spatial changes of external nutrient 

supply and environmental stress factors, while the latter caused changes of 

internal nutrient demand. R. mangle-dominated dwarf forests in Belize had 

strongly reduced soil and were found to be P-limited, while A. germinans-

dominated dwarf forest in Florida were hypersaline and N-limited. Flooding-related 

stress may increase plant demand for P, whereas salinity stress may increase 

demand for N (Feller et al., 2003b).  

The different effects of nutrient enrichment, observed in fertilisation studies, are 

probably a result of diverse biotic and abiotic interactions in geomorphologically 

and sedimentologically dissimilar environments. Additional stressors may be 

responsible for the heterogenous results of fertilisation experiments in mangrove 

areas in comparison to studies in freshwater wetland ecosystems. A literature 

survey of 40 fertilisation studies (Koerselman and Meuleman, 1996) has 

investigated the elemental N:P ratio of the vegetation as a reliable prediction tool 

for assessing the nature of community nutrient limitation in a variety of European 

freshwater wetlands. The authors concluded that N:P ratios < 14 predicted N-

limitation, N:P ratios >16 predicted P-limitation, and wetlands with N:P ratios 

between 14 and 16 were colimited by N and P. Lockaby and Walbridge (1998) 
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found a maximum litterfall production at N:P ratios in litterfall of ca.12 in forested 

wetlands of the southeastern USA. A review and analysis of data concerning the 

nature of nutrient limitation in temperate wetland types in North America described 

the N:P ratios of surface soils in marshes and swamps to be lower than in bogs 

and fens (Bedford et al., 1999). As N:P ratios in sediments from mangrove forests 

of the Saigon River Delta were highly negatively correlated with pH and N:P ratios 

of leaves reflected this relation (Oxmann, 2008a), it is reasonable to assume, that 

a shifting in limitation could be partly attributed to a shift in sediment-pH.  

The major part of studies concerning P-dynamics in wetlands attributed 

enrichment, availability, limitation and turnover rates of phosphorus to adsorption 

effects, reflecting their importance in P distribution and composition, especially in 

wetland ecosystems (see also Hesse, 1962; Alongi et al., 1992). Analysis of data 

from 57 wetlands has shown, that the binding capacity of Fe and Al was a major 

factor in the retention of P (Fisher and Acreman, 2004). It is widely confirmed, that 

adsorption dominates P retention at low concentrations, whereas phosphate 

minerals control solubility of P at high concentrations (Lindsay, 1979). While the 

optimum pH-values for P sorption and precipitation generally differ and the 

sediment properties vary from sulphate acidic to calcerous, it is likely that the ratio 

between adsorbed P and mineral P is mainly controlled by the pH in tidal swamps 

and marshes. However, there are also a number of potential interactions between 

precipitation/dissolution and adsorption/desorption reactions. 

 

 

Waterlogged wetlands 

As pointed out above, P cycles in flooded soils are affected by several changes in 

physicochemical conditions. Under microbially-mediated reductive conditions, the 

dissolution mechanisms concerning P were summarised by Hutchison and 

Hesterberg (2004) as: (i) reductive dissolution of Fe(III) minerals with associated 

phosphate, (ii) competitive adsorption of DOM and phosphate by ligand exchange 

on mineral surfaces, (iii) DOM–enhanced dissolution of surface Fe or Al with 

concomitant release of phosphate (PO4), (iv) formation of aqueous ternary DOM-

Fe-PO4 or DOM-Al-PO4 complexes, and (v) decreased phosphate sorption with 

increasing pH. Additionally, organic anions from OM biodegradation are released 
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during flooding (Appelt et al., 1975; Sposito and Page, 1985; Bauld, 1986) and 

compete with phosphate ions for free sorption sites or reduce P-sorption by 

complexation with Fe and Al. Oxalate was often found to be the organic acid with 

predominant P mobilization efficiency (e.g. Ström et al., 2005). In relation to the 

high production of calcium oxalate in various wetland plants, chelation by oxalate 

could alter phosphate sorption, whereas the concentrations in sediments seem to 

be linked to carbon content and pH (Oxmann, unpublished data). Wright et al. 

(2001) hypothesized that under anaerobic conditions, several factors could be 

important for the release of labile P, such as the lysis of aerobic microorganisms, 

the hydrolysis of stored polyphosphates by facultative anaerobes and subsequent 

P release, as well as the decrease in biological P demand.  

Especially for waterlogged environments the low crystallinity of Fe compounds 

seems to be the reason for increased P-sorption capacities following submergence, 

while precipitation of Fe(II) compounds (e.g. vivianite) may occur at high Fe(II) 

concentrations. Long-term flooding may increase the proportion of amorphous Fe-

oxides (e.g. Darke and Walbridge, 2000) or mixed Fe(II)Fe(III)-hydroxy 

compounds (Ponnamperuma et al., 1967; Khalid et al., 1977; Cornell and 

Schwertmann, 1996) and readsorb previously released P. Several studies found 

increased P sorption after flooding, related to amorphous and poorly crystalline 

oxides and hydroxides of Fe (e.g. Krairapanond et al., 1993; Zhang et al., 2003). 

While the process of transformations between Fe compounds during reduction is 

not explored in detail, it can be suggested, that amorphous oxides with higher P-

adsorption capacity will form after dissolution of crystalline Fe. A short-term 

increase in available P could be seen as a consequence of these transformations. 

A number of publications also report a decrease in available P caused by 

submergence (Kuo and Mikkelsen, 1979; Sah and Mikkelsen, 1986; Sah et al., 

1989a; Sah et al., 1989b; Zhang et al., 1993). Permanently flooded dwarf forests 

have shown lower redox potentials than those in taller fringing forests (McKee et 

al., 2002; Feller et al., 2003a), but the authors found low porewater concentrations 

of soluble reactive P with little variation across the transect, and the ratio of 

available N:P increased from fringe to dwarf in controls without P or N fertilisation. 
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Summary 
 
Common sequential phosphorus (P) extraction methods are not specific to 

particular chemical species and have several limitations. This work presents the 

first chemical method for quantification of individual mineral and sorbed P species. 

It was developed by combining a conversion technique with a sequential extraction 

procedure. Mangrove sediments with different characteristics were incubated in 

pH-adjusted 0.01 M CaCl2 with and without reference material additions of 

octacalcium phosphate (Ca8H2(PO4)6·5H2O; OCP), hydroxyapatite (Ca5(PO4)3OH), 

strengite (FePO4·2H2O) or variscite (AlPO4·2H2O). The changes in soluble 

phosphate concentration were measured in the supernatant solution, while pH-

induced variations in P composition were determined by subsequent sequential 

extraction of the sediments. Dissolved phosphate concentration was controlled by 

adsorption below pH 7.8. Above this pH, soluble phosphate concentration was 

governed by OCP, which was qualitatively determined by plotting the experimental 

values of pH + pH2PO4 and pH – 0.5pCa on a solubility diagram including the 

isotherms of known crystalline phosphate compounds. In contrast to the often 

predicted slow dissolution rate of crystalline phosphates in soils or sediments, 

drastic changes in P composition by dissolution, precipitation and adsorption 

processes were detected after seven days, which were mainly not observed 

indirectly by changes in dissolved phosphate due to adsorption effects, but were 

determined quantitatively through subsequent sequential extraction, thus enabling 

the quantification of individual species. Evaluation of the method was performed 

by standard addition experiments. Besides P species quantification, the method 

provides the means for other applications, such as the determination of P mineral 

dissolution kinetics in soils and sediments, the prediction of P composition in 

changing environmental settings and the refinement of theoretical models of 

phosphate solubility in soil and sedimentary environments. 
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Introduction 
 
The main challenge for the investigation of P dynamics in soils and sediments can 

be attributed to adsorption effects. These effects increase the number of involved 

compounds and impede the quantification of P species. The majority of studies 

concerning P dynamics in wetlands attributed enrichment, availability and 

limitation of P to adsorption effects, reflecting the importance of adsorption effects 

in P distribution and composition (Fisher & Acreman, 2004), but due to a lack of 

reliable discrimination methods, the role of amorphous or mineral P forms in P 

cycling is likely to have been underestimated. 

Sequential extraction techniques were developed for agricultural soils (e.g., 

Hedley et al., 1982) and subsequently varied for sedimentary studies (e.g., 

Ruttenberg, 1992; Jensen & Thamdrup, 1993; Jensen et al., 1998). The sediment 

extraction (SEDEX) scheme suggested by Ruttenberg (1992) has been widely 

used in sediment P analysis, probably because of the extensive standardisation 

during method development. Five steps separate the following pools: (i) 

Exchangeable or loosely sorbed P; (ii) Fe-bound P; (iii) authigenic apatite + 

CaCO3-bound P + biogenic apatite; (iv) detrital apatite + residual inorganic P; (v) 

organic P. Exchangeable P is operationally defined and extracted by a MgCl2 

solution at pH 8. A number of extractions are available for the determination of 

exchangeable P, e.g. deoxygenated water as used by Paludan and Morris (1999) 

for the determination of loosely adsorbed P and porewater P of freshwater marsh 

sediments. Fe-bound P is measured by citrate dithionite bicarbonate (CDB) 

extraction. Reagents like CDB or BD (a bicarbonate buffered dithionite solution, 

Psenner & Pucsko, 1988) reduce the oxidised species of iron and manganese and 

thereby liberate the phosphate adsorbed onto oxides/hydroxides of the two metals 

(Jensen & Thamdrup, 1993). NaOH is also often used as it extracts Fe-bound P, 

but in addition it extracts a considerable quantity of organic P (Golterman, 2001). 

Therefore, the replacement by other reagents such as CDB or BD, which may 

liberate less organic P, has been often recommended. However, the inclusion of 

organic P determination in fractionation schemes that focus on the determination 

of inorganic P compounds is questionable. According to Beauchemin et al. (2003) 

it may be necessary to determine organic P within each fraction of the inorganic P 

pools. Therefore, separate determination of organic P would be advisable, since 
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the conditions for the inorganic P fractionation do not necessarily correspond to 

those of separable organic matter types, such as humic or fulvic acids. Separate 

organic P determination is possible on a chemically basis (e.g., Legg & Black, 

1955) or by 31P nuclear magnetic resonance spectroscopy (e.g., McDowell & 

Stewart, 2005). Sodium hydroxide extracts amorphous or mineral Al/Fe-P 

(Kurmies, 1972) and adsorbed P. Since NaOH is replaced by CDB in the SEDEX 

method for the determination of P sorbed to reducible compounds, data will be 

misinterpreted in the presence of e.g. Al-sorbed P, variscite or strengite. These 

compounds were not tested during the development of the SEDEX scheme, are 

therefore not operationally defined and if present, obviously cause an 

overestimation of defined fractions. Moreover, OCP was not implemented in the 

standardisation procedure and may be determined together with the authigenic 

carbonate fluorapatite (CFAP) pool, extracted by acetate buffer solution adjusted 

to pH 4. The SEDEX method focuses on the separation of CFAP and detrital 

apatite of igneous or metamorphic origin. Since the high pH values of marine 

sediments provide conditions promoting OCP precipitation, it is not unreasonable 

that CFAP, which represents an oceanic sink for reactive P, is often overestimated 

by this method. 

As a consequence of the individual modifications for adjusting the schemes to 

the matrix and the expected P compounds, comparison of data is difficult and 

fractionation data become deficient, if unexpected P compounds are present.  

Most standard methods for direct identification of mineral phases e.g. X-ray 

diffraction (XRD) are not suitable for P analysis in soils and sediments, because of 

their low P content. More recently, direct determination of P species in soils was 

performed by using x-ray adsorption near edge structure spectroscopy (XANES, 

e.g., Beauchemin et al., 2003; Sato et al., 2005). By this technique, it is possible to 

determine phosphate sorbed on ferrihydrite, goethite, Al-hydroxide and alumina as 

well as noncrystalline FePO4, hydroxyapatite (HAP) and OCP. However, up to now, 

the promising direct identification by XANES is restricted by limitations 

(Beauchemin et al., 2003) and it is only meaningful to use this method if the main 

aspect of the study deals with P species identification.  

Beauchemin et al. (2003) argued that such nondestructive techniques are 

specific to particular chemical species, whereas chemical fractions are 

macroscopic and operationally defined fractions that cannot be verified as being 
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specific to particular chemical species. However, in the past, solubility criteria were 

used for indirect qualitative determination of particular minerals in soils. In this 

work, we will show that a solubility experiment conducted by Murrmann and Peech 

(1969a), which induces conversions between mineral and adsorbed P forms, can 

be used for chemical quantitative determination of particular species, if the 

solubility experiment is combined with a suitable extraction procedure. Moreover, 

the application of the conversion-extraction (CONVEX) technique, presented in 

this work, offers insights in conversion processes and explains discrepancies 

between observed phosphate solubilities and related theoretical models. 

Beauchemin et al. (2003) further pointed out that more than one scenario can be 

constructed to explain pore-water data, but direct identification of P species is 

useful for predicting the probability of increased P concentrations in solution under 

given conditions. On the other hand, knowledge of solid phase processes, which 

account for changes in phosphate solubility under changing conditions, is scarce 

and soluble phosphate can therefore hardly be predicted even if all solid 

components can be measured. In contrast to the large number of studies dealing 

with soluble P changes after manipulation of soils or sediments (e.g. studies on 

adsorption kinetics after pH or redox potential changes), few studies perform P 

fractionations on the same substrate sample that had been subjected to different 

treatments in order to detect and explain solid phase processes. 

The objective of this study was to gain a deeper insight into the dynamics of P 

speciation in waterlogged substrates. For this purpose we focused on the 

utilisation of the different solubilities and dissolution kinetics of various P minerals 

for differential dissolution through incubation at different pH values and 

subsequent P species quantification. In most cases, adsorption effects inhibit the 

observation of P mineral dissolution in the supernatant solution. We expected to 

be able to observe the pH-induced changes on the solid phase by incubation of 

the sediment at various pH values and subsequent fractionation of the sediment 

into Al/Fe-P (amorphous and mineral Al/Fe-P + adsorbed P) and Ca-P (mineral 

Ca-P). Additionally acquired fractionation data are more detailed and quantitative 

with respect to the solid phase and therefore provide the necessary information for 

species determination. 
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Materials and methods 

Sediment sampling and preparation 

Sampling sites were located in reforested mangrove stands of the Saigon River 

Delta, Viet Nam, which had been exhaustively destroyed by the spraying of 

herbicide mixtures during the Second Indochina War. In some areas, the change 

to oxidizing conditions resulted in acid generation from sulphide-rich sediments 

with the acidity remaining until the present day. The aeration-induced formation of 

sulphuric acid by the oxidation of iron sulphides is well known from land 

reclamation projects. The low productivity of the generated “acid sulphate soils” 

can be generally attributed to toxicity of alumina and to nutrient deficiencies, 

especially of phosphate (e.g., Dent, 1986). 

 

Table 1  Basic sample related properties and sediment related analysis 

aIn days per year. Data were calculated from measured heights above mean sea level and local tide table data. First and second value 
indicate the inundation time in days per year (duration) and the number of days per year at which one or two inundations occurred 
(frequency), respectively. 
bPercentages by weight of clay, silt and sand are given by the first, second and third value, respectively. 
cExperimental setup for the performed CONVEX analysis. Experiments with no P additions are indicated by nP. Pi, OCP, HAP, STR, 
and VAR mark addition experiments with additions of K2HPO4, OCP, HAP, strengite and variscite, respectively. 
 

 

Sediments were selected to cover a broad range of pH values and differences 

in P composition. Therefore, samples were selected from a strongly acidic forest 

sector (SA), from a slightly acidic forest sector in the hinterland (HL) and from an 

alkaline mud flat (MF). Replicates of strongly acidic (SA1, SA2), slightly acidic 

 

Sample and origin 
 

Field 
pH 

 

Vegetation 
 

Inundationa 
 

Textureb 
 

Al/Fe-P 
/mg g-1 

 

Ca-P   
/mg g-1 

 

Conversion time 
and P additionsc 

 

 

MF1 (mud flat, 35-40cm) 
 

7.28 
 

Absent 
 

 

253.8, 365 
 

 

13, 82,   5 
 

0.183 
 

0.160 
 

  7 days, nP 
30 days, nP 
  7 days, Pi 
 

MF2 (mud flat, 40-45cm) 7.47 Absent 253.8, 365 
 

12, 83,   5 0.174 0.166   7 days, nP 
  7 days, OCP 
  7 days, HAP 
 

HL1 (hinterland, 35-40cm) 6.62 Mixed 
mangrove 

species 

    2.5,   22 10, 82,   8 0.306 0.132   7 days, nP 
30 days, nP 
  7 days, Pi 
 

HL2 (hinterland, 40-45cm) 6.64 Mixed 
mangrove 

species 

    2.5,   22 10, 84,   6 0.269 0.118   7 days, nP 
  7 days, STR 
  7 days, VAR 
 

SA1 (acidic site, 35-40cm) 3.28 Mainly 
R. apiculata 

    4.0,   38   5, 74, 21 0.082 0.035   7 days, nP 
30 days, nP 
  7 days, Pi 
 

SA2 (acidic site, 40-45cm) 3.26 Mainly 
R. apiculata 

    4.0,   38   6, 82, 12 0.079 0.032   7 days, nP 
  7 days, STR 
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(HL1, HL2) and alkaline (MF1, MF2) sediment samples from different depth 

intervals (35-40 cm, 40-45 cm) were chosen as controls for similarity in P 

composition under similar environmental conditions and consequently as 

indicators for method reproducibility. The differences in the sediment pH and 

sediment Eh between these depth intervals were relatively small, whereas the 

discrepancies were higher at the surface layers (Oxmann, unpublished data). 

Sediments were sampled immediately after inundation with piston-corers, which 

were provided with inlets for pH measurement prior to sectioning. Sectioned 

sediments were kept on ice until sample preparation started within a few hours. 

Preparation of the samples included careful removal of visible roots, drying at 

37°C and grinding with a planetary mill. At least 50 g of a dried sample was ground 

to <300 �m mesh in order to prepare a homogenous sample. Basic properties of 

the sediments used in this study and the experimental setup are presented in 

Table 1. 

 

Reference materials for standard addition experiments 

Hydroxyapatite was purchased from Sigma-Aldrich (St. Louis, Missouri, USA). The 

following standards were synthesized according to the references cited with slight 

modifications concerning the initial pH value and/or incubation time. Precipitate for 

OCP synthesis (Christoffersen et al., 1990) was incubated at 42°C for five hours or 

seven days and washed with deionized water. The initial pH value for the 

precipitation of strengite (Ghosh et al., 1996) was 0.8. The precipitate formed after 

30 minutes of heating at 90°C on a steam plate. The crystalline precipitate was 

washed after six days of heating on a steam plate at 90°C with 0.1 N NaCl, 

deionized water and 70% ethanol. For variscite synthesis (Hsu & Sikora, 1993), 20 

ml of AlCl3 solution adjusted to pH 1.2 and 180 ml of NaH2PO4 solution adjusted to 

pH 1.2 were mixed. The final concentration was 0.05 M in Al and 0.15 M in 

phosphate. The slowly formed precipitate was washed with 0.1 N NaCl, deionized 

water and 70% ethanol after six days of heating on a steam plate at 90°C. 

X-ray diffraction was performed after drying and grinding of the synthesised 

minerals using an X´Pert Pro multipurpose diffractometer (PANalytical, Almelo, 

The Netherlands) equipped with a Cu-tube (K� 1.541, 45 kV, 40 mA), a fixed 

divergence slit of ¼° 2-Theta, a secondary monochromator and an X´Celerator 
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detection system. The minerals were found to be highly crystalline (Figure 1). The 

XRD pattern of OCP obtained after five hours of incubation was comparable to the 

pattern of HAP, as described by Suvorova and Buffat (2001). The XRD pattern of 

OCP obtained after seven days of incubation showed additionally a HAP 

characteristic reflection, which was not observed after five hours of incubation, 

suggesting the conversion of some OCP to a HAP-like phase. Therefore, the OCP 

phase obtained after five hours was used for the described experiments. While the 

XRD pattern of the purchased HAP was nearly identical to a natural HAP from 

Puerto Rico (Downs, 2006), the synthesized variscite was nearly identical to a 

natural variscite from Arkansas (Downs, 2006).  

 

 

 
 

Figure 1  X-ray diffraction patterns (Cu radiation) for synthesised phases of strengite (a), 

hydroxyapatite (b), octacalcium phosphate (c) and variscite (e). The X-ray diffraction 

pattern from a specimen taken after a seven day incubation of octacalcium phosphate in the 

pH range 5-5.5 (d) indicates the presents of a hydroxyapatite phase, since a hydroxyapatite 

characteristic reflection was observed (asterisks, see Suvorova and Buffat, 2001). 

Successful crystallisation is illustrated for variscite by comparison with a natural variscite 

(f) from Arkansas (f: printed with kind permission from R.T. Downs, RRUFF Project, 

2006). 
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Since the XRD patterns of the variscite phases shown by Hsu and Sikora 

(1993) were less comparable to the pattern of the natural variscite from Arkansas, 

the successful crystallisation was likely achieved by using a lower initial pH value 

and therefore by an increased crystallisation time. 

 

Development of the CONVEX method 

The CONVEX procedure (Figure 2) includes a pH-induced conversion of P 

compounds and a modified version of the fractionation suggested by Kurmies 

(1972). 

 

 

 
 

Figure 2  CONVEX scheme for the quantification of phosphorus species in sediment. 

1A/1B: Conversion procedure, 2A-3C: Extraction procedure. A conversion time of seven 

days is recommended for species determination. 
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The conversion method (step 1 in Figure 2) was adapted from a solubility 

experiment conducted by Murrmann and Peech (1969a). The authors studied the 

effect of varying soil pH, by pH adjustment on the concentration of phosphate in 

0.01 M CaCl2 extract and on the amount of labile P, as determined by isotopic 

exchange. Both, decreasing or increasing the pH of the soils resulted in an 

increase of phosphate in the soil solution and the amount of labile P in the soil. It 

was shown that the phosphate concentration in the supernatant solution was 

governed by the equilibrium of a crystalline compound, namely OCP, only above 

pH values of 8. It was concluded that the phosphate concentration in solution was 

controlled by the amount of labile P rather than by the solubility of crystalline 

phosphate compounds. The importance of this early work concerning adsorption-

desorption as well as precipitation-dissolution processes was recognized more 

recently by Hinsinger (2001), but the results were partly misinterpreted in the next 

publication of Murrmann and Peech (1969b), because of a lack of information, 

which we will provide and discuss in our paper. Briefly, as they have shown for 

OCP, other P mineral compounds also dissolve during the incubation procedure, 

but related changes of P ion concentration in solution cannot be detected, 

because of the immediate adsorption of liberate phosphate to a solid phase. 

To observe the pH-induced variations in P composition, a sequential extraction 

scheme for the fractionation of inorganic P into Al/Fe-P (by NaOH, 2A/B, Figure 2) 

and Ca-P (by H2SO4, 3A, Figure 2) as suggested by Kurmies (1972) was used, as 

it presented the following advantages for the development of the CONVEX method: 

(i) preliminary elimination of Ca2+ by KCl/ethanol in order to prevent OCP 

precipitation; (ii) fractionation of inorganic P into one Ca-P and one Al/Fe-P pool; 

(iii) desorption of subsequently adsorbed P (by Na2SO4, 2B/C, 3B/C); (iv) short 

incubation times. 

Method evaluation by standard addition experiments 

Ruttenberg (1992) performed efficiency and specificity tests with different 

extractants and a number of phases that closely approximate naturally occurring 

P-bearing phases. Such a method is extensive and may include systematic errors, 

since not all P-bearing compounds in soils and sediments are known. Moreover, 
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comparison to soil treatment is difficult by using relatively pure extraction 

conditions.  

Since standard addition experiments provide the opportunity to test the 

efficiency and specificity of a procedure directly with the involved matrix, they offer 

the most confident application for standardisation. Therefore, sediments were 

analysed by the CONVEX procedure with and without standard addition of the 

following XRD-proofed mineral standards: Octacalcium phosphate, HAP, strengite 

and variscite. Fractionations of the sediments with and without mineral additions 

but without previous incubation were used as controls.  

 

Analytical methods and procedures 

The sediment pH was measured in the field with a SensoLyt SE (WTW GmbH & 

Co. KG, Weilheim, Germany) electrode inserted directly into the sediment. After 

centrifugation of the incubated sediments the pH in the clear supernatant solution 

was measured with an InLab 423 (Mettler Toledo GmbH, Greifensee, Switzerland) 

electrode. All chemicals used were of analytical grade. Deionized water was used, 

purified by a Millipore Milli-Q system (Millipore Corp., Massachusetts, USA). 

Sediment incubations in 0.01 M CaCl2 and calculation of ionic activities were 

performed as described by Murrmann and Peech (1969a), but several 

modifications to the procedure were introduced, mainly to enhance sample 

throughput. Each sample was partitioned into subsamples by weighing series of 1 

g into 50 ml polyethylene centrifuge tubes before addition of 10 ml of 0.01 M CaCl2 

containing varying amounts of HCl or Ca(OH)2. For the mineral addition 

experiments, minerals were weighed into small polyethylene caps, which were 

added separately to the subsamples before the addition of 10 ml of pH-adjusted 

0.01 M CaCl2 to ensure homogeneity of added mineral P between the subsamples. 

For experiments with soluble P addition, 10 ml of pH-adjusted 0.01 M CaCl2 

containing 0.155 mg P as K2HPO4 was added to the subsamples. After the tubes 

were capped and shaken in a water bath at 25°C for two days, subsamples were 

centrifuged for 5 minutes at 1000g and the supernatant liquid was discarded. 

Subsequently, the sediment pellets were washed two times with 10 ml of 0.01 M 

CaCl2. After addition of 10 ml of 0.01 M CaCl2 and a few drops of chloroform for 

precluding bacterial growth, the subsamples were shaken in a water bath at 25°C 
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for five days and subsequently centrifuged for 10 minutes. Aliquots of the 

supernatant solution were taken for the determination of the concentrations of 

soluble phosphate, iron and calcium and for pH measurement. 

After drying the pellets in the same tubes, sequential extraction of the 

sediments was performed. Subsamples of 1 g without incubation were taken as 

controls. Sediment fractionation was carried out according to Kurmies (1972), but 

again modifications were applied in order to accelerate the determination. The 

measurement of organic P, as being part of the original scheme, was not 

performed, since we recommend a separate determination of organic P. The 

fractionation scheme used in this study is included in Figure 2. The KCl/ethanol 

solution was prepared by mixing three parts of ethanol with two parts of 1 M KCl. 

The NaOH/Na2SO4 solution contained 0.5 M Na2SO4 and 1 M NaOH. The Na2SO4 

solution contained 4% of Na2SO4, and H2SO4 solution was 0.5 M. Extractant 

volume was 15 ml for each step, and the tightly capped centrifuge tubes were 

shaken (120 rpm) in a water bath at the corresponding temperatures. 

Centrifugation was performed for 10 min at 1000g. For removal of humic acids, 0.5 

ml of 5 N H2SO4 was added to 2.5 ml of the solutions obtained by the fractionation 

procedure. After incubation for thirty minutes, 7 ml of deionised water was added 

and the solutions were centrifuged. The concentration of phosphate in the 

obtained supernatant solutions, as well as the concentration of soluble phosphate, 

was measured according to Murphy and Riley (1962) by the use of a Pharmaspec 

UV-1700 spectrophotometer (Shimadzu Corp., Kyoto, Japan). 

Atomic absorption spectrometry (AAS) was performed for the determination of 

calcium and iron concentrations in solution by the use of a Spectra AA 300 (Varian 

Australia Pty Ltd., Mulgrave, Australia). Particle size was determined by laser 

diffractometry (LA-300, Horiba Ltd., Kyoto, Japan). For grain size analysis, the wet 

sediments were dispersed in 1% sodium hexametaphosphate solution after 

sieving to <500 μm mesh. 
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Results

CONVEX method: Soluble phosphate data 

In general, the soluble phosphate data from the selected sediments, incubated at 

different pH values for 7 or 30 days with and without mineral additions, varied with 

pH as described by Murrmann and Peech (1969a) for different soils. Results of the 

incubations from the mud flat sediment MF2 displayed a typical "u-like" curve, 

when soluble P is plotted vs. pH (Figure 3a). Soluble phosphate concentration was 

relatively low in the pH range 4-7 and increased rapidly below 4 and above 7. 

Concentration of phosphate in solution decreased above pH 7.8, since a 

precipitation-dissolution equilibrium established. As reviewed in detail by Hinsinger 

(2001), the data of Murrmann and Peech (1969a) showed increased solubilisation 

of soil P by varying their original pH. Soils with pH values from 4.48 to 6.30 were 

used in their study. As we also selected sediments with high original pH values 

(MF1, MF2), we observed additionally decreased values of soluble phosphate by 

lowering the pH of these sediments. 

The analytical data of soluble phosphate obtained by the conversion 

experiments were transformed to values of pH + pH2PO4 and pH - 0.5pCa and 

plotted on solubility diagrams shown in Figure 3(b, c). To develop these diagrams, 

calculations and log Ko-values of the equilibrium reactions were used as described 

by Lindsay (1979) but the following changes were made: (i) an equilibrium of Ca2+ 

with calcite at 0.0003 atm of CO2 at high pH values was not taken into account, 

since we observed no significant depression in the activity of Ca2+ above pH 7.88 

after incubation (see Figure 4); (ii) an additional strengite isotherm was calculated 

for a fixed value of Fe3+ (50 μM), because we expanded the pH scale to lower pH 

values compared to the diagrams suggested by Lindsay. In general, strengite is 

more stable at low pH values, because the solubility of Fe3+ is controlled by 

Fe(OH)3 (amorph). At extremely low pH values, further liberation of Fe3+ is 

restricted, because most of the amorphous or mineral iron in the soil or sediment 

is already solubilized. Thus, the amount of strengite in a soil or sediment 

decreases at pH values <2. As 50 μM is the lowest Fe3+ concentration in solution 

for most soils and sediments, if 1 g of soil or sediment is incubated in 10 ml 

extractant under strongly acidic conditions, this isotherm probably indicates the 
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unstable limit of strengite in soils and sediments at low pH values under the given 

conditions. 

 

 

 
 

Figure 3  Effect of varying pH of the sediment on the concentration of phosphate in 

solution and the value of pH + pH2PO4. (a) seven day incubations of MF2; : MF2; : 

MF2 with hydroxyapatite; : MF2 with octacalcium phosphate. (b) all incubations with 

and without mineral additions; : 30 days; : 7 days. (c) all seven day incubations with 

and without mineral additions; : MF1 and MF2; : HL1, HL2, SA1 and SA2. Strengite: 

Strengite at 50 μM of Fe3+. The arrow marks the original sediment pH. OCP, HAP, FAP 

and DCPD mark the isotherms of octacalcium phosphate, hydroxyapatite, fluorapatite and 

brushite, respectively. 

 

 

All soluble phosphate data of the CONVEX analysis with and without mineral 

additions listed in Table 1 were plotted in Figure 3b. In agreement with the data of 

Murrmann and Peech (1969a), values of pH + pH2PO4 increased nearly linearly 

with increasing values of pH – 0.5pCa from pH 4 (pH – 0.5pCa = 3) until the 

sediment phosphate isotherm intersected the OCP isotherm and further followed 

this isotherm. Additionally, an increased slope below pH 4, parallel to the plotted 

strengite isotherm at a fixed Fe3+ concentration of 50 μM is visible, because we 

expanded the pH range down to 2.0. Discrepancies between the different 

incubations were visualized by different symbols in Figure 3(b, c). Higher P 
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solubility in the pH range 3-6 was found for the sediments incubated for 30 days 

(Figure 3b). Figure 3(c) includes all soluble phosphate values obtained by the 

incubations carried out for seven days. Sediments with high original pH values 

(MF1, MF2) intersected the OCP isotherm at lower pH values compared to the 

other sediments. As will be shown below, MF1 and MF2 initially contained OCP, 

while in the other sediments OCP precipitated subsequently, when they were 

adjusted to alkaline pH values. 

 

 

 
 

Figure 4  Effect of varying pH of the sediment on the total Fe ( ) and Ca ( ) 

concentrations in solution as measured by atomic absorption spectrometry for MF2 (a), 

HL2 (b) and SA2 (c) sediment incubations. Equations and R2-values for linear regression 

of the Fe concentrations are shown. Concentration of Fe in solution was below the atomic 

absorption spectrometry detection limit at higher pH values. 

 

 

The concentrations of total Fe and Ca in solution indicated that Ca2+ was 

nearly constant across the pH range, while the logarithm of the Fe concentrations 

decreased linearly with increase in pH until the AAS detection limit was reached. 

Figure 4(a-c) shows the logarithm of soluble Ca and Fe vs. pH for seven day 

incubations of MF2, HL2 and SA2. The measurable concentrations of Fe in 

solution were much higher at any pH than expected for soluble Fe3+ in equilibrium 

with Fe(OH)3. Through its relatively high solubility, amorphous Fe(OH)3 is often 

used as a reference solid phase controlling the solubility for Fe3+ in soils. The 

activity of Fe3+ maintained by Fe(OH)3 is ca. 10-6 M at pH 3 and decreases 1000-

fold for each unit increase in pH (Lindsay, 1979). Therefore, it is likely that soluble 
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Fe3+ was in equilibrium with a mixed valency Fe3(OH)8 (ferrosic hydroxide). This 

compound is thought to cause elevated levels of soluble Fe, if present. Ferrosic 

hydroxide formation has been known to take place under altering redox conditions, 

which also occur in the described environmental setting, and can apparently 

persist in soils for extended periods of time (Lindsay, 1991). 

 

CONVEX method: Fractionation data 

Fractionation data from seven day incubations of MF1, HL1, and SA1 are 

illustrated in Figure 5(a-c), respectively. Data from fractionations of untreated 

sediments are shown as controls by plotting the amounts of Ca-P and Al/Fe-P 

against the original pH values of the sediments measured in the field. No 

significant changes in P composition were observed for incubations carried out at 

the original pH values compared to untreated sediments. Therefore, just the pH-

induced changes during the seven day incubation procedure accounted for 

changes in P composition and no significant loss of P was caused by the initial 

extraction procedure used for Ca elimination.  

 

 

 
 

Figure 5  Effect of varying pH of the MF1 (a), HL1 (b) and SA1 (c) sediments on the Ca-P 

( ) and Al/Fe-P ( ) fraction and the effect of water-soluble phosphate additions on the 

Ca-P ( ) and Al/Fe-P ( ) fraction. Fractionation data of controls without preliminary 

incubation (arrows) are presented by plotting the amount of Ca-P ( ) and Al/Fe-P ( ) 

against the original sediment pH. 
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The amount of phosphate extracted by the seven day incubation of the 

conversion procedure was not large enough to account for significant changes in 

the amount of Al/Fe-P or Ca-P in the pH range 3.5-8. In contrast, fractionation 

results obtained after 30 days of incubation showed slightly decreased amounts of 

P for both pools at any pH. Therefore, fractionation results obtained after the 30-

day incubation differed significantly from those of the controls (data not shown). 

Acidifying the sediments resulted in a decrease of Ca-P, accompanied by an 

increase of Al/Fe-P, at which the ratio of �Ca-P/�Al/Fe-P was generally close to 1. 

An inverse effect was caused by increasing the original pH of the sediments. It is 

evident that pH-induced dissolution processes could not be observed by the 

determination of total inorganic P after incubation, since losses through soluble 

phosphate were low due to adsorption effects. Thus, total inorganic P content of 

the sediments (data not shown) was nearly constant in the pH range 3.5-8. 

Exceptions of this conversion behaviour occurred at very low and very high pH 

values. At very low pH values both pools decreased, whereas at high pH values 

loss of Al/Fe P was higher than the increase in Ca-P. The sum of Ca-P and Al/Fe-

P, which represents the total inorganic P pool, decreased due to the negative 

balance under these conditions. Generally, the variation of total inorganic P with 

pH was reverse to the “u-shaped” pH dependency of soluble P (see Figure 3a), 

showing the lowest total inorganic P levels at the lowest pH values according to 

the highest soluble P concentrations. Fractionation data further indicate that 

highest amounts per pH increment were exchanged between Ca-P and Al/Fe-P 

above pH 7.  

Murrmann and Peech (1969a) observed an increase in the amount of labile P, 

when 0.125 mg P g-1 as K2HPO4 was added to soils before incubation, but the 

increase in the amount of labile P was substantially less than the amount of 

soluble phosphate added. They concluded that in the case of the P addition 

experiments, some phosphate was removed during the initial extraction procedure 

even though preliminary experiments had shown that very little phosphate was 

removed by repeated extraction of the soil samples that had received no soluble 

phosphate. They referred this discrepancy to different degrees of saturation of 

phosphate adsorbing surfaces. However, we observed that very little phosphate 

was removed even if we added 0.155 mg P g-1 as K2HPO4, because the added 

soluble phosphate was found nearly quantitatively in the Al/Fe-P fraction. The 
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amount of Ca-P increased just slightly as a consequence of soluble phosphate 

addition (Figure 5). 

The interpretation of the information about solid phase processes given by the 

fractionation data was verified by standard addition experiments. The fractionation 

data of the CONVEX procedure with and without mineral additions are illustrated 

in Figure 6(a-c) for MF2, HL2 and SA2 sediments, respectively. Phosphorus 

transfers through the pH-induced conversions of MF2 incubations without mineral 

additions are comparable to the P transfers observed for incubations of MF1, while 

Ca-P was increased by the amount of added HAP or OCP at high pH values for 

the mineral addition experiments. The soluble phosphate data of MF2 incubations 

with and without added OCP intersect the OCP isotherm at pH 7.8 (Figure 3c). By 

comparing these results with the fractionation data, it becomes obvious that this is 

the pH value at which OCP began to dissolve. The relatively high losses of Ca-P in 

the pH range 7-7.8 (Figures 5a, 6a) were therefore a result of OCP dissolution. 

 

 

 
 

Figure 6  Effect of varying pH of the MF2 (a), HL2 (b) and SA2 (c) sediments with and 

without mineral additions on the Ca-P (open symbols) and Al/Fe-P (closed symbols) 

fraction. (a) : no minerals added; , : octacalcium phosphate additions; , : 

hydroxyapatite additions. (b) : no minerals added; : strengite additions; : variscite 

additions. (c) , : no minerals added; , : strengite additions. 

 

 

Adsorption of P was enhanced by the liberation of phosphate through 

dissolution of Ca-P minerals and caused an increase in the amount of Al/Fe-P. 
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The added synthetic OCP and the sediment OCP of MF2 were completely 

dissolved at pH 7 after seven days for incubations with and without OCP additions. 

Therefore, it can be concluded that the decrease in Ca-P of the incubations with 

added HAP from pH 7.8 to 7 was caused by the natural OCP content of MF2. By 

setting the pH of the incubations to values lower than 7, HAP also dissolved. 

Complete HAP dissolution was observed at pH 3.7 after seven days. It is probable 

that a thermodynamically more stable compound dissolved below this pH value, 

until no further dissolution occurred in the pH range 2.4-2.8. Changes in Al/Fe-P 

contents mirrored the changes in Ca-P contents, except for values below 3.7 at 

which liberated phosphate was not sorbed completely. Comparison of the data 

with and without mineral additions further indicate that no adsorption occurred at 

pH values below 2.8, because the additionally dissolved P from OCP and HAP 

additions was not found within the Al/Fe-P fraction at these values. 

Additions of variscite or strengite had no significant effect on the Ca-P pool, as 

shown for strengite additions of SA2 incubations (Figure 6c). The amount of Al/Fe-

P of HL2 and SA2 was increased by the amount of added strengite or variscite at 

any pH, except the highest pH values of the variscite addition to HL2 and strengite 

addition to SA2, where the increase was lower than the amount of added variscite, 

and no increase was measured by strengite addition.  

Calculation of the data for P species quantification 

An amount of 0.043 mg P g-1 sediment was added as HAP in the corresponding 

addition experiments, and an amount of 0.042 mg P g-1 was found by the 

difference in Ca-P content of the controls with and without HAP addition (Figure 

7a). The difference between the incubation experiments of MF2 with and without 

HAP addition at pH 7 corresponds almost quantitatively to the amount of added 

HAP. Therefore, in contrast to the complete dissolution of OCP, HAP did not 

significantly dissolve at pH 7 after seven days of incubation. 

The content of a Ca-P species was calculated by the difference in the amounts 

of Ca-P without dissolution and after complete dissolution of the concerning 

component. For calculation of the most soluble Ca-P component in a sample, the 

amount of Ca-P given by the control without mineral addition was used as the 

amount of Ca-P without dissolution of the most soluble Ca-P component.  
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Figure 7  Calculation for P species quantification by the CONVEX scheme as illustrated 

for Ca-P species (a) and adsorbed P, amorphous or mineral Al/Fe-P (b) of the MF2 

sediment. Fluorapatite was not used in standard addition experiments. : no minerals 

added; : octacalcium phosphate additions; : hydroxyapatite additions; : control 

without preliminary incubation; : control without preliminary incubation and with 

hydroxyapatite addition. Octacalcium phosphate, hydroxyapatite and fluorapatite are 

abbreviated by OCP, HAP and FAP, respectively. 
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The amount of amorphous or mineral Al/Fe-P was determined by the amount 

of Al/Fe-P in the pH range 2.5-2.9 of the seven day incubation experiments 

without mineral additions, because no adsorption of liberated P occurred and 

variscite or strengite did not significantly dissolve after seven days of incubation in 

this pH range, as observed by comparison of pure mineral incubations (data not 

shown) and mineral addition experiments. Less than 1% of strengite or variscite 

dissolved by incubation of the pure minerals in the pH range 2.5-2.9 in 10 ml of 

0.01 M CaCl2 after seven days of incubation by using mineral amounts expected in 

1 g of sediment. Adsorbed P was calculated by the difference in the amount of 

Al/Fe-P in controls without mineral additions and amorphous or mineral Al/Fe-P 

content. Calculations are illustrated in Figure 7 for P species of MF2. Figures 8-10 

show the enhanced dissolution of octacalcium phosphate in sediments by 

adsorption effects, the effect of varying pH on the P composition in % of total 

inorganic P and phosphorus species compositions of the sediments in relation to 

their sediment type and original, field-measured pH value as determined by the 

CONVEX method, respectively. 
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Discussion

The results clearly indicate that a chemical quantification of P species in 

sediments is possible by the use of the different solubilities of P minerals and the 

pH-dependent adsorption and desorption of P. As the effect of the sediment pH on 

soluble phosphate was similar to the effect described for soils and the procedure 

was tested for different sediment characteristics, the CONVEX method can 

possibly be applied for different kinds of soils and sediments without adaptation of 

the method. In contrast to common sequential extraction schemes, the described 

method provides the discrimination between OCP and apatite-like minerals and 

enables separate determination of amorphous or crystalline P compounds and 

adsorbed P. Moreover, pH-induced changes in P composition of the solid phase 

can be directly linked to changes in soluble phosphate. 

By comparison of the Ca-P mineral addition experiments and the variscite or 

strengite addition experiments with the incubations without mineral additions, it 

becomes obvious that the liberated phosphate from Ca-P dissolution was not 

adsorbed, and that no measurable dissolution of variscite or strengite appeared in 

the pH range 2.5-2.9. As the Al/Fe-P pool contains mineral and adsorbed P 

compounds, the apparent lack of dissolution of variscite or strengite can not be 

discriminated from dissolution and subsequent adsorption of phosphate. 

Dissolution and subsequent adsorption can be excluded at low pH values, since 

no adsorption was observed under strongly acidic conditions. It was further 

confirmed by pure mineral incubations that the dissolution of significant amounts of 

variscite and strengite in the pH range 2-3 is unlikely. Moreover, soluble 

phosphate increased for all sediments at higher pH values as expected for 

strengite solubility at a fixed Fe3+ concentration of 50 μM (Figure 3b,c). Further, 

soluble Fe concentration measured by AAS suggests greater stability of strengite 

than expected by the isotherm at 50 μM of Fe3+ (see Figure 8b). Therefore, the 

increase in soluble phosphate by sediment incubation at low pH values can be 

attributed to the desorption of P, as also shown by the isotopic exchange 

experiments conducted by Murrmann and Peech (1969a). Amorphous or mineral 

Al/Fe-P compounds dissolve significantly by decreasing the pH below 2, as used 

for acid extractions for total P determination. 
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The compound with apparently lower solubility than HAP was not identified. 

The probable presence of the thermodynamically more stable fluorapatite (FAP) in 

the sediments is a likely explanation for the decrease in Ca-P below pH values, 

where complete dissolution of HAP occurred. An improvement of the procedure 

may possibly be achieved by standard addition of FAP. In the pH range 2.4-2.8, 

Ca-P of MF2 did not further decrease with decreasing pH. Ca-P, which remained 

at the lowest pH values used, was operationally defined as residual P for all 

sediments and may include FAP.  

 

 
 

Figure 8  Enhanced dissolution of octacalcium phosphate in sediments by adsorption 

effects illustrated by the comparison of potential soluble P of the MF1 ( ) and MF2 ( ) 

sediments and the theoretical solubility of octacalcium phosphate (a) and the pH values for 

the theoretical appearance/disappearance of fluorapatite, hydroxyapatite and octacalcium 

phosphate (arrows) in the sediments (b). The sediment isotherm is marked by the soluble 

phosphate concentrations of MF1 ( ), MF2 ( ), HL1 and HL2 ( ) after seven days of 

incubation. Strengite: Strengite at 50 μM of Fe3+. : Theoretical solubility of strengite 

calculated from measured soluble Fe concentrations. OCP, HAP and FAP mark the 

isotherms of octacalcium phosphate, hydroxyapatite and fluorapatite, respectively. 
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A possible precipitation of OCP during the fractionation after incubation is 

unlikely, because Ca2+ was eliminated prior to the fractionation. The fact that Ca 

was not detectable by AAS in the extracts of Al/Fe-bound P (data not shown) 

indicated that Ca had been removed completely. 

All incubations, in which the original sediment pH had been increased to the 

range of possible OCP precipitation (pH > 7), showed formation of OCP after 

seven days, as shown by increased Ca-P contents (e.g. Figure 5) and the 

corresponding solubility characteristics (Figure 3). The fast precipitation rate of 

OCP could be explained by a lower phosphate adsorption in this pH range, as 

supported by the finding that soluble P concentration of MF was elevated in the pH 

range of enhanced OCP dissolution (Figure 8a). In view of the slow crystallisation 

rate of HAP (Lindsay et al., 1989), the CONVEX data support the hypothesis that 

authigenic apatite is formed via an OCP precursor in marine environments rather 

than by direct nucleation (Gunnars et al., 2004). Direct nucleation of HAP may 

take place in the slightly acidic pH range below the pH of rapid OCP precipitation 

(pH < 7). 

The largest changes in Ca-P content in relation to pH changes occurred by the 

precipitation or dissolution of OCP (Figure 9), and the amounts of Ca-P were 

highest for the MF sediments mainly through the additional amounts of OCP 

(Figure 10). The formation of OCP is probably highly relevant for P cycling in 

alkaline environments. High values of aboveground biomass and bioavailable P 

are very common at the fringe sites of mangroves (e.g., Boto & Wellington, 1984). 

Although this could be ascribed to sediment exchange or increased P availability 

by inundation-driven reduction of Fe-oxyhydroxides, the present results strongly 

suggest that P tidal inputs and subsequent OCP formation could represent a 

significant potential P source. Considering the narrow pH range of 7-8 at which 

OCP dissolution and precipitation can respectively occur, the alternation of its 

dissolution and formation by tidally induced changes in pore-water pH may 

increase dissolved P concentrations. In this context, previous field studies 

(Oxmann, unpublished data) also suggested that Ca-P could be a more effective 

source of P available for mangrove tree growth than Al/Fe-P. Bioavailable P 

(Morgan-P) correlated with Ca-P and leaf P in southern Vietnamese mangrove 

forests, whereas no correlation was found for bioavailable P vs. Al/Fe-P. It is 

plausible that the rate of conversion reactions between solid phase inorganic P 
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forms positively affects the rate of exchange with organic P mediated by plants 

and microbial activity. 

 

 
 

Figure 9  Effect of varying pH on the P composition in % of total inorganic P for all 

performed seven day incubations of the sediment samples without P additions. MF 

sediments, which contained octacalcium phosphate naturally, had been marked separately 

( ). 

 

The CONVEX procedure could be the method of choice to study dissolution 

and precipitation kinetics of mineral P compounds in soils and sediments and 

explains results of previous studies on phosphate equilibria in soils. For example, 

Murrmann and Peech (1969b) pointed out that the rate of P mineral dissolution is 

too slow to account for the observed changes in phosphate solubility with pH. 

They found no change in soluble phosphate after addition of HAP to acid soils and 
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equilibration for two month and it seemed probable that no increase of soluble 

phosphate was observed due to the assumed extremely slow dissolution rate of 

HAP in soils. However, our fractionation data show that phosphate liberation 

during the conversion procedure through dissolution of Ca-P minerals, including 

HAP, is orders of magnitude greater than the measured changes in soluble 

phosphate. Murrmann and Peech (1969a, b) did not observe the masked liberation 

of phosphate through sorption after dissolution. The P adsorption capacity of the 

sediments was large enough to impede the increase of soluble phosphate 

concentrations in the pH range 3.5-7.8, even if Ca-P minerals had been 

completely dissolved during the conversion procedure. 

 

 
 

Figure 10  Phosphorus species composition of the selected sediments in relation to their 

sediment type and original, field-measured pH value as determined by the CONVEX 

method. Octacalcium phosphate, hydroxyapatite and fluorapatite are abbreviated by OCP, 

HAP and FAP, respectively. 
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If it is assumed that the amount of phosphate liberated through dissolution and 

bound by subsequent adsorption is in solution, a hypothetical concentration of 

soluble phosphate can be calculated. The hypothetical soluble P shows the effect 

of adsorption on the dissolution behaviour of OCP and is further designated as 

potential soluble P. The concentration of the potential soluble P calculated for MF1 

and MF2 without P additions was plotted on a solubility diagram together with the 

isotherm of OCP and the sediment isotherms of MF1, MF2, HL1 and HL2 (Figure 

8a). This diagram compares soluble P with solid phase changes of P. It is evident 

that enhanced dissolution of Ca-P of MF1 and MF2, given by potential soluble P, 

occurred with decreasing pH at the point where the sediment isotherms and the 

OCP isotherm intersect.  

Below this pH, OCP dissolved to a much greater extent than expected from its 

theoretical isotherm. While the following equilibrium generally exists above pH 7.8: 

 

Solution P       OCP, 

 

an equilibrium with the mineral phase cannot be established below the pH value of 

the equilibration point of the three phases according to the equilibrium: 

 

Sorbed P       Solution P       Crystalline P, 

 

because the corresponding mineral completely dissolves. As the undersaturation 

is maintained throughout dissolution by adsorption effects, the mineral dissolves 

until the following equilibrium establishes: 

 

Solution P       Sorbed P 

 

The major reason for the undersaturation of the soil extracts with respect to the 

relevant minerals below the pH of the equilibration points can be referred to the 

adsorption of phosphate. For the selected sediments, the theoretical pH values at 

the equilibration points of the three phases for OCP, HAP and FAP are 7.8, 6.3 

and 5.5, respectively (Figure 8b). Octacalcium phosphate was completely 

dissolved at pH 7 and half of the amount of added HAP was dissolved at pH 6.3 

after seven days of incubation. Thus, enhanced dissolution of the according 
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minerals through adsorption effects indicates that these minerals are less stable in 

soil or sedimentary environments compared with pure mineral incubations. The 

dissolution within narrower pH ranges may improve the discrimination of Ca-P 

minerals by the CONVEX method. Separate dissolution of the minerals would 

probably appear slightly below the pH values of the equilibration points, if the 

incubation time for dissolution would be sufficiently long. As HAP was completely 

dissolved in the pH range 3-3.5 and the apparent FAP began to dissolve below pH 

3.5 for all experiments, there was insufficient time for complete dissolution at 

higher pH values for these compounds. 

The strongly acidic sediments contained relatively low amounts of Ca-P, 

presumably FAP, while HAP appeared additionally in the HL sediments and all Ca-

P compounds were present in the MF sediments (Figure 10). For the quantification 

of mineral species by the CONVEX method it is not necessary to reproduce 

environmental dissolution conditions, as far as mineral amounts can be calculated 

by the difference in the amounts of Ca-P without dissolution and after complete 

dissolution of the corresponding mineral. Our results have shown a general 

conformity between the natural Ca-P species compositions of the six sediments 

determined by the CONVEX method and the Ca-P species compositions at the 

corresponding pH values after experimental pH adjustment. Incubations in pH 

adjusted 0.01 M CaCl2 reflected natural conditions in terms of Ca-P mineral 

dissolution. Further CONVEX analysis of sediments with varying original pH will 

allow the extension of this experimental approach to a wider range of 

environmental settings. The dissolution of Ca-P compounds in the tidally affected 

environment of the sediments was likely influenced by pH shifting but generally the 

pH-related natural Ca-P species compositions in the sediments reflected the 

disappearance of Ca-P minerals observed by the mineral addition experiments. 

The amount of adsorbed P in environmental settings may depend on the pH 

value, soil or sediment characteristics, phosphate inputs through material 

exchange and previously liberated phosphate through mineral dissolutions. By 

excluding material exchange, it can be suggested that the greatest amounts of 

adsorbed P appear in the slightly acidic pH range. Lindsay (1979) suggested the 

coexistence of several P minerals in the pH range 6-6.5, in which soils generally 

reach the maximum phosphate solubility (Lindsay et al., 1989). Thus, it is likely 

that the amount of adsorbed phosphate is highest in this pH range, if considered 
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that liberate phosphate will be adsorbed and the dissolution is further enhanced by 

adsorption. The previous considerations are supported by the determination of 

highest amounts of adsorbed P in the slightly acidic sediments. Moreover, the 

slightly acidic sediments contained the highest amounts of total P. In contrast, total 

P content was relatively low in the strongly acidic sediments and consisted mainly 

of amorphous or crystalline Al/Fe-P (Figure 10). 

The fast precipitation of OCP and rapid adsorption of dissolved phosphate 

could be critical for the determination of P pools by some extraction schemes. For 

example, extraction at elevated soluble phosphate concentrations in the pH range 

of possible OCP precipitation takes 26 hours by the SEDEX scheme. In contrast, 

changes in P composition can be observed by the CONVEX method and used for 

the determination of P species. The extraction time for the determination of the 

controls without preceding incubation takes five hours by the modified Kurmies´ 

(1972) extraction, OCP precipitation is prevented during extraction by previous 

elimination of Ca and adsorbed or subsequently adsorbed P is quantitatively 

extracted by NaOH and H2SO4 plus additional Na2SO4 extractions. Benzing and 

Richardson (2005) argued that phosphate solubilized by the NaOH extraction of 

some methods could precipitate as Ca minerals with an accompanied 

overestimation of calcium-bound P. In fact, this seems to cause errors in schemes 

with preliminary performed KCl extractions for “loosely sorbed P” determination, 

which do not eliminate Ca prior to the NaOH extraction. We observed no 

overestimation using the Kurmies method, because the added strengite and 

variscite as well as the added soluble P were recovered almost completely within 

the Al/Fe-P fraction. Kurmies (1972) indicated that it is essential to eliminate Ca 

prior to such extraction methods. 

It would be advisable to choose the CONVEX procedure for P species 

quantification of samples with characteristic features, especially if different Ca-P 

species are expected. Because of the time constraints involved in the 

determination of individual species, it should be used in combination with 

sequential extractions of higher sample throughput, e.g. in addition to the 

sequential extraction developed by Hedley et al. (1982) or the modified Kurmies´ 

(1972) fractionation. Additionally, it is recommended that the CONVEX method be 

used for the preparation of reference soil or sediment samples. Standards of 
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known species composition are necessary to evaluate different techniques used in 

P analysis (e.g. XANES). 

As the described conversion-extraction method determines the actual P 

composition and changes in P composition with pH, the method should be 

effective in predicting changes in P composition and possible losses of P in 

regions where pH changes may occur. With respect to the high dissolution rates 

found in this study, it can be concluded that high losses of P will appear by pH 

changes in natural systems, if the P buffering capacity through adsorption is 

insufficient. Our data additionally suggest that the efficiency of phosphate retention 

by adsorption has an influence on the pH values at which P minerals no longer 

occur. Therefore, as well as possible direct interactions and a probable reduction 

in calcium ion activity by humic material (e.g., Alvarez et al., 2004), which may 

play a role in P mineralization, the P adsorption effect may have a large indirect 

influence on the P mineral composition of soils and sediments, simply by reducing 

the amount of soluble phosphate. 
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Abstract
 
Sediment physicochemical properties affect the nutritional status of mangroves 

and most likely control the reforestation success on degraded sites. Our objectives 

were (i) to determine the nutritional status of reforested mangrove stands; (ii) to 

investigate the effects of the redox potential (Eh) and pH on phosphorus (P) and 

nitrogen (N) cycling; and (iii) to assess the effect of the pH on P speciation. Five 

transects along a tidal inundation gradient were studied in replanted stands of the 

Saigon River Delta, Viet Nam, which had been destroyed by herbicide spraying 

during the Second Indochina War. Spatial gradients of sediment Eh and pH were 

affected by the tidal regime and pyrite oxidation. Sediment Al/Fe-P correlated with 

Eh or pH, depending on the depth of the sediment layer, whereas Ca-P, available 

P (Morgan-P) and leaf P were primarily influenced by the pH. Highest 

concentrations of Al/Fe-P were recorded at pH 6.5 probably due to adsorption 

effects. Sediment Ca-P strongly increased with pH below 4 and above 6, reflecting 

the different pH-dependent solubilities of individual Ca-P mineral species as 

shown by a newly developed method for P species quantification. A strong 

increase of Morgan-P and leaf P above pH 6 and significant positive correlations 

of Morgan-P vs. Ca-P (p < 0.001) or leaf P (p = 0.004) suggest that Morgan-P 

contains mainly thermodynamically less stable Ca-P compounds, which seem to 

fuel P plant uptake. In contrast to P, sediment N decreased with increasing pH, 

whereas leaf N was positively correlated with leaf P (p < 0.001). Since foliar and 

sediment N:P ratios were mainly influenced by the sediment pH, shifts in pH likely 

cause limitation transitions. Extremely low P levels and restricted tree growth were 

found in areas, which were characterised by oxidized, acidic conditions through 

the destruction of the original mangrove forest. 
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Introduction 
 
Mangroves act as a protection of the coastal environment, provide basic 

subsistence resources for the local population and support the sustainability of 

commercial fisheries. Conversion of mangroves to agricultural use is often not 

effective, because these wetlands exhibit a high potential for sediment acidification 

by pyrite oxidation (Dent 1986). Moreover, agricultural systems of free tidal 

irrigation are limited to areas, which carry sufficient fresh water during the rainy 

season to leach accumulated salt (Hart 1959). If large mangrove areas have been 

destroyed, as for example in Viet Nam during the Second Indochina War, there is 

no alternative to reforestation.  

One of the main reasons why mangrove reforestation fails is due to previously 

induced changes in the sediment properties that occur when sediments are no 

longer vegetated. The lack of organic matter (OM) input through litterfall 

diminishes microbial activity, reduces the electron pressure in these sediments, 

and redox potential (Eh) rises as oxygen penetrates the sediment. If iron sulphides 

are formed by sulphate reduction, the formation of sulphuric acid by the oxidation 

of these sulphides drastically lowers sediment pH. The low productivity of the so-

called “acid sulphate soils” can be mainly attributed to toxicity of alumina and to 

nutrient deficiencies, especially of phosphorus (P). Restricted availability of P at 

low pH may arise from (i) the formation of relatively insoluble Al-P or Fe-P; (ii) the 

absence of thermodynamically less stable Ca-P species; (iii) leaching of P through 

enhanced liberation of P caused by high temporary pH changes, e.g. by flooding 

with seawater; (iv) restricted P release through OM decomposition due to 

unfavourable conditions for micro-organisms; and (v) less P uptake by mycorrhiza 

at extreme acidity. 

While land reclamation strategies in the tropics have been developed for 

acidified agricultural systems, such as applications of fertilizers or lime (Dent and 

Turner 1981; Dost and van Breemen 1982), corresponding field trials for 

mangroves are scarce. 

Fertilization experiments in mangroves have shown that nitrogen (N) limitation 

at fringe sites may shift to P limitation in dwarf forests (Boto and Wellington 1983; 

Feller et al. 2003a). While other studies carried out in mangrove areas both agreed 

(Feller et al. 2003b) and disagreed (Feller 1995; Koch and Snedaker 1997; Naidoo 
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2006) with the predominant observation of N limitation in different coastal and 

estuarine environments, the question of P or N limitation in mangroves remains 

unclear. However, the mentioned fertilization experiments focused on redox-

related nutrient supply and environmental stressors as possible factors for 

changes in limitation. These studies did not investigate the effect of the sediment 

pH on nutrient deficiencies and limitation shifts. Assuming the pH to be the driving 

force for nutrient supply, sediment Eh and hydrological characteristics would affect 

this system indirectly by their effect on pH. 

The effect of the Eh on P cycling has been subject to a number of studies, 

because reduction of soils or sediments is generally thought to increase available 

P levels. Nevertheless, processes of transformations during reduction and their 

effects on P solubility are still a matter of debate (Golterman 2001), while the effect 

of the sediment pH is poorly investigated. Controversial results of increased or 

decreased P solubility caused by submergence may be partly a result of pH 

changes. Nutrient levels and availability depend on substrate pH values. A strong 

pH dependency is particularly expected for P content and speciation, because the 

solubility of particular phosphate minerals is predominantly driven by the pH 

(Lindsay 1979; Lindsay et al. 1989). The interactions of the tidal regime, 

geomorphologic properties and geochemical characteristics in coastal regions 

cause gradients in the sediment pH that likely have strong impacts on nutrient 

distribution patterns and resulting limitation transitions. 

The aim of our study was to determine the nutritional status of reforested 

mangrove stands, which present a gradient from strongly acidic to alkaline 

sediments in order to assess the effect of physicochemical properties on nutrient 

cycling. Since P seems to be the limiting nutrient for plant growth on acidified 

sediments (e.g. Dent 1986), we focused especially on the effect of the sediment 

pH on P cycling. A deeper insight into P speciation was enabled using a recently 

developed conversion-extraction method (CONVEX, Oxmann et al. 2008). The 

assessment of the nutritional status and the investigation of its control are 

necessary for developing successful mangrove restoration strategies. 

 



                                                                                                                      Third manuscript
 

 71

Materials and Methods 
 

Study area 

The study was conducted in the Can Gio Mangrove Biosphere Reserve (CGMBR; 

10°22' to 10°40' N, 106°46' to 107°01' E; UNESCO) of the Saigon River Delta, 

southern Viet Nam (Fig. 1a-e). The CGMBR covers the main part of the Delta (Fig. 

1a, dark-grey shade). In the study area, mangrove stands had been destroyed by 

the dispersal of herbicide mixtures during the Second Indochina War. The 

codenamed Rung Sat Zone within the Saigon River Delta was one of the most 

heavily sprayed areas in Viet Nam. Using a recently developed Geographic 

Information System that incorporates extensive military data resources of spray 

missions during the Second Indochina War (Stellman 2003 a,b) we determined 

that at least 3,776,560 litres of herbicidal agents were sprayed by military aircraft 

in the Delta. The map presented in Figure 1a shows the high density of spray 

paths, especially within the delta. At the selected sites, herbicide dosages for the 

exceptional destruction of partly huge trees were ca. 100 times higher (ca. 50-100 

litre per hectare; see Table 1) than the amounts used for civil, agricultural 

purposes (ca. 0.5-1.0 litre 2,4,5-trichlorophenoxyacetic acid per hectare). Field 

observations, forestry department records (V.N. Nam, pers. comm.) and a 

comparison of the spray map (Fig. 1a) with satellite remote sensing (Hirose et al. 

2004) indicate that virtually no virgin forest remained within the sprayed parts of 

the delta. In some areas, sediments turned to sulphate acidic due to the induced 

oxidation and remained at these conditions to date. After the war, reforestation 

started in the CGMBR and continued to the present day, using predominantly 

seeds and saplings of Rhizophora apiculata. At the study sites reforestation took 

place between 1978 and 1986 (Table 1). 
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Fig. 1  Study area. (a) Saigon River Delta (dark-grey shade) and herbicide spray paths 

(black lines), 1961-1971. (b) Location of the two study sites within the Can Gio Mangrove 

Biosphere Reserve of the delta. (c) Inundation duration, (d, e) location and topographic 

elevation of the sampling stations at the transects of the control site (d) and the sulphate 

acidic site (e). The numbers at the isolines indicate the elevation in meters above mean sea 

level (MSL). The letters (A-K) mark the different forests sectors, except G, which marks 

the tidal flat. The combination of a transect number with a letter (e.g. 1A) gives the station-

ID. The map (a) was provided using a GIS developed by Stellman et al. (2003a,b). 

 

 

 



                                                                                                                      Third manuscript
 

 73

Table 1  Some basic parameters at the stations: Forest structure, reforestation and spray 
history, sediment Eh and pH, sediment N:P ratio.

aRelative basal area in %; Avi: Avicennia; Rhi: Rhizophora; O.: Other genera. 
bExpresses the tree density in number of trees per ha. 
cExpresses the number of trees with a dbh > 15 cm within a plot. 
dDates of tree planting. Plots of subsequent natural regeneration after failed reforestation are marked by asterics. Data of the reforestation 
history were kindly provided by V.N. Nam (pers. comm.). 
eSpray volume in litres of herbicide mixtures in 1 km2 area surrounding station and number of sorties (in parenthesis). Spray history was 
determined using a GIS developed by Stellman et al. (2003 a,b; 2004).
ND: Not determined. 
 

 

Station selection 

Based on a pre-survey, five transects were established at a sulphate acidic site 

and a control site including 24 sampling stations at 11 sectors (Fig. 1b-e). The 

station-ID is given by the transect number followed by a letter, which refers to the 

forest sector (see Fig. 1c). As nutrient dynamics in mangroves strongly depend on 

inundation frequencies (Lara et al. in press), all transects were established 

perpendicular to the Dong Tranh River to investigate the effect of topographic 

elevation and therefore of the inundation regime on sediment physicochemical 

Relative basal areaa Sediment values at 30-35 cm depth Site and 
Station-ID Avi Rhi O. 

Density b n > 15c Plantedd Herbicidee 
Eh pH N:P 

 

1G 
 

Absent 
 

Absent 
 

Absent 
 

Absent 
 

9797 (18) 
 

14 
 

7.27 
 

5.6 
 

1F 96.8 3.2 0 2875 14 1978-86* 9797 (18) -143 6.84 16.8 
2F 98.3 1.7 0 3350 16 1978-86* 9797 (18) -71 6.75 10.6 
3F 98.5 

 
1.5 0 3000 15 1978-86* 9797 (18) 9 6.48 14.7 

1E 65.1 34.9 0 5125 11 1978-86* 9797 (18) -124 6.44 17.4 
2E 80.6 19.4 0 4900 21 1978-86* 9797 (18) -23 6.51 11.8 
3E 92.0 

 
8.0 0 3725 9 1978-86* 9797 (18) -40 6.84 7.8 

1D 18.5 81.5 0 2625 23 1978-86 7616 (13) 27 6.26 9.7 
2D 20.0 76.7 3.3 1875 20 1978-86 7616 (13) 63 6.44 12.1 
3D 19.6 

 
76.8 3.6 2725 20 1978-86 7616 (13) 246 6.03 8.1 

1C 7683 (14) -46 6.22 14.0 
2C 

 

7.0 
 

93.0 
 

0 
 

4150 
 

25 
 

1978-86 
 7683 (14) 0 6.50 16.8 

1B 7683 (14) 28 6.43 16.8 
2B 

 

0 
 

100 
 

0 
 

725 
 

10 
 

1978-86 
 7683 (14) 13 6.51 9.9 

1A 7683 (14) -19 6.64 9.3 

C
on

tro
l s

ite
 

2A 
 

ND 
 

ND 
 

ND 
 

ND 
 

ND 
 

1978-86 
 7683 (14) 10 6.71 7.1 

 

4K 
 

3144 (10) 
 

15 
 

5.95 
 

34.3 
5K 

 

 

9.3 
 

 

90.7 
 

 

0 
 

 

675 
 

 

20 
 

 

1978 
 3144 (10) 40 4.67 32.2 
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parameters and on distribution patterns of P and N in sediment and leaves. The 

control site (Fig. 1d) and the sulphate acidic site (Fig. 1e) were chosen to 

characterize the effects of acidification on nutrient cycling and plant growth by 

comparison of sectors with similar inundation frequencies but different sediment 

pH values. The three transects within the control site were established to 

investigate a geochemically typical mangrove site with slightly acidic to alkaline 

sediment pH values at varying topographic elevations. The two transects of the 

sulphate acidic site exhibited lower pH values as a consequence of an earlier shift 

to sulphate acidic conditions. 

Station 1G was located within a tidal flat 30 m from the forest fringe. All other 

stations were established within vegetated areas at least 30 m from the forest 

fringe or at least 50 m from spots where replanted trees had died. Transect 3 was 

established near a tidal creek to assess its influence on the described parameters, 

while all other stations were at least 30 m from tidal creeks. 

Topography, inundation regime and forest structure 

Topographic elevation (Fig. 1d,e) was determined according to Cohen et al. (2004). 

Inundation duration at the stations (Fig. 1c) was calculated from measured 

elevations above MSL and local tide tables. 

For the determination of the forest structure fifteen square plots (400 m²) were 

selected (Table 1). One plot was established in each of the forest sectors B, C, H, 

I, J and K. Three plots were established in each of the forest sectors D, E and F. 

Within the plots, the different species of all trees with stem diameters at breast 

height (dbh) > 2 cm were identified and the diameter of the trees was recorded 

using a circumference band (diameter tape) at 1.3 m above the ground or above 

the highest prop root for Rhizophora. Relative basal area was calculated as 

follows: Relative basal area (%) = basal area of a species (m2)/basal area of all 

species (m2)*100 (Cintrón and Schaeffer-Novelli 1984). Basal area (G; m2) is 

defined as the cross-sectional area of all trees of a given species. 

(1)   �
�

�
N

i
ig

1
G   

where gi (m2) is the basal area of a single tree.  
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where di is the dbh at 1.3 m (in m).  

 

Sampling, field measurements and sample preparation 

Sediment and leaf sampling took place during the rainy season of 2005. At the 

stations piston-corers were used to take sediment core samples (one core of 45 

cm length per station) immediately after inundation. The corers had sealable inlets 

for pH and Eh measurement prior to sectioning. 

Physicochemical parameters were measured in the field immediately after 

sampling of a sediment core. The sediment pH was measured with a sulphide 

resistant, sludge suitable SensoLyt SE (WTW GmbH & Co. KG, Weilheim, 

Germany) electrode inserted directly into the centre of each core section. The 

sediment Eh was measured in the same way using two platinum redox micro-

probes and an Ag/AgCl reference electrode (Microscale Measurements, The 

Hague, The Netherlands). The functionality of the redox kit (platinum probes, 

reference electrode and mV-meter) was tested before each field trip by measuring 

the potentials of pH 4.0 and 7.0 phosphate buffer solutions saturated with 

quinhydrone. Measurements of Eh for the Ag/AgCl reference electrode were 

corrected to the standard hydrogen electrode after calculation of the standard 

potential at the sediment temperature (Pt-100 insertion temperature sensor) for the 

reference electrode, which contained 3 M KCl. The endpoint of the redox 

measurement was monitored by using an A/D-converter and computer to visualize 

the mV-shift. 

Sectioned sediments (5 cm steps; nine samples per core) were divided in two 

parts and the subsamples were kept on ice until sample preparation, which began 

within a few hours. One subsample was taken for subsequent particle size 

analysis. The second subsample, used for nutrient analysis, was prepared by the 

removal of visible roots, drying at 37°C and grinding with a planetary mill. At least 

50 g of a dried sample was ground to <300 μm mesh in order to prepare a 

homogenous sample. Generally, heating soils at low temperatures does not 

significantly affect available P (e.g. Serrasolses et al. 2008). Further, repeated 

drying at low temperatures did not significantly change the P compositions of 
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sediments (Oxmann et al. 2008). Moreover, available P determined after drying 

reflects in-situ available P conditions as shown by significant correlations of leaf P 

vs. available P (Boto and Wellington 1983). 

At each station, one composite leaf sample (n = 50 leaves) was collected from 

the tree closest to the location where the sediment core was taken and another 

pooled sample (n = 90 leaves) of three more trees around this position. The leaves 

of both samples were divided into subsamples by separating them into three size 

classes by their width: < 2.5 cm (class 1), 2.5 - 4.0 cm (class 2), > 4.0 cm (class 3). 

Leaves were cleaned with deionised water and tissue paper in order to remove 

attached salts and other particles. Leaf petioles were removed and the leaves 

were dried at 60°C, then ground to <80 μm mesh. The powder was kept in a 

desiccator. 

 

Analytical methods and procedures 

Particle size was determined by laser diffractometry (LA-300, Horiba Ltd., Kyoto, 

Japan) after field moist, sieved (<500 μm mesh) sediments were dispersed in 1% 

sodium hexametaphosphate solution. Sediment humidity was calculated by weight 

difference before and after drying of the samples at 37°C. Sediment porewater 

salinity was measured with a conductivimeter (Tetracon electrode, WTW GmbH & 

Co. KG, Weilheim, Germany) in deionised water extracts of the sediments (solid-

liquid ratio 1:5) and calculated by taking the sediment humidity into account 

(Perdomo 1998). 

Basic P analysis of the dried sediment powder included the determination of 

available P according to a procedure described by Morgan (1941) and a 

sequential extraction. The Morgan solution was made by preparing a solution of 

100 g sodium acetate in 950 ml with deionised water. Using an InLab 423 

electrode (Mettler Toledo GmbH, Greifensee, Switzerland), approximately 30 ml of 

acetic acid (99.5%) were added until pH 4.8 was obtained. Deionised water was 

added to make up a full litre. A 2.5 ml volume of the Morgan solution was 

transferred to polyethylene centrifuge tubes containing 0.25 g sediment. Samples 

were shaken on a rotary shaker for 30 minutes and subsequently centrifuged at 

1000 g for five minutes. The supernatant solutions were taken up into syringes and 

filtered through 0.45 μm syringe filters (Minisart, Sartorius AG, Göttingen, 
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Germany). Phosphorus fractionation was performed by sequential extraction of 

inorganic P into Al/Fe-P (by NaOH) and Ca-P (by H2SO4) basically as suggested 

by Kurmies (1972) but modifications to the procedure were introduced mainly to 

enhance sample throughput. This method avoids resorption problems through 

additional Na2SO4 extractions and underestimations of NaOH extractable P 

through initial washing steps with KCl/EtOH solution in order to prevent 

octacalcium phosphate precipitation during the alkaline extraction of Al/Fe-P. The 

modified procedure had been described in detail by Oxmann et al. (2008). Total 

inorganic P (TIP) was calculated by summing up Ca-P and Al/Fe-P. Calculated 

values were almost identical to TIP quantified by the method of Legg and Black 

(1955) as determined for sediment samples (n = 20) from the same study area. 

Individual P species were quantified for six sediment samples (G35-40, G40-

45, A35-40, A40-45, H35-40, H40-45; Capital letters mark forest sectors and 

numbers denote depth ranges in cm) using the CONVEX method (Oxmann et al. 

2008). This newly developed method enables the quantification of discrete P forms 

and had been verified by standard addition of octacalcium phosphate (OCP), 

hydroxyapatite (HAP), strengite and variscite. Briefly, subsamples of a sediment 

sample were incubated at different pH values in pH-adjusted 0.01 M CaCl2 for 

seven days and P species were determined quantitatively through subsequent 

sequential extraction. The quantification of discrete P forms is possible by 

differential dissolution of Ca-P minerals and desorption of P through pH 

adjustment during the incubation procedure. 

To determine total P content in leaves, 50 mg of each sample were weighed in 

crucibles and combusted in a furnace at 810°C for two hours. After cooling, 10 ml 

of HNO3 (20%) was added to the samples. The crucibles were reheated on a sand 

bath until the liquid began to boil. Solutions were quantitatively filtered (GF/F filters, 

Whatman Ltd., Maidstone, UK) into volumetric flasks by rinsing with deionised 

water and filled up to 100 ml. Concentration of phosphate was measured 

according to Murphy and Riley (1962) using a Pharmaspec UV-1700 

spectrophotometer (Shimadzu Corp., Kyoto, Japan). This method was calibrated 

against a NIST apple leaf standard (SRM1515). 

Carbon and N content of the sediment and leaf samples were determined by a 

C/N elemental analyser (Carlo Erba NA 2100, Milan, Italy) using 10 mg of a 

sediment sample and 1 mg of a leaf sample. For total carbon (Ctot) determination, 
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tin cups were used. Organic carbon (Corg) was measured in silver cups after 

removal of carbonate by adding 200 μl of 1N HCl and subsequent drying at 40°C. 

The accuracy was determined by measuring standards for leaves (SRM1515) and 

sediment (Leco 1012, Leco Corp., Michigan, USA) after every five samples. 

Depending on sample sizes and tissue type, the combustion tube was cleaned 

every 5–15 measurements. Inorganic carbon was determined by subtracting Corg 

from Ctot. 

All chemicals were analytical grade. Deionised water was used, purified by a 

Millipore Milli-Q system (Millipore Corp., Massachusetts, USA). All determinations 

of nutrient concentrations were duplicated. 
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Results

Inundation regime and forest structure 

The unvegetated mud flat station 1G was flooded 254 days per year (Fig. 1c). The 

reforested stands were subjected to inundation durations from 163 days per year 

at the fringe sites (sector F) to 2 days per year in the hinterland (sectors A and H). 

Concerning the inundation regime a comparable area to the sulphate acidic site 

(H-K) can be defined at the control site (A-G), including only the forest sectors A-D 

(see dashed line in Fig. 1d for separation). This area is further designated as the 

standard control site. 

Sectors E and F were developed through natural regeneration, mainly with 

species of Avicennia, after failed reforestation with seeds and saplings of R. 

apiculata. During the first years of reforestation within the study area, plant 

establishment had been impeded at the higher elevated forest sectors of the 

sulphate acidic site (V.N. Nam, pers. comm.). Therefore re-plantation started later 

(1986) at the forest sectors H, I and J than at the other sectors (Table 1). 

Accordingly, only three trees had a dbh of more than 15 cm at sector J and no 

trees of more than 15 cm were found in plots at the sectors I and H (Table 1). The 

average number of trees of more than 15 cm in diameter was 6 at the sulphate 

acidic site in comparison to 17 at the control site. Avicennia had the highest 

relative basal area at sites where inundation duration was comparatively high 

(Table 1, Fig. 1c). In contrast, Rhizophora dominated in plots of higher topographic 

elevation. 

 

Basic sediment properties 

Sediment humidity from 0-40 cm depth was between 40 and 60% and generally 

decreased with increasing elevation, while the porewater salinity from 0-40 cm 

ranged from 25 to 40‰ and generally increased with distance to the Dong Tranh 

River. Silt was the dominant particle size fraction in all sediments, constituting 80 - 

85% of the column. Carbonate content in the sediments was below detection limit 

at the sulphate acidic site, while low but measurable amounts were detected 

above pH 6.2 at the control site (data not shown). Thus, the buffering capacity 
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through CaCO3 was likely insufficient at most of the investigated forest sectors. 

The highest carbonate content of 1% by weight was found at the mud flat station 

1G. 

 

Sediment pH 

The pH of the sediment cores (0-40 cm) ranged from 5.81 to 7.16 at the control 

and from 4.25 to 5.81 at the sulphate acidic site. On average, sediment pH of all 

stations at the control site increased with depth, but decreased with depth at the 

sulphate acidic site (Table 2). 

At 35-40 cm depth, pH varied between 6.15 and 7.28 at the control and 

between 3.28 and 5.96 at the sulphate acidic site. Variations between the different 

sediment layers were comparatively small and pH differences among stations 

were mainly influenced by alkaline sea water at the control site. The sulphate 

acidic site exhibited extremely low pH values below 0-5 cm depth. 

 

Sediment Eh 

The average Eh values decreased consistently with depth at both sites. At the 

surface layer of the control site, the average Eh of all stations was 179 mV, while it 

was -13 mV at 35-40 cm depth (Table 2). The sulphate acidic site was much more 

oxidized, with Eh values of 367 mV at the surface layer and 77 mV at 35-40 cm 

depth. 

The sediment Eh difference among control site stations was highest at 10-15 

cm depth. At this depth interval, Eh increased from -145 mV at the forest fringe 

(sector F) to 165 mV in the hinterland (sector A), reflecting the effect of decreasing 

inundation duration. Differences in the redox potential among these stations were 

comparatively small below 30 cm through generally strongly reduced conditions at 

these depth layers. The standard deviation of the Eh was 75 mV at 35–40 cm 

depth in comparison to 170 mV at 10-15 cm depth (data not shown). 

Although the unvegetated mud flat station (1G) was flooded for a longer time 

than the stations with the highest inundation duration within the forest of the 

control site (F), Eh at the mud flat station was much higher at any depth, most 

likely due to its lower OM content. As expected, the aeration of the tidal creek 

caused another Eh gradient perpendicular to the gradient caused by the 
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inundation. The average Eh values of the whole cores were much higher at the 

creek stations 3D, 3E, 3F compared to the corresponding stations within the same 

forest sectors (data not shown). 

 

Table 2  Depth layer comparison of pH, Eh, Ca-P and Al/Fe-P 
 

 

Depth 
 

 

Control 
Sitea 

 

 

Acidic 
Siteb 

 

 

Control 
Sitea 

 

 

Acidic 
Siteb 

 

     
  pH  

 
 

 

Eh 
(mV)  

    0-5 cm 6.34 5.47 179 367 
35-40 cm 6.57 4.90 -13 77 

      
Ca-P  

(mg g-1)  
 

 
Al/Fe-P 
(mg g-1)  

    0-5 cm 0.12 0.11 0.33 0.34 
35-40 cm 0.10 0.06 0.20 0.08 
 

Decreasec 
 

 

20 
 

 

40 
 

 

40 
 

 

80 
 

aAverage values at the control site. 
bAverage values at the sulphate acidic site. 
cP decrease from 0-5 cm to 35-40 cm in %. 

 
 

Ca-P and Al/Fe-P: Depth dependency 

Sequential extraction of the sediments revealed that average contents of Ca-P and 

Al/Fe-P at the control and the sulphate acidic site consistently decreased with 

increasing sediment depth, but the decrease was much more pronounced at the 

sulphate acidic site (Table 2). Calcium phosphate decreased from 0-5 to 35-40 cm 

by ca. 20% at the control site, while it decreased by ca. 40% at the acidic site. At 

the control site, Al/Fe-P decreased within the same depth interval by ca. 40%, 

while it decreased by ca. 80% at the acidic site. Total inorganic P decreased from 

0-5 to 35-40 cm by around 30% at the control site and by around 70% at the acidic 

site. Control and standard control site revealed nearly equal results when 

compared with the sulphate acidic site. Hence, inundation caused differences 

among sites can be excluded. The only significant P increase from the surface to 

the deepest measured sediments, including 48 values of Al/Fe-P and Ca-P at the 

24 stations, was observed for the Ca-P fraction of the mud flat sediment (1G). At 

this station Ca-P increased drastically with depth by around 60%. 
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Ca-P and Al/Fe-P: Patterns at particular layers 

A significant correlation (p < 0.05) was detected for Eh vs. Al/Fe-P at the layer of 

the highest Eh difference among stations (see above), at a depth of 10-15 cm 

(Table 3). However, depths of 30-35 cm and 35-40 cm appear to be more relevant 

for P related sediment-plant interactions at our sites, since root biomass 

consistently increased from the surface layer to the deepest layers (30-35 cm, 35-

40 cm). Accordingly, correlation coefficients of leaf P vs. available P (Morgan-P) 

also increased consistently with increasing sediment depth (Oxmann, unpublished 

data). At increased depths, no significant correlation (p > 0.05) was observed for 

Ca-P or Al/Fe-P vs. Eh (Fig. 2a,d). Calcium-bound P strongly increased with 

increasing pH in the ranges <4 and >6 and was relatively constant in the pH range 

4-6 (Fig. 2b). The Al/Fe-P fraction increased exponentially with pH in the range 

3.3-6.8 and decreased above pH 6.8 (Fig. 2e). Phosphorus species contents of 

the Ca-P and Al/Fe-P fractions from six sediments (G35-40, G40-45, A35-40, A40-

45, H35-40 and H40-45 from sectors G, A and H, respectively) are shown in 

Figure 2c,f. 

 

Table 3  Coefficients and probability levels for correlations between phosphorus forms and 
physicochemical parameters. 
 

 
 

Morgan-P 
 

 

Al/Fe-P 
 

 

Ca-P 
 

 

Eh 
 

 

pH 
 

 

Leaf P 0.79 (**) NS NS NS 0.72 (*)c 
Morgan-P  NS 0.89 (***) NS 0.94 (***)c 
Al/Fe-P   0.87 (***)a 0.91 (*)b (***)d 

Ca-P    NS 0.87 (***)e 
Eh     -0.75 (**) 

 
Regressions include both sites (n=24) and correspond to linear fits, except for non-linear regressions of correlations with pH (seec,d,e). No 
significant correlations were detected at 0-20 cm depth, except Eh vs. Al/Fe-P (10-15cm). All other correlations are given for 30-35 cm 
(depth of apparently predominant P uptake). 
aValues from alkaline sediments were excluded. See Fig. 3; bCorrelation was only detected at the control site; cSee Fig. 4; dResult of two 
sample (independent) t-test. At the given significance level, Al/Fe-P values in the pH range 6.0-6.8 are significantly higher than at other 
pH values. See Fig. 2; eSee Fig. 2 
NS: Not significant; *: p<0.05; **: p<0.01; ***: p<0.001 
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Fig. 2  Phosphorus composition controlled by pH at deeper sediment layers. (a, d) Ca-P 

and Al/Fe-P contents vs. field Eh of sediment samples from 30-35 and 35-40 cm depth ( ). 

(b, e) Ca-P and Al/Fe-P contents vs. field pH of sediment samples from 30-35 and 35-40 

cm depth ( ). Ca-P and Al/Fe-P contents of additional sediments (30-35 and 35-40 cm 

depth) with performed CONVEX analysis are marked separately (see legend). (c, f) 

Contents of individual species within the Ca-P and Al/Fe-P pools of the additional 

sediments at their field pH as determined by the CONVEX method (Oxmann et al. 2008). 
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The Al/Fe-P fraction correlated highly significant with Ca-P (p < 0.001), if data 

from alkaline sediments were excluded (Fig. 3a, Table 3). At sediment pH values 

above 7, amounts of Al/Fe-P were much lower than expected by the high contents 

of Ca-P. Highest values of Al/Fe-P : Ca-P were recorded in the pH range 5.95-

6.75 (Fig. 3b). 

Fig. 3  (a) Al/Fe-P vs. Ca-P and (b) Al/Fe-P : Ca-P vs. sediment pH of sediment samples 

from 30-35 and 35-40 cm depth ( ). Encircled symbols mark data from alkaline 

sediments. The pH of the highest Al/Fe-P : Ca-P ratio is marked by an asterisk (6.55), 

while the arrows indicate the pH range of the peak (5.95-6.75). A highly significant 

correlation (r = 0.87; p < 0.001) was found for Al/Fe-P vs.Ca-P, if values from alkaline 

sediments had been excluded. Data of additional sediments with performed CONVEX 

analysis are marked separately in (a) (see legend). 

 

Available P and leaf P

Generally, P contents in leaves of size class 2 gave the most significant 

correlations with Morgan-P (30-35 cm depth). The amount of P in the leaves and 

Morgan-P was highly dependent on the sediment pH, since both increased 
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strongly above pH 6 (Fig. 4a,b). A significant correlation of Morgan-P vs. leaf P 

(Fig. 4c, Table 3) indicates that the Morgan test is a suitable measure for the 

determination of P available for mangrove trees. A highly significant correlation 

was found for Morgan-P vs. Ca-P (Fig. 5b, Table 3), whilst Ca-P : Morgan-P 

correlated negatively with the sediment pH (Fig. 5c). Thus, the Morgan-extractable 

content of the Ca-P fraction increased with increasing sediment pH. No significant 

correlation (p > 0.05) between Al/Fe-P and Morgan-P was found (Fig. 5a). 

 

 

 
 

Fig. 4  (a) Phosphorus content in leaves vs. sediment field pH (30-35 cm depth). Line: 

Exponential growth. (b) Morgan-P content vs. sediment field pH (30-35 cm depth). Lines: 

Polynomial regressions for Morgan-P and Ca-P (30-35 cm, compare with Fig. 2b). (c) A 

significant correlation of Morgan-P (30-35 cm depth) vs. leaf P indicates the suitability of 

the Morgan-extraction for the determination of P available for mangrove trees. The pH 

value of the extraction solution for Morgan-P determination is marked by an arrow. Note 

that (c) does not contain data points of the alkaline range, since vegetation was absent at 

the alkaline station (1G). 
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Fig. 5  (a) Morgan-P vs. Al/Fe-P of sediment samples from 30-35 cm depth. (b) Morgan-P 

vs. Ca-P of sediment samples from 30-35 cm depth (see comparable pH dependency of Ca-

P and Morgan-P in Fig. 2b and 4b). (c) Ca-P : Morgan-P vs. sediment pH at 30-35 cm 

depth. Data for linear regression are shown. For these correlations, the values of the creek 

stations (3D, 3E, 3F) had been excluded. 

Sediment N and leaf N 

In contrast to most nutrient parameters, such as TIP, Ca-P, Morgan-P, leaf P and 

leaf N, sediment N contents were negatively correlated (p < 0.001) with sediment 

pH (Fig. 6a). The pH dependencies of N and P contents in leaves were 

comparable, since both strongly increased above pH 6 (Fig. 6b). In contrast to the 

available P controlled leaf P, leaf N content was independent of sediment N 

content but was significantly correlated (p < 0.001) with leaf P levels (Fig. 6b). 

Further, N:P ratios in sediments and leaves are apparently affected by the pH (Fig. 

6c,d). Figure 7 summarises the observed interactions of nutrient forms and pH 

within the root zone (30-35 cm). 
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Fig. 6 (a) Sediment N (30-35 cm depth; ) and total inorganic P (30-35 and 35-40 cm 

depth; ) vs. sediment pH. (b) Leaf N ( ) and leaf P ( ) vs. sediment pH (30-35 cm 

depth). (c) Elemental sediment N:P ratio (30-35 cm) and (d) elemental leaf N:P ratio vs. 

sediment pH (30-35 cm). Values of the sulphate acidic site are marked separately ( ) in 

(c). Linear correlations for sediment N vs. pH and sediment N:P vs. pH are shown. Arrow: 

Transition from N/P co-limitation to P limitation according to Koerselman and Meuleman 

(1996). The line in (d) indicates that N limitation may only occur at high pH values. 
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Discussion

The P and N contents in both, sediment and leaves, were affected by the sediment 

pH within the layers of high root biomass and apparently predominant P uptake 

(30-35 and 35-40 cm depth). Morgan-P, Ca-P, Al/Fe-P, leaf P and leaf N strongly 

increased above pH 6, whereas only sediment N was negatively correlated with 

sediment pH. No significant correlations of these nutrient parameters with Eh were 

detected at 30-35 and 35-40 cm depth. 

One reason for the lack of correlations between nutrient parameters and Eh 

seems to be the comparatively small Eh difference among the stations at 

increased depths. Thus, differences in P sorption characteristics and mineral 

compositions at deeper sediment layers seem to be driven by the pH rather than 

by the Eh. Nevertheless, the decline of Al/Fe-P amounts with increasing depth 

(Table 2) and significant correlations of Al/Fe-P vs. Eh at a sediment layer of 10-15 

cm (Table 3) suggest that the Eh has a certain effect on P adsorption and 

composition. Although the processes which cause increased levels of soluble P 

under reducing conditions are not fully understood, the effects have been related 

to the reductive dissolution of P binding Fe(III)-oxides (e.g. Hutchison and 

Hesterberg 2004). For instance, iron seems to occur predominantly in the Fe(III) 

state in surface sediments and in the Fe(II) state in subsurface sediments of 

intertidal marsh sediments (Paludan and Morris 1999). Apart from the investigation 

of involved processes, oxidized surface sediments are generally known to retain 

dissolved P. However, the Al/Fe-P decrease with increasing depth (Table 2) was 

much more pronounced at the sulphate acidic site than at the control site. Thus, it 

is likely that the increased acidity partly caused the relatively high decline of Al/Fe-

P at the sulphate acidic site over depth. Extreme pH changes at the sulphate 

acidic site through flooding with alkaline seawater likely promote conversion 

processes between different P forms, thereby liberate P and might cause P 

leaching. 

The pH dependency of the Ca-P fraction is explained by the different 

solubilities of P minerals. Use of the CONVEX method showed that the presence 

of Ca-P minerals with increasing sediment pH is ordered by their decreasing 

thermodynamic stability. Probably all sediments contained fluorapatite (FAP; Fig. 

2c), while HAP was additionally present in the slightly acidic (A35-40, A40-45) and 
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alkaline sediments (G35-40, G40-45). Only alkaline sediments (G35-40, G40-45) 

contained OCP. These data are in agreement with the favoured formation of less 

stable phosphate minerals like brushite and OCP in soils with pH > 6, reported by 

Laverdière and Karam (1984). By comparing the CONVEX with the sequential 

extraction data (Fig. 2b,c), we suggest that the increase in Ca-P content with pH in 

the range <4 was caused by increased amounts of FAP, while the formation of 

HAP caused an exponential increase of Ca-P in the pH range 4-7. The 

precipitation of OCP above pH 7 additionally increased the amount of Ca-P in the 

alkaline sediments. Therefore, the pH dependency of the Ca-P fraction presented 

in Figure 2b reflects the decrease in solubility with increasing pH of all calcium 

phosphates and the differences in the solubilities of individual Ca-P mineral 

species. The strong increase in Ca-P content above pH 6 suggests that the 

formation of HAP is supported by OCP precipitation through tidal affected 

temporary pH rises. It is reasonable that HAP is formed via an OCP precursor 

rather than by direct nucleation (Gunnars et al. 2004) due to frequent alkaline sea-

water input and the slow crystallization rate of HAP (Lindsay et al. 1989) in 

comparison to OCP. 

The high content of Al/Fe-P in the pH range 6.0-6.8 (Fig. 2e) can generally be 

attributed to an increased amount of adsorbed P as shown by comparison with the 

CONVEX data (Fig. 2f). The slightly acidic sediment contained the highest 

amounts of adsorbed P, while the strongly acidic sediment consisted mainly of 

amorphous or mineral Al/Fe-P. Mineral dissolution processes probably resulted in 

an increased amount of adsorbed P and consequently in high values of Al/Fe-P : 

Ca-P within the pH range 5.95-6.75 (Fig. 3b). Lindsay (1979) suggested the 

coexistence of several P minerals in the pH range 6.0-6.5, in which soils generally 

reach the maximum phosphate solubility (Lindsay et al. 1989). Although different P 

minerals may be present, their stability is relatively low in this pH range and, 

therefore, the amount of adsorbed P is likely elevated through the immediate 

adsorption of dissolved P. Adsorbed P is probably enhanced by Ca-P dissolution, 

whereat alternating OCP formation and dissolution could play an important role. 

A conversion between OCP and adsorbed P may be highly relevant for rapid P 

cycling in sedimentary environments. Alkaline sediments exhibited the highest 

amounts of Ca-P, but relatively low amounts of Al/Fe-P (Fig. 2b,e and 3a) as a 

consequence of OCP precipitation (Fig. 2c) and less P adsorption (Fig. 2f). This 
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finding is in agreement with the generally accepted view that there is less 

adsorbed P in alkaline environments than in slightly acidic (e.g. Beauchemin et al. 

2003). Figures 2c,f make clear that OCP and adsorbed P were the compounds 

that differed most significantly between slightly acidic and slightly alkaline 

sediment. Therefore, a probable transformation between adsorbed P and OCP is 

suggested, particularly if tidal effects cause a rapid change of alkaline and acidic 

conditions and if there is insufficient time for HAP formation through an OCP 

precursor. This transformation could be especially important for P availability, 

because OCP was found to enhance low soluble P concentrations caused by 

adsorption (Oxmann et al. 2008). 

The strong increase of leaf P and Morgan-P above pH 6 (Fig. 4a,b) suggests 

that Morgan-P involves predominantly thermodynamically less stable Ca-P 

minerals, which seem to be responsible for a high P uptake by the plants. This 

assumption is further supported by a highly significant correlation of Morgan-P vs. 

Ca-P (Fig. 5b), whereat Ca-P : Morgan-P correlated negatively with the sediment 

pH (Fig. 5c). In contrast to the dissolution of less stable Ca-P species, rapid 

mineral Al/Fe-P dissolution is unlikely at the pH used for the Morgan-test. Hence, 

no correlation between Al/Fe-P and Morgan-P was found (Fig. 5a). This suggests 

that Ca-P is a more effective source of P available for mangrove tree growth than 

Al/Fe-P. Further, enhanced soluble P concentrations through OCP dissolution 

(Oxmann et al. 2008) and highest Morgan-P concentrations together with high 

OCP contents in alkaline sediments imply that OCP is the apparently most 

effective source for P plant uptake in the investigated environmental setting. 

In addition to the nutrient contents, atomic N:P ratios of the sediments were 

also highly correlated with pH (Table 1, Fig. 6c). Sediment N:P ratios were much 

higher at the sulphate acidic site than at the control site. As N:P ratios of leaves 

partly reflected this relation (Fig. 6d), a shift in limitation could be generally 

attributed to a shift in sediment pH within different environmental settings. Further, 

elemental N:P ratios of leaves were relatively high within all replanted mangrove 

sectors (Fig. 6d) and likely predict P limitation (see Koerselman and Meuleman 

1996; Lockaby and Walbridge 1998). Particularly at the higher elevated sectors (H, 

I, J) of the sulphate acidic site, phosphorus deficiency could be the reason for the 

initially impeded reforestation and the low diameter values (Table 1). 
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Our data show that foliar P levels are linked to available P (Fig. 7). Leaf N 

values were indirectly dependent on Morgan-P and independent of sediment N 

levels. The amount of Morgan-P was influenced by the sediment pH as a 

consequence of the pH driven Ca-P compositions (compare also Fig. 2b with 4b). 

This suggests that tree growth was limited by P, especially at the sulphate acidic 

sectors. Through correlations of N and P in sediments and leaves, the deficient 

nutrient can likely be detected without fertilization studies given the variation in the 

controlling factor is sufficiently high (Fig. 7). 

 

 
 

Fig. 7  Contents of Al/Fe-P, Ca-P, Morgan-P and sediment N (30-35 cm), foliar contents of 

P and N as well as sediment pH (30-35 cm) with decreasing inundation duration from 1G 

to 1A (control site) and 5K to 4H (sulphate acidic site). White filled columns indicate 

sediment values from the mud flat (absent vegetation). Data of positive (+) and negative (-) 

linear regressions are shown. Data were excluded (asterisks) for Al/Fe-P vs. Ca-P (1G, see 

Fig. 3a) and leaf P vs. leaf N (3E). No relationship was found for sediment N vs. leaf N. 

See text for non linear correlations (NLC). 
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Comparison of the presented results with data acquired during the dry season 

of 2004 showed that correlations among nutrient compounds and their 

dependency on physicochemical parameters were comparable between the 

seasons. This suggests a high biogeochemical stability of this coastal ecosystem. 

The stability is probably caused by the effects of the tidal regime and the 

geomorphological features on the physicochemical parameters, while changes in 

freshwater input seem to have minor effects within this low-lying area. However, 

changed biogeochemical conditions caused by severe natural or human impacts 

seem to be also stable and do not rapidly re-establish through tidal effects. 

The depth of the root zone may be decisive in determining whether sediment 

Eh or pH affects P plant uptake and resulting growth responses in mangroves and 

similar systems. Phosphorus uptake of saplings may be mainly dependent on 

variations in Eh, whereas growth of adult mangrove trees, which are generally able 

to acquire P from reduced zones at deeper sediment layers, could be mainly 

affected by sediment pH changes. 

Variations in the Eh could be relevant for within-stand differences in P 

availability and composition as well as related plant responses during early 

reforestation stages, if the sediment pH is held relatively constant in the slightly 

acidic range. However, if the pH increases at the fringe sites, OCP precipitation 

may provide a significant potential P source. A strong pH decrease by pyrite 

oxidation deeply alters P cycling and generally causes P deficiencies. Redox 

stratification in combination with the quantification of different P forms but without 

pH measurement will likely cause misinterpretations, since variations in both 

physicochemical parameters produce complex effects on P cycling and 

composition. Moreover, with focus on the physicochemical parameters alone, 

there is a set of possible interactions. Significant correlations of Eh vs. pH (Table 3) 

imply that the interactions cause a transition of acidification in contrast to the 

distinct definition of “acid sulphate soils”, which is used to define extreme 

characteristics caused by pyrite oxidation. Therefore, it is difficult to discriminate 

between changes in Al/Fe-P caused by variations in pH or Eh, as both parameters 

affect the fraction directly. On the other hand, changes in the Ca-P fraction are 

directly caused by variations in pH. The pH produced extreme changes of P 

cycling within the relatively narrow pH range 6-7. Although the Eh had also direct 

effects besides its interactions with pH, the sediment pH seemed to be the most 
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relevant parameter for direct control of nutrient cycling in the reforested mangrove 

stands. 
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Abstract

Since the descriptions of influences by the redox potential (Eh) on phosphorus (P) 

dynamics in wetland sediments are controversial, direct spatial comparisons of 

pH- and Eh-driven effects may provide necessary insights. We analysed spatial 

three-dimensional patterns of physicochemical parameters in relation to sediment 

P compounds and leaf P in order to investigate sediment-plant interactions with 

focus on P uptake. Stations covered wide ranges of sediment pH and Eh values 

along five transects in reforested mangroves of the Saigon River Delta. The 

mangroves within this delta had been destroyed by herbicide spraying during the 

Second Indochina War and sediments partly became acidic through pyrite 

oxidation. Along an inundation gradient, submergence durations of 254 to 2 

days/year caused a large gradient of Eh values in the sediment depth range of 0-

20 cm, whereas Eh response was small within 20-45 cm depth. At individual layers, 

a correlation of Eh vs. Al/Fe-P was only found in the upper depth interval (< 20 cm), 

whereas no correlation was observed at deeper sediment layers (> 20 cm). 

Further, no significant effect of Eh or Al/Fe-P on available P (Morgan-P) was 

detected at any depth. Minor effects on within-stand composition changes by the 

Eh were caused through generally strongly reduced sediments at deeper layers, 

whereas variations in pH produced extreme differences in both, Ca-P and Morgan-

P content at depth layers of apparently predominant P uptake. Since Morgan-P 

was correlated with Ca-P (p < 0.001), leaf P (p < 0.001) and pH (non linear 

correlation) it is likely that the pH sensitive Ca-P fraction is a more effective source 

for mangrove tree growth than Al/Fe-P. These results contrast with the frequently 

proposed reduction-governed P cycling in wetlands. 
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Introduction 

The mangrove coverage of coastal areas declines worldwide through 

overexploitation, construction of fish or shrimp ponds and conversions to 

agricultural use. Exploitations and land reclamations are often uncontrolled or 

poorly administered in mangrove regions, because management plans are missing 

(Nam & My 1993). Further, hurricane impacts (e.g., Hensel & Proffitt 2002) will 

probably increase in frequency and intensity through the global climate change 

and the sensitivity of mangroves to sea level rise (Cohen & Lara 2003 and 

references therein). In Viet Nam, about 57% of the mangrove area was destroyed 

during the Second Indochina War, primarily by defoliant spraying in the South 

(Nam & My 1993), where ca. 105000 hectares amounting to 36% of the original 

area were destroyed (NAS 1974). Extensive reforestation started after the war and 

continues to the present day using predominantly seeds and saplings of 

Rhizophora apiculata. 

Thus, reforestation management in mangrove regions is of such high socio-

economic and ecologic relevance that it will probably be more extensively 

supported by satellite remote sensing (e.g., Hirose et al. 2004) in the future. 

Reforestation projects have to be monitored by biogeochemical and hydrological 

assessments in order to reduce costs and time consumption caused by 

unsuccessful replantation. 

In a previous study (Oxmann et al. 2008a) we investigated the nutritional 

status of reforested mangrove stands in the Saigon River Delta to gain insight in 

possible limitations to tree growth caused by defoliation-induced changes in the 

geochemical characteristics of the sediments. It was found that the nutritional 

status had been predominantly driven by the sediment pH, which had been in turn 

affected by the Eh. In turn, the latter was influenced by the dynamics of inundation 

and organic matter (OM) decomposition. A lack of OM decomposition by the 

destruction of the mangrove vegetation can cause sediment oxidation with an 

accompanying phosphorus deficiency through sediment acidification. 

While extremely acidic “acid sulphate soils”, formed through pyrite oxidation, 

generally involve a high potential for P deficiency (Dent 1986), sediment pH can 

also produce drastic effects on P cycling within the relatively narrow pH range 6-7 

(Oxmann et al. 2008a). A predominantly pH-driven P cycling within mangrove 
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stands would not be in agreement with a major influence of the Eh on P dynamics 

in regions subjected to frequent or permanent submergence. The latter effect has 

been subject to a number of studies in both, coastal systems and lakes, since 

reduction of sediments or soils is generally thought to increase available P levels. 

Nevertheless, processes of transformations during reduction and their effects on P 

solubility are still a matter of debate (Golterman 2001), while the effect of the 

sediment pH is poorly investigated.  

This work investigates pH- and Eh-mediated processes affecting P 

composition along inundation gradients in order to estimate their relative influence 

on P uptake. This was attained by a high spatial resolution of physicochemical 

measurements at a mangrove site with typical slightly acidic to alkaline sediment 

pH values along varying topographic elevations and at a nearby “acid sulphate” 

site that provided strongly acidic sediment samples in order to expand the pH 

range. Systematic relations between physicochemical properties and P 

composition as well as P uptake were analysed using P fractionations and 

determinations of plant available and leaf P. 



                                                                                                                    Fourth manuscript
 

 101

Materials and methods 
 

Study area 

The study was conducted in the Can Gio Mangrove Biosphere Reserve (CGMBR; 

10°22' to 10°40' N, 106°46' to 107°01' E; UNESCO) of the Saigon River Delta, 

southern Viet Nam (Figure 1a-e). The CGMBR covers the main part of the Delta 

(Figure 1a, dark-grey shade). In the study area, mangrove stands had been 

exhaustively destroyed by the dispersal of herbicide mixtures during the Second 

Indochina War. The codenamed Rung Sat Zone within the Saigon River Delta was 

one of the most heavily sprayed areas in Viet Nam. Using a recently developed 

Geographic Information System that incorporates extensive military data 

resources of spray missions during the Second Indochina War (Stellman et al. 

2003 a,b), it was determined (Oxmann et al. 2008a) that at least 3,776,560 litres of 

herbicidal agents were sprayed by military aircraft in the Delta. The map presented 

in Figure 1a shows the high density of spray paths, especially within the delta, 

resulting in complete destruction of the mangrove vegetation for military purposes. 

Some 2,410,825 litres of the defoliants sprayed in the area were likely 

contaminated with dioxin, dependent on the herbicide mixtures used (Stellman et 

al. 2003a). In some regions, sediments turned to sulphate acidic due to the 

induced oxidation (Tuan et al. 2002) and remained at these conditions to date. 

After the war, reforestation began in the CGMBR. At the study sites reforestation 

took place between 1978 and 1986.  
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Figure 1.  Study area (adapted from Oxmann et al. 2008a). (a) Saigon River Delta (dark-

grey shade) and herbicide spray paths (black lines), 1961-1971. (b) Location of the two 

study sites within the Can Gio Mangrove Biosphere Reserve of the delta. (c) Inundation 

duration, (d, e) location and topographic elevation of the sampling stations at the transects 

of the control site (d) and the strongly acidic site (e). Numbers at isolines: elevation in 

meters above MSL; numbers 1-5: transects; letters A-K: forests sectors (except G: tidal 

flat). The combination of a transect number with a letter (e.g., 1A) gives the station-ID; 

CS1/2: directions of cross sections. The map (a) was provided using a GIS developed by 

Stellman et al. (2003a,b). 



                                                                                                                    Fourth manuscript
 

 103

Station selection 

Based on a preliminary survey, five transects were established at a strongly acidic 

site and a control site including 24 sampling stations at 11 sectors (Figure 1b-e). 

The station-ID is given by the combination of the transect number with the letter, 

which refers to the forest sector (see Figure 1c). All transects were established 

perpendicular to the Dong Tranh River. They were selected to investigate the 

effect of topographic elevation and therefore of the inundation on sediment 

physicochemical parameters and on distribution patterns of P in sediment and 

leaves. The control site (Figure 1d) and the strongly acidic site (Figure 1e) were 

chosen to characterize the effects of acidification on P dynamics and P plant 

uptake by comparison of sectors with nearly equal inundation frequencies but 

different sediment pH values. The three transects within the control site were 

selected to investigate spatial distribution patterns of physicochemical parameters 

and P compositions at a mangrove site with typical slightly acidic to alkaline 

sediment pH values along varying topographic elevations. The two transects of the 

strongly acidic site exhibited lower pH values as a consequence of an earlier shift 

to sulphate acidic conditions. 

Topographic elevations and inundation durations (cumulative time of 

submergence per year) at the stations (Figure 1c) had been previously determined 

as described elsewhere (Oxmann et al. 2008a). For the determination of the forest 

structure, one plot per sector (B, C, H, I, J, K) and three plots per sector (D, E, F) 

were established. Relative dominance was averaged for the three lower-laying 

sectors (D, E, F) at the control site, which comprised three plots per sector. A 

detailed description of the forest structure and its assessment has been published 

elsewhere (Oxmann et al. 2008a). The unvegetated mud flat station 1G was 

flooded 254 days/year (Figure 1c). As shown in Figure 2b, all other stations were 

established in sectors dominated by Avicennia (sectors E and F) or Rhizophora 

(all sectors, except E and F). Sectors E and F developed by natural regeneration, 

mainly with Avicennia species, after failed reforestation with seeds and saplings of 

R. apiculata. The observed occupation of the interface between land and sea by 

Avicennia is in agreement with satellite remote sensing of the delta (Hirose et al. 

2004) as shown in Figure 2. The vegetated stations were subjected to inundation 

durations from 163 days/year at the fringe sites to 2 days/year in the hinterland. 
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Concerning the inundation duration a comparable area to the strongly acidic site 

(H-K) can be defined at the control site (A-G), including only the forest sectors A-D 

(see dashed line in Figure 1d for separation). Transect 3 was established near a 

tidal creek to assess its influence on the described parameters, while all other 

stations were at least 30 m from tidal creeks. 

 

 

 

Figure 2.  Mangrove classification image. (a) Mangrove classification within the CGMBR 

of the Saigon River Delta (adapted with kind permission of K. Hirose). (b) Mangrove 

forest structure (relative dominance of the genera; columns) and average sediment Eh 

values (line; 0-20 cm) vs. inundation duration at the control (c) and the sulphate acidic site 

(d). Capital letters in parenthesis mark the different forest sectors. Yellow, green and red 

colours correspond to genera as shown in key. Dotted arrows mark the transect directions. 

 

 

Sampling and preparation 

Piston corers were used to take sediment core samples (45 cm length) at the 

stations immediately after inundation had receded. The piston corers had inlets for 

pH and Eh measurement prior to sectioning. The top of the corer was opened 

immediately after sampling, while the inlets were opened for measurements at the 

selected depths and closed afterwards. Sectioned sediments (5 cm slices) were 

vertically divided in two parts and the subsamples were kept on ice until sample 
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preparation, which began within a few hours. One subsample was frozen for 

subsequent particle size analysis, and the second subsample, used for nutrient 

analysis, was prepared by the removal of visible roots, drying at 37°C and grinding 

with a planetary mill to <300 μm mesh. The analysis of basic sediment properties 

and its results had been reported elsewhere (Oxmann et al. 2008a). 

At each station, one composite leaf sample (n = 50 leaves) was collected from 

the tree closest to the location where the sediment core was taken and another 

pooled sample (n = 90 leaves) from three more trees around this position. The 

leaves of both samples were divided into subsamples by separating them into 

three size classes by their width: < 2.5 cm (class 1), 2.5 - 4.0 cm (class 2), > 4.0 

cm (class 3). Leaves were cleaned with deionised water and tissue paper in order 

to remove attached salts and other particles. Leaf petioles were removed and the 

leaves were dried at 60°C, then ground to <80 μm mesh. The powder was kept in 

a desiccator. 

Samples for data presented in this study were taken during the dry season of 

2004 and the rainy season of 2005. 

 

Analytical methods and procedures 

Physicochemical parameters were measured in the field immediately after 

separate sampling of each sediment core (0-45 cm depth). Sediment pH was 

measured with a sulphide resistant, sludge suitable SensoLyt SE (WTW GmbH & 

Co. KG, Weilheim, Germany) electrode inserted directly into the center of each 

core section (section interval: 5 cm). The Eh was measured in the same way using 

two platinum redox micro-probes and an Ag/AgCl reference electrode (Microscale 

Measurements, The Hague, The Netherlands). The functionality of the redox kit 

(platinum probes, reference electrode and mV-meter) was tested before each field 

trip by measuring the potentials of pH 4.0 and 7.0 phosphate buffer solutions 

saturated with quinhydrone. Measurements of Eh for the Ag/AgCl reference 

electrode were corrected to the standard hydrogen electrode after calculation of 

the standard potential at the sediment temperature (Pt-100 insertion temperature 

sensor) for the reference electrode, which contained 3 M KCl. The endpoint of the 

redox measurement was monitored by using an A/D-converter and computer to 

visualize the mV-shift. 
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Total P content in leaves has been determined as described elsewhere 

(Oxmann et al. 2008a). This method was calibrated against a NIST apple leaf 

standard (SRM1515). Phosphorus analysis of the dried sediment powder included 

the determination of available P according to a procedure described by Morgan 

(1941) and a sequential extraction. Morgan-P was determined within each depth 

interval of the sediments taken during the dry season of 2004, whereas depth 

intervals of 0-5, 10-15, 30-35 cm were selected for available P determination in 

sediments taken during the rainy season of 2005. A detailed description of the 

procedure used for the Morgan test has been reported elsewhere (Oxmann et al. 

2008a). Briefly, soluble P has been determined after sediment incubation in an 

acetate buffer at pH 4.8 for 30 minutes. Sediment depth intervals of 0-5, 10-15, 30-

35 and 35-40 cm were selected for a sequential extraction into Al/Fe-P and Ca-P. 

Phosphorus fractionation was performed by sequential extraction of inorganic P 

into Al/Fe-P (by NaOH) and Ca-P (by H2SO4) basically as suggested by Kurmies 

(1972) but modifications to the procedure were introduced mainly to enhance 

sample throughput. This method avoids resorption problems through additional 

Na2SO4 extractions and underestimations of NaOH extractable P through initial 

washing steps with KCl/EtOH solution in order to prevent octacalcium phosphate 

precipitation during the alkaline extraction of Al/Fe-P. The modified procedure has 

been described and evaluated in detail in a previous publication (Oxmann et al. 

2008a). Phosphate concentration was measured after Murphy and Riley (1962) 

using a Pharmaspec UV-1700 spectrophotometer (Shimadzu Corp., Kyoto, Japan). 

Carbon content of the sediment samples was determined by a C/N elemental 

analyser (Carlo Erba NA 2100, Milan, Italy) using 10 mg of a sediment sample and 

1 mg of a leaf sample. For total carbon (Ctot) determination, tin cups were used. 

Organic carbon (Corg) was measured in silver cups after removal of carbonate by 

adding 200 μl of 1N HCl and subsequent drying at 40°C. The accuracy was 

monitored by measuring standards for leaves (SRM1515) and sediment (Leco 

1012, Leco Corp., Michigan, USA) after every five samples. Depending on sample 

sizes and compositions, the combustion tube was cleaned every 5 – 15 

measurements. Inorganic carbon was determined by subtracting Corg from Ctot.  

All chemicals were analytical grade. Deionized water was used, purified by a 

Millipore Milli-Q system (Millipore Corp., Massachusetts, USA). All determinations 

of nutrient levels were duplicated. 



                                                                                                                    Fourth manuscript
 

 107

Results

Physicochemical properties 

In order to visualize a general trend of the effect of the inundation duration on the 

Eh at the different forest sectors, Eh values of each sediment core were averaged 

over two depth intervals (0-20 cm: n = 4 sections; 20-45 cm: n = 5 sections) and 

transects (1/2 and 4/5). Accordingly, inundation durations at the forest sectors 

were averaged among transects 1/2 and 4/5. Transect 3 has been excluded from 

these calculations, since the tidal creek caused another Eh gradient perpendicular 

to the inundation effect (see below). Figure 3a includes Eh values of 117 samples 

for the control site and 72 samples for the strongly acidic site. At the control site, 

the average Eh value decreased strongly with increasing inundation duration 

within the range of 55 (sector D) to 65 (sector E) days per year, whereas the 

decrease was less pronounced within the range of 65 (sector E) to 160 (sector F) 

days per year (Figure 3a). Although the unvegetated mud flat station (1G) was 

flooded for a longer time (254 days per year) than the stations with the highest 

inundation durations within the forest of the control site (sector F), the average Eh 

values were higher at the mud flat station. Average Eh values were higher at the 

strongly acidic site. Across the inundation gradient, Eh variations were less 

pronounced at the lower depth interval. The standard deviation for all stations was 

151 mV at the upper (0-20 cm) and 70 mV at the lower (20-45 cm) depth interval.  

Redox potential and pH values of each sediment core (0-45 cm) comprising 

nine depth layers were averaged among the transects 1/2 and 4/5 and 

subsequently plotted against each other in Figure 3b, which includes 117 samples 

for the control site and 72 samples for the strongly acidic site. Generally, pH 

values declined with increase in Eh. All sediment pH values were lower at the 

oxidised, strongly acidic site than at the control site (Figure 3b). 

In oxidised, strongly acidic sediment, carbonate was not detectable as shown 

for carbonate contents vs. pH of all stations within a depth layer of 30-35 cm 

(Figure 3c), for which carbon data were available. 
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Figure 3.  (a) Average redox potential vs. inundation duration (days/year). (b) Average 

redox potential vs average pH. (c) Carbonate content vs. pH at a depth layer of 30-35 cm. 

Data in (a) - (c) are presented for the control site (circles) and the acidic site (diamonds). 

For (a) and (b), Eh and pH values were averaged among the different depth intervals and 

transects (1/2 and 4/5). In (a): 00-20 cm: , 20-45 cm: , . In (b): 0-45 cm ( , ). 

Capital letters mark sectors with highest inundation-related Eh changes. 

 

 

Seasonal changes 

Spatial three-dimensional trends of physicochemical parameters were comparable 

between the dry season of 2004 and the rainy season of 2005. Mean values of the 

different P forms were similar between the seasons. Table 1 presents average leaf 

P levels among the stations and amounts of sediment P forms, averaged among 

the different sediment layers and stations. On average, Morgan-P accounted for 

ca. 3% of total P and ca. 12% of Ca-P. Further, significant correlations of the 

different P forms between the seasons indicate that P distribution patterns were 

comparable (Table 1). In the following, data of the rainy season of 2005 will be 

presented, if not stated differently. 
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Table 1.  Seasonal comparison of sediment P fractions and leaf P. 

 
 
 
 
 
 
 

aCa-P, Al/Fe-P and leaf P in mg g-1; Morgan-P in μg g-1. 

2004: dry season; 2005: rainy season. 
 

 

Cross sections of Eh distribution patterns 

Sediment Eh values of the different depth layers from the sectors A-F were 

averaged among the transects 1 and 2 in order to assess the change in the Eh 

pattern with increasing distance to the river. Linear regressions of Eh vs. river 

distance (Figure 4, see also correlation coefficients) showed that a higher Eh 

decrease occurred with increasing depth at the vegetation fringe than in the 

hinterland. Approximately, relatively low redox potentials that had been determined 

at the vegetation fringe within a depth interval of 0-5 cm were measured only 

below 20 cm in the hinterland. While the Eh difference within depth intervals of 0-

20 cm was relatively high between fringe and hinterland, the discrepancy was 

lower at 20-45 cm. A highly significant correlation (p < 0.001) and a weak 

correlation (p = 0.014) of Eh vs. river distance was found at a depth interval of 0-

20 cm and 20-45 cm, respectively. Sediments were strongly reduced at 20-45 cm 

irrespective of the distance to the river and were therefore independent of the 

inundation duration. Using the equations of the linear regressions a depth profile 

(Figure 5b) along a cross section perpendicular to the river (CS2 in Figure 1d) was 

developed involving data of 117 sediment samples. Linear regressions in 

combination with regular conversion were used in order to generalise the plots in 

contrast to gridding with raw data by the Kriging method (Davis 1986) that was 

used for the development of the horizontal plots (see below). Data of the station 

within the tidal flat (1G) were excluded from linear regressions, since Eh values 

were higher at any depth in comparison to the stations within the forest sector F 

 

 

2004a 

mean 
 

 

2005 a 
mean 

 

 

2004/2005 
p 

 
 

Ca-P 0.094 0.119 < 0.01 
Al/Fe-P 0.263 0.275 < 0.001 
Morgan-P 13.21 12.07 < 0.01 
Leaf P 
 

1.389 1.339    0.036 
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(see Figure 4). The depth profile indicates that, generally, sediments were more 

reduced across the column with decreasing distance to the vegetation fringe at the 

mud flat. The difference in the Eh between fringe and hinterland, caused by the 

different inundation durations, was much higher at the surface layers (0-20 cm). 

Redox potential values were increased across the sediment column at the 

unvegetated mud flat.  

 

 
 

Figure 4.  Redox potential vs. river distance along the inundation gradient at the control 

site. Redox values were averaged among the transects 1/2. Linaer regressions (dotted lines) 

of the data (0-20 cm: ; 20-45 cm: ) are given for 0-5, 10-15, 15-20, 20-25, 25-30, 30-

35, 35-40 and 40-45 cm. They appear corresponding to this sequence with decreasing Eh. 

Correlation coefficients are given at the right side (ordered by depth). The arrow for the 

cross section (CS2, see Figure 1) marks increasing distance to the river. Data from the tidal 

flat (0-20 cm: ; 20-45 cm: ) were excluded from linear regressions. Linear regressions 

for depth intervals (lines): 0-20 cm: p < 0.001; 20-45 cm: p = 0.014. 
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Figure 5.  Distribution patterns of Eh values (a, b) and Al/Fe-P contents (c, d) 

perpendicular to the tidal creek (a, c; CS1) and perpendicular to the river (b, d; CS2). The 

arrows for the cross sections (see Figure 1) mark increasing distance to the creek (CS1) 

and increasing distance to the river accompanied with decreasing inundation duration 

(CS2). Capital letters in (b) and (d) mark surface (A), intermediate (B) and deeper 

sediment layers (C). River and creek distances refer to the vegetation fringes. 

 

 

Sediment Eh values of the different depth layers from the transects 1, 2 and 3 

were averaged among sectors D, E and F in order to assess the change of the Eh 

pattern with increasing distance to the tidal creek. Linear regressions exhibited a 

general decrease in Eh with increasing distance to the vegetation fringe at the tidal 

creek within depth intervals below 0-5 cm (data not shown). Using the equations of 

the linear regressions a depth profile (Figure 5a) along a cross section 

perpendicular to the tidal creek (CS1 in Figure 1d) was developed involving data of 

81 sediment samples. The depth profile shows that the aeration by the tidal creek 

caused increased Eh values across the generally reduced depth layers within an 
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area of approximately 30 m width near the creek comparable to the elevated Eh 

values at the mud flat. (compare with Figure 5b). 
 

Cross sections of Al/Fe-P distribution patterns 

Average Al/Fe-P values and linear regressions were calculated as described for 

the Eh values. Depth profiles (Figure 5c and 5d) along the two cross sections 

(Figure 1d) were developed accordingly to the Eh depth profiles and involve data 

of 36 samples for cross section 1 and 52 samples for cross section 2. 

General trends of sediment Eh and Al/Fe-P distribution patterns along the 

cross sections were comparable, whilst high Eh values corresponded to high 

Al/Fe-P levels. 

Significant correlations were found for Eh vs. Al/Fe-P (Figure 7a) at the largest 

Eh and Al/Fe-P gradients (see Figure 5b and 5d) of the control site, at a depth 

interval of 10-15 cm. These correlations were found at the control site in both, the 

rainy and the dry season but only at 10-15 cm. No correlations of Eh vs. Al/Fe-P 

were found within depth layers at the strongly acidic site. Nevertheless, Al/Fe-P 

contents significantly decreased with depth at the control site (Figure 5c and 5d) 

and the strongly acidic site (Oxmann et al. 2008a) mainly by reduction processes. 
 

Three-dimensional Eh and pH distribution patterns 

Using Eh and pH values (not averaged raw data) at depth intervals of 0-5, 10-15, 

30-35 and 35-40 cm horizontal plots of Eh and pH distribution patterns were 

developed (Figure 6). Spatial imagery was performed by using gridding (Kriging 

method, Davis 1986). Relatively high differences in the Eh occurred at the control 

site in horizontal direction with varying distance to the river and in vertical direction 

with increasing sediment depth (Figure 6a). An Eh decrease can be seen with 

decreasing distance to the river, increasing depth and, below 10-15 cm, with 

increasing distance to the tidal creek. The acidic site was highly oxidised at the 

upper sediment layers (< 20 cm). In contrast to the Eh, pH differences between the 

different sediment layers were comparatively small at the control site. At this site, 

horizontal pH distribution patterns were mainly influenced by alkaline sea water. 

The acidic site exhibited extremely low pH values below 0-5 cm depth. 
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At 30-35 cm, a general conformity is visible in the distribution patterns of Ca-P, 

Morgan-P (Figure 6b, developed as described above) and pH distribution patterns. 

 

P plant uptake 

Phosphorus contents in leaves of size class 2 gave the most significant 

correlations with Morgan-P (see Oxmann et al. 2008a). Within a depth interval of 

0-20 cm, Morgan-P did not correlate significantly with leaf P (Figure 7b). Below a 

sediment depth of 20 cm, correlations of Morgan-P vs. leaf P were detected in 

agreement with increased root biomasses at these depth layers (data not shown). 

At a depth interval of 30-35 cm, Morgan-P correlated significantly with leaf P in 

both, the rainy and the dry season (p < 0.01, see Figure 7b). Pooled data of 

sediment depths below 20 cm exhibited a highly significant (p < 0.001) correlation 

of Morgan-P vs. leaf P (Figure 7c). 

 

 

 
 

Figure 7.  (a) Redox potential vs. Al/Fe-P at 10-15 cm depth. (b) Correlations of leaf P vs. 

Morgan-P for different sediment depth intervals. (c) Leaf P vs. Morgan-P for sediments 

below 20 cm depth. The diagrams include data from the transects 1 and 2 (closed symbols) 

and from the transects 1, 2, 4, and 5 (open symbols) that had been acquired from sediments 

taken during the dry season of 2004 ( ) and the rainy season of 2005 ( , ). The 

significances of the correlations are given. 
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A highly significant correlation of Morgan-P vs. Ca-P (p < 0.001) was observed 

within a depth interval (30-35 cm) of apparently predominant P uptake. Figure 8 

indicates that the correlations between Morgan-P and Ca-P at increased depths 

were caused by the similar variation of these parameters with pH. No correlation 

between Al/Fe-P and Morgan-P was found. 

 

 

 
 

Figure 8.  Ca-P vs. pH at 30-35 ( ) and 35-40 cm ( ) depth as well as Morgan-P vs. pH 

at 30-35 cm depth ( ) at the control and the strongly acidic site. Ca-P contents correlated 

highly significantly (p < 0.001) with Morgan-P contents. Top arrows indicate the pH 

ranges of the strongly acidic (left arrow) and the control (right arrow) site. An approximate 

increase of Ca-P (fourfold) and Morgan-P (eightfold) with pH is given for a pH interval of 

pH 3,5-7,2 (3.7 increments). Adapted from Oxmann et al. (2008a). 
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Discussion

This study confirmed that both, sediment pH and Eh values have impacts on 

spatial patterns of P composition in mangroves. However, in disagreement with 

the general view of the Eh as the key factor for P availability in regions subjected 

to submergence, we found minor effects of reduction processes on differences in 

P uptake within the monitored mangrove stands. In contrast, the sediment pH 

seems to be the driving force for P availability across sectors of highly different 

forest structures and varying inundation frequencies. 

The Eh was found to be highly dependent on the inundation duration and 

sediment depth (Figure 3a and 4) and thus may be related to tree distribution 

patterns as can be hypothesized from the forest structure and Eh data shown in 

Figure 2. The initial growth of Rhizophora seedlings could be negatively affected 

by strongly reduced upper sediment layers at the low elevated mangrove fringe. 

Moreover, the Eh was likely influenced by the aeration of a tidal creek and OM 

decomposition. Whereas the elevated Eh values at the mud flat could also be a 

result of aeration by tidal flushing, the smooth increase of the tidal flat topography 

suggests that there is a minor difference in the aeration between the mud flat 

station (1G) and the neighbouring station within the forest (1F). Thus, a lower OM 

decomposition may have caused the elevated redox potentials at the mud flat. 

Accordingly, the sediments of the stations at the strongly acidic site were likely 

oxidised through the restricted OM decomposition by micro-organisms under 

acidic conditions. Compared with other soils, the reductive response to flooding of 

acid sulphate soils is slow due to unfavourable conditions for anaerobic bacteria, 

such as the extreme acidity, low nutrient status and low content of easily-

decomposible OM (Dent 1986). It is suggested that the Eh-induced acidification by 

the loss of the vegetation is maintained for an extended time, since the low pH 

values may restrict OM decomposition even if the production of OM increases 

through the subsequently established vegetation. The proposed cycle of high Eh 

and low pH values, which promote each other, may be a reason for a prolonged 

time of sediment acidification, even if tidal flushing with alkaline seawater and the 

newly formed vegetation suggest an accelerated re-establishment of the original 

conditions. Therefore, a complex interaction between Eh and pH is expected. 

Accordingly, an Eh decrease with increase in pH was observed (Figure 3b) that 
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could be caused by OM decomposition, pyrite oxidation and tidal effects. In 

coastal regions, a buffering effect on the pH is often supported by the carbonate 

content of the sediment and prevents an acidification through restricted pyrite 

oxidation (Dent 1986). However, low carbonate contents (Figure 3c) suggest that 

the buffering capacity through carbonate was insufficient within the investigated 

environmental setting. 

The Al/Fe-P content significantly correlated with the sediment Eh at 10-15 cm 

(Figure 7a), while a spatial dependency of both variables is visualised in the depth 

profiles (Figure 5). A relatively large gradient of the sediment Eh, caused by the 

different inundation durations, was found at surface (0-10 cm) and intermediate 

(10-20 cm) depth intervals, whereas the gradient was relatively small at increased 

depths (> 20 cm). Within the depth layers, correlations of Eh vs. Al/Fe-P were only 

detected at an intermediate depth interval (B, Figure 5b and d), where both 

parameters exhibited the largest gradients. The lack of a correlation at the surface 

layer (0-5 cm) was possibly caused by sediment exchange and bioturbation within 

the upper zone (A, Figure 5). Moreover, Eh values were not determined directly at 

the sediment surface, which was likely more oxidised across the transects than 

determined for the highest sediment layer (2.5 cm, see Figure 5a and b). Patrick 

and DeLaune (1972) found that the surface remains oxidised and Fe(III) is not 

reduced within the upper ca. 10 mm during flooding. Phosphorus retention by the 

oxidised sediment surface could be the reason for the relatively high Al/Fe-P 

contents (see Figure 5d) across the transects within the surface sediment layer (0-

5 cm). Oxidised surface sediments are generally known to retain dissolved P, 

whereas increased levels of soluble P seem to appear under reducing conditions 

of deeper sediment layers. This context has been closely referred to adsorption 

effects. Although these processes are not fully understood, the effects have been 

related to the reductive dissolution of P binding Fe(III)-oxides in a number of 

studies (e.g., Hutchison & Hesterberg 2004). For instance, iron seems to occur 

predominantly in the Fe(III) state in surface sediments and in the Fe(II) state in 

subsurface sediments of intertidal marsh sediments (Paludan & Morris 1999). 

However, descriptions of P availability are inconsistent. In contrast to the 

frequently proposed increase of available P by reduction due to de-sorption 

(whereat Mortimer is generally cited, such as Mortimer 1971) several studies 

found increased P sorption after flooding and decreases in available P caused by 
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submergence (Kuo & Mikkelsen 1979; Sah & Mikkelsen 1986; Sah et al. 1989a; 

Sah et al. 1989b; Zhang et al. 1983). Increased P sorption is related to amorphous 

and poorly crystalline oxides and hydroxides of iron (e.g., Krairapanond et al. 1993; 

Zhang et al. 2003).  These controversial results may be partly explained by an 

initial release of P during the transformations of Fe followed by re-adsorption on 

amorphous or poorly crystalline Fe-oxides and mixed Fe(II)Fe(III)-hydroxy 

compounds (e.g., Ponnamperuma et al. 1967). A temporal relationship during 

long-term flooding has been also proposed by Kirk (2004). Provided that there is a 

temporal relationship, changes along an inundation gradient, involving different 

submergence durations and frequencies, would be highly difficult to predict and a 

spatial pattern of varying, relatively stable steady state conditions along the 

gradient (see below) would simplify the theoretical considerations. 

However, gradients of Eh values at deeper sediment layers (C, Figure 5b; 

Figure 6a) were insufficiently large to maintain high differences in the Al/Fe-P 

content across the inundation zone with increasing depth and, hence, no 

correlations of Eh vs. Al/Fe-P were detected. Thus, the Eh gradients are likely to 

have minor impacts on topographically caused differences in P uptake, because 

correlations of Eh vs. Al/Fe-P were only detected at depth layers of apparently 

reduced P uptake. Correlations of plant available P (Morgan-P) vs. leaf P were 

only detected within deeper sediment layers of increased root biomass (Figure 7b 

and 7c). At these layers, sediments were strongly reduced irrespective of the 

inundation duration. All pe values (pe = Eh/0.059(V) at 25°C) were lower than 1.4 

within the depth interval of 20-45 cm (highest value: 85 mV = 1.4 pe, see Figure 4) 

and were below the upper pe limit found for soils reduced by submergence during 

16 weeks (Kirk 2004). Moreover, no significant effect of Eh or Al/Fe-P on plant 

available P was observed. Since Morgan-P correlated highly significantly with leaf 

P below a sediment depth of 20 cm (Figure 7c), the Morgan test uses a suitable 

extraction method for the determination of P available for mangrove P uptake (see 

also Boto & Wellington 1983). 

It is evident that the potential of an acidification caused restriction of 

reforestation success is higher at elevated areas, where tidal flushing occurs for 

only a few days per year. As shown in Figure 6, sediment pH values were elevated 

directly at the river within a relatively small area. This indicates a minor effect of 

alkaline sea water input on sediment pH values at elevated areas between the 
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tides. Generally, low Eh and high pH values establish by a high inundation 

duration, whereas high Eh and low pH values seem to be relatively stable 

throughout the extended non flooded periods at higher elevated sites. Accordingly, 

comparable data for physicochemical parameters and P forms (Table 1) were 

acquired within two different years. Moreover, cores were taken between different 

tides throughout the seasons, following similar data for the different seasons. 

Therefore, spatial gradients of these variables seem to be relatively stable over 

time. Reported changes of physicochemical parameters with time (e.g., Kirk 2004) 

refer often to single soils or sediments subjected to flooding and do not assess 

spatial gradients over time. Moreover, these changes were reported for long-term 

submergence and not for frequent short-term flooding.  

Calcium phosphate and pH distribution patterns were comparable at increased 

depth (Figure 6). Since the Ca-P fraction comprises minerals of different 

thermodynamic stability, the relatively stable pH distribution pattern (in space and 

time) likely caused the comparable Ca-P distribution pattern by promoting either 

precipitation or dissolution of the different minerals. For instance, Laverdière and 

Karam (1984) reported the favored formation of less stable calcium phosphate 

minerals like brushite and OCP in soils with pH > 6. At depth layers of 30-35 and 

35-40 cm, which appear to be relevant for P related sediment-plant interactions at 

the investigated sites, correlations of Ca-P vs. pH were found (Figure 8). As 

published elsewhere (Oxmann et al. 2008a), this pH dependency of Ca-P contents 

was caused by different pH-dependent solubilities of individual Ca-P mineral 

species, as determined by a recently developed conversion-extraction method 

(CONVEX, Oxmann et al. 2008b). It has been concluded that the increase in Ca-P 

content with pH in the range <4 was caused by increased amounts of FAP, while 

the formation of HAP caused an exponential increase of Ca-P in the pH range 4-7. 

The precipitation of OCP above pH 7 additionally increased the amount of Ca-P in 

the alkaline sediments. 

In contrast to the lack of a correlation between Al/Fe-P and Morgan-P, a highly 

significant correlation (p < 0.001) was found for Ca-P vs. Morgan-P, caused by a 

similar pH dependency of both, Ca-P and Morgan-P (Figure 8). This resulted in 

comparable spatial distribution patterns of Ca-P, Morgan-P and pH (Figure 6). 

These results suggest that the Morgan test solubilises mainly thermodynamically 

less stable Ca-P minerals, which seem to fuel P plant uptake. In agreement with 
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this suggestion, Ca-P increased about fourfold with a pH increase from 3.5 to 7.2, 

whereas Morgan-P increased about eightfold within the same pH interval (see 

Figure 8). Thus, Ca-P is most likely a more effective source of P available for 

mangrove tree growth than Al/Fe-P, especially if high amounts of 

thermodynamically less stable Ca-P minerals, such as octacalcium phosphate, are 

present. Consequently, the redox potential may be more relevant for changes in P 

uptake by its impact on pH (Figure 3b) than through its direct effects on reduction-

induced P liberation, particularly in mangrove areas that exhibit a high potential for 

acidification by pyrite oxidation. However, this assumption is probably not 

restricted to strongly acidic sediments, since the pH produced extreme changes on 

the Ca-P fraction and Morgan-P within the relatively narrow pH range 6-7 (Figure 

8). The predominant control of available P by the sediment pH may be the reason 

for the lack of a correlation between Eh and available P. 

 Moreover, no correlation was found for Eh vs. available P although carbonate 

contents within the sediments were very low. Generally, P-sorption in carbonate 

systems is less affected by Eh, since relatively more inorganic P is bound to 

calcium carbonate, than to redox sensitive compounds of metals like Fe and Mn, 

or is fixed in minerals like apatite and octacalcium phosphate (Moore & Reddy 

1994; Feller et al. 2003). The strongly pH-dependent solubilities of calcium 

carbonate and calcium phosphates (see also Figure 3c and 8), such as apatite 

and octacalcium phosphate, imply that the pH is the key factor for P cycling in 

carbonate systems. Our results have demonstrated that the pH could be also the 

driving force for P cycling in acidic environments. Further, it is generally known 

that sediments exhibit a high potential for P deficiency at low pH. Extremely low 

Morgan-P levels were found at the acidic site. During flooding, lowest peak P 

concentrations in solution and smallest increases in acid soluble P (acetate buffer) 

were reported for acid soils high in active Fe in comparison to soils of higher pH 

and lower active Fe (Ponnamperuma 1985). Available Fe (1N NH4Cl extraction, 

Meiwes et al. 1984) correlated highly significantly (p < 0.001) with pH and was 

about 30-times higher at the sulphate acidic site than at the control site at 30-35 

cm depth (Oxmann, unpublished data). 

A strong decrease of Al/Fe-P with depth and a comparison of Eh and Al/Fe-P 

patterns (Figure 5) suggest that the Eh likely causes effects on P cycling and P 

uptake in comparison to less reduced environmental settings. However, no within-
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stand discrepancies of P plant uptake by inundation-induced Eh variations were 

detectable. With respect to mangrove reforestation, the reforestation phase may 

cause Eh dependent spatial discrepancies in plant growth, if seedlings mainly 

acquire P from upper sediment layers that exhibit relatively high spatial differences 

in Eh. In such a case, more frequently inundated areas could provide conditions 

for enhanced P uptake. However, the amount of less stable Ca-P species also 

increases at topographically lower-laying sites due to increased pH values, likely 

with an accompanied positive effect on P plant uptake. The latter context 

demonstrates that an innovative experimental setup is needed to discriminate 

between effects of different parameters that vary in the same geographic direction 

by a high-order driver, such as the tide. A more detailed insight in P species 

composition by an adequate method, such as the CONVEX method, may provide 

a worthwhile contribution for future investigations involving P-dynamics, as shown 

by the determination of high octacalcium phosphate contents at the mangrove 

fringe (Oxmann et al. 2008a). Finally, the CONVEX method could help to 

investigate causes for measured phosphate releases from anoxic sediments, since 

indeed there is reason for at least considering other factors (see Golterman 2001) 

than the release by reduction of a Fe(OOH)�P complex, only. In agreement with 

the close relations between Ca-P, Morgan-P, leaf P and pH found in this study, 

Golterman (2001) proposed a release of P by the solubilisation of a Ca-P 

compound (apatite). 
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Impacts of induced biogeochemical changes by 

mangrove destruction on reforestation – a brief summary 

 
A proposed disturbance of the original phosphorus cycling in mangrove regions by 

the destruction of the vegetation and the subsequently induced formation of acid 

sulphate soils is given in Figure 1:   

A lack of OM decomposition causes the increase of the sediment Eh, in 

particular at topographically higher elevated areas, which are subjected to low 

inundation frequencies (1). The increase of the Eh induces pyrite oxidation with an 

accompanied formation of sulphuric acid. Thus, the pH decreases (2), while acidic 

conditions promote high Eh values through the restricted OM decomposition by 

micro-organisms under acidic conditions (3). The response to flooding of acid 

sulphate soils, concerning reduction, is slow due to unfavourable conditions for 

anaerobic bacteria, such as the extreme acidity and the low content of easily-

decomposible OM. A decrease in the pH causes an impact on the amount of Ca-P 

and its composition (4). The dissolution of “easily” available Ca-P compounds 

proceeds, while the most available Ca-P sources (thermodynamically less stable 

Ca-P, e.g. OCP) for P plant uptake dissolve first (5). The precipitation of 

thermodynamically more stable Ca-P species (e.g. apatite or fluorapatite) 

proceeds just slowly. Thus, soluble P initially increases through the dissolution of 

less stable Ca-P, but the phosphate rapidly adsorbs and the amount of less 

available Al/Fe-P increases (6). The adsorption of soluble P is additionally 

supported by high sediment Eh values (7). Large amounts of soluble P promote P 

leaching, if the P buffering capacity through adsorption is insufficient (8). 

Consequently, the amount of available P decreases and less P is organically 

bound. The low amount of available P additionally promotes the circle of high Eh 

and low pH values through the low nutrient status and the accompanied 

unfavourable conditions for micro-organisms (9). Proposed interactions that likely 

alter the original cycling and predominantly control the stability of the newly 

established cycling are marked by bold arrows. 
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Figure 1: Proposed P cycling in replanted mangrove stands involving restricted 

reforestation by low sediment pH values. The cycling is caused by a shift to sulphate acidic 

conditions through earlier destruction of the mangrove vegetation and an accompanied 

pyrite oxidation (see text for details). 
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Appendix
Table 1  CONVEX data of the sediment samples without P additions after seven days of 

incubation 
 

Sample 
 

Sub- 
Sample 

 

pH 
 

 

Log10 Ca 
/mol l-1 

 

Log10 Fe 
/mol l-1 

 

Log10 PO4 
/mol l-1 

 

pH + pH2PO4 Al/Fe-P 
/mg g-1 

Ca-P 
/mg g-1 

Ca-Pa 
/% 

 

TIPa     
/mg g-1 

 
 

MF1 1 2.63 -2* ND -5.25   8.07 0.150 0.031 17.1 0.181 
 2 3.64 -2* ND -6.52 10.22 0.277 0.072 20.6 0.348 
 3 5.94 -2* ND -6.46 12.47 0.253 0.085 25.3 0.338 
 4 6.78 -2* ND -6.28 13.26 0.245 0.093 27.4 0.338 
 5 7.23 -2* ND -6.21 13.82 0.225 0.104 31.5 0.329 
 6 7.35 -2* ND -6.11 13.91 0.196 0.143 42.2 0.338 
 7 7.40 -2* ND -6.00 13.87 0.182 0.164 47.3 0.346 
 8 7.53 -2* ND -5.81 13.90 0.176 0.165 48.4 0.340 
 9 8.75 -2* ND -6.26 16.64 0.172 0.171 49.8 0.343 
 

MF2 1 2.38 -2.05 -2.96 -4.98   7.63 0.117 0.034 22.4 0.151 
 2 2.86 -2.06 -3.26 -5.12   8.12 0.142 0.039 21.4 0.180 
 3 3.65 -2.04 -3.43 -6.19   9.90 0.286 0.064 18.4 0.350 
 4 6.26 -2.01 -4.87 -6.39 12.75 0.252 0.094 27.3 0.346 
 5 7.15 -2.01 DL -6.11 13.59 0.235 0.105 30.8 0.340 
 6 7.34 -2.03 DL -5.88 13.66 0.222 0.108 32.7 0.329 
 7 7.51 -2.02 DL -5.82 13.88 0.182 0.152 45.5 0.334 
 8 7.86 -2.03 DL -5.61 14.28 0.168 0.164 49.5 0.332 
 9 8.83 -1.97 DL -5.80 16.34 0.165 0.168 50.5 0.333 
 10 9.32 -1.91 DL -5.90 17.41 0.158 0.177 52.9 0.335 
 11 9.90 -1.90 DL -6.23 18.90 0.147 0.168 53.4 0.316 
 

HL1 1 2.56 -2* ND -5.21   7.98 0.213 0.043 16.8 0.256 
 2 3.09 -2* ND -6.30   9.50 0.364 0.097 21.1 0.461 
 3 3.61 -2* ND -6.52 10.19 0.334 0.092 21.7 0.426 
 4 4.23 -2* ND -6.52 10.80 0.319 0.113 26.0 0.432 
 5 5.88 -2* ND -6.44 12.39 0.307 0.124 28.8 0.431 
 6 6.51 -2* ND -6.46 13.10 0.293 0.126 30.0 0.418 
 7 6.96 -2* ND -6.40 13.62 0.299 0.124 29.2 0.423 
 8 7.42 -2* ND -6.19 14.10 0.282 0.141 33.2 0.423 
 9 8.90 -2* ND -6.17 16.85 0.232 0.186 44.5 0.417 
 

HL2 1 2.71 -2.07 -3.27 -5.24   8.12 0.163 0.027 14.4 0.191 
 2 2.79 -2.09 -3.20 -5.28   8.22 0.203 0.039 16.1 0.242 
 3 3.31 -2.05 -3.26 -6.32   9.71 0.335 0.076 18.5 0.410 
 4 3.88 -2.05 -3.72 -6.49 10.43 0.304 0.081 21.0 0.385 
 5 4.63 -2.04 -4.40 -6.56 11.25 0.295 0.088 23.0 0.383 
 6 6.89 -2.05 DL -6.48 13.60 0.275 0.131 32.2 0.406 
 7 7.20 -2.08 DL -6.45 14.01 0.271 0.124 31.4 0.395 
 8 7.50 -2.07 DL -6.38 14.42 0.261 0.121 31.6 0.382 
 9 7.98 -2.06 DL -6.14 15.03 0.259 0.112 30.3 0.372 
 10 9.89 -2.06 DL -6.25 18.90 0.195 0.173 47.0 0.368 
 11  10.62 -2.15 DL -6.60 20.72 0.121 0.177 59.3 0.298 
 

SA1 1 2.47 -2* ND -5.68   8.39 0.075 0.019 19.8 0.094 
 2 2.80 -2* ND -5.97   8.92 0.093 0.023 20.1 0.116 
 3 3.18 -2* ND -6.38   9.65 0.087 0.028 24.6 0.115 
 4 3.30 -2* ND -6.43   9.81 0.088 0.029 24.9 0.117 
 5 3.60 -2* ND -6.48 10.15 0.081 0.030 27.3 0.111 
 6 4.00 -2* ND -6.52 10.57 0.080 0.032 28.6 0.113 
 7 5.18 -2* ND -6.65 11.88 0.080 0.034 29.6 0.113 
 8 7.52 -2* ND -6.53 14.61 0.064 0.043 40.0 0.107 
 9 8.71 -2* ND -5.47 15.77 0.023 0.047 67.6 0.070 
 

SA2 1 2.58 -2.02 -2.89 -5.80   8.58 0.060 0.008 12.0 0.069 
 2 2.67 -2.02 -2.86 -5.87   8.72 0.074 0.010 11.5 0.084 
 3 2.92 -1.99 -3.03 -5.95   9.00 0.091 0.013 12.5 0.104 
 4 3.14 -2.00 -3.20 -6.15   939 0.089 0.017 15.9 0.106 
 5 3.31 -1.99 -3.29 -6.28   9.67 0.088 0.019 17.6 0.106 
 6 3.57 -1.98 -3.46 -6.39 10.03 0.086 0.020 19.0 0.106 
 7 4.00 -1.98 -3.78 -6.53 10.58 0.087 0.022 19.9 0.109 
 8 5.00 -1.98 -4.49 -6.62 11.68 0.084 0.023 21.2 0.107 
 9 7.82 -2.10 DL -6.62 15.22 0.068 0.036 34.4 0.103 
 10 9.25 -2.11 DL -6.03 17.41 0.029 0.036 55.4 0.066 
 11 9.78 -2.29 DL -6.26 18.69 0.025 0.036 58.9 0.061 

 

aCa-P in % of  total inorganic P; TIP: Total inorganic P, calculated by the sum of Ca-P and Al/Fe-P. 
DL: Below AAS detection limit; ND: Not determined; *: Not determined, assumed to be 0.01 M. 
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Table 2  Log(E4) values at the stations (continuous exposure opportunity index). Log(E4) 

values are extremely high in comparison to other regions in Viet Nam (see log(E4) 

distribution in South Vietnam for a comparison in Stellman et al., 2004) 

Station-ID
N

(d.ddddddd) 
E

(d.ddddddd) log(E4) 

1G 10.4140695 106.8711877 6.867 
1F 10.4142000 106.8717167 6.867 
2F 10.4139833 106.8719167 6.867 
3F 10.4138167 106.8719833 6.867 
1E 10.4145500 106.8721667 6.867 
2E 10.4143500 106.8724000 6.867 
3E 10.4141333 106.8725500 6.867 
1D 10.4153667 106.8746833 6.867 
2D 10.4152333 106.8747500 6.867 
3D 10.4150000 106.8747167 6.867 
1C 10.4166909 106.8771421 6.867 
2C 10.4166508 106.8771421 6.867 
1B 10.4164556 106.8761510 6.867 
2B 10.4163850 106.8761575 6.867 
1A 10.4169980 106.8789180 6.867 
2A 10.4169046 106.8789180 6.867 
4K 10.4029019 106.8834666 6.809 
5K 10.4025407 106.8837316 6.809 
4J 10.4046056 106.8868937 6.809 
5J 10.4042645 106.8871995 6.809 
4I 10.4063489 106.8916465 6.847 
5I 10.4060278 106.8919319 6.847 
4H 10.4065292 106.8920545 6.847 
5H 10.4062282 106.8923399 6.847
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