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Abstract

Wetlands, especially in the Mediterranean area, are subject to severe eutrophication. This may upset the equilibrium
between phytoplankton production in undesirable quantities and a quantitatively desirable macrophyte production.
In order to manage this equilibrium, a quantitative knowledge of nutrient input and fluxes is essential and the role
of sediments in these processes must be understood. This knowledge can be useful even for agriculture, e.g. rice
cultivation, where optimal utilization of fertilizers can lead to an economic benefit.

In this article different aspects of nutrient cycles are discussed in view of approaching a sufficiently precise
quantification. The nutrient input balance of the Camargue was therefore measured which showed that the input of
nutrients with the irrigation water, taken from the river Rhone, roughly equals the quantity of fertilizers added.

Phytoplankton growth can be approached reasonably with the Monod model, although there are still many
practical problems, such as the influence of the pH on P uptake and the problem of measuring P uptake in the field.
The situation is worse for macrophyte growth; quantitative data are scarce and studies have often been carried out
with unrealistic nutrient concentrations or without addressing the influence of the sediment. This influence can also
include negative factors, such as high concentrations of Fe?t, H,S or FeS, but cannot yet be quantified.

The nitrogen cycle in wetlands is dominated by denitrification. Most wetlands have sediments with high con-
centrations of organic matter, therefore with a large reducing capacity. Besides this process, we have shown that
denitrification can also be controlled by FeS. In the Camargue sediments this denitrification is mediated by bacteria
from the sulfur cycle; this appeared to be the major pathway. It was shown that a stoicheiometric relation exists
between nitrate reduced and sulphate produced. The influence of the temperature was quantified and appeared to be
stronger at high organic matter concentrations than at lower ones. Denitrification with FeS means that the bacteria
use nitrate also for their N demands, while this is not necessarily the case during denitrification with organic matter.

Mineralization of macrophytes is a much slower process than that of phytoplankton, probably because of their
high C/N ratio. We could, however, not confirm the general assumption that the addition of nitrogen stimulates this
mineralization. On the contrary, we found that two amino acids both with a C/N ratio of 6 had different mineralization
rates. The amino acid composition of dead macrophytes and the C/N ratio may be of equal importance.

Unlike nitrogen, phosphate is always strongly adsorbed onto sediments. The two mechanisms of the adsorption
of inorganic phosphate onto sediments, i.e. the adsorption onto Fe(OOH) and the precipitation of apatite, have
been quantified. The adsorption of phosphate onto Fe(OOH) can be satisfactorily described with the Freundlich
adsorption isotherm: P4, = A*(0-P)B. The adsorption coefficient A depends on the pH of the system and the

* This paper, giving an overview of the research in the sediments A Joy Forever, on the occasion of my retirement, 19th of May 1993
of the Camargue, was read during the symposium Nutrient Cycles — at the I.H.E. in Delft (Netherlands).
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Ca?t concentration of the overlying water and can be quantified preliminarily by A = a.10(~%-*6"PH) (2 86 —
(1.86.&:‘Caz+ ). B can be approached by 0.333, which means the cube root of the phosphate concentration. The
second mechanism is the solubility of apatite. We found a solubility product of 10~ for hard waters. The two
mechanisms are combined in solubility diagrams which describe equilibrium situations for specific lakes.

The conversion of Fe(OOH) to FeS has a strong influence on phosphate adsorption, although the partial reduction
of Fe(OOH) =~ P by H;S does not release significant quantities of phosphate. Even after complete conversion to
FeS only a small part of the bound phosphate was released.

Besides the two inorganic phosphate compounds, we established the existence of two organic pools, one soluble
after extraction with strong acid (ASOP), the other one with strong alkali. The first pool is probably humic bound
phosphate, while the larger part of the second pool was phytate. The ASOP was remineralized during the desiccation
of a Camargue marsh; this drying up oxidized FeS, thus improving the phosphate adsorption and decreasing the
denitrification capacity. It can, therefore, be an important tool for management. The phytate was strongly adsorbed
onto Fe(OOH), which explains the non-bioavailability towards bacteria.

The fact that the sediment phosphate concentration can be approached by multiplying the relevant sediment
adsorption constant with v/o-P concentration has the consequence that much larger quantities of phosphate accu-
mulate in the sediments than in the overlying water. This means that even if the phosphate input is stopped, the
eutrophication will only be reversed very slowly, and not at all, if the shallow waters in wetlands have no through

flow — as is often the case in many marshes in Mediterranean wetlands.

Abbreviations used:

o-P = dissolved ortho phosphate (or its concentration);

Npart, Ppart = particulate N or P;

Tot-Ninorg = Total inorganic nitrogen (= NH; + NO, + NO3').

Ex Pondere et Numero Veritas
(Koithoff & Sandell, 1946)

Introduction

Nutrients are needed to sustain primary production
in ecosystems. Either nitrogen or phosphate is gener-
ally the nutrient limiting this production. In a normal,
i.e. non-polluted, situation the concentrations of N and
P are low compared to the demand and, as a result, by
far the larger part of the nutrients is in the vegetation.
Recycling after the death of the plants and phytoplank-
ton is needed to maintain primary production.

The recycling processes can be distinguished in two
major processes. Nutrients from phytoplankton will be
remineralized in a few days, while the phytoplankton
is still suspended in the water. This process occurs on a
nearly daily basis. On the contrary, most macrophytes
die late in autumn and sink to the sediments with which
they are then mixed. Recycling processes pass through
the sediments and may take months, and for some
fractions of organic nutrients years or decades.

In open water lakes 95-99% of primary production
is phytoplankton production. Only in shallow lakes

or marshes macrophyte production becomes quantita-
tively significant, but it will never exceed 50% even in
extreme cases.

The main processes of the N and P cycles are repro-
duced in Fig. 1a. On the first view macrophytes are not
included — the main nutrient flux is through the phy-
toplankton. For the protection of shallow lakes such
as occur frequently in wetlands and are important for
wildlife, the balance between primary production and
macrophyte growth is precarious and must be main-
tained in favour of the macrophytes. Therefore some
remarks on primary production nutrient cycling are
included in this article. For a successful protection
of wetlands concrete measures, based on quantitative
knowledge are needed.

There are several possible definitions of ‘a wet-
land’; some of those include all freshwater bodies. In
this lecture I restrict ‘wetland’ to shallow (0.1-2 m)
water bodies with submerged or emergent vegetations.
They form an interface between the coastal seas and
the continental freshwater habitats. They contain salt,
brackish or freshwater, often more or less stagnant dur-
ing certain periods. They are often situated in deltas
or estuaries of (large) rivers; because of this geologi-
cal situation they contain much clay and silt. Many of
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Fig. la. Main pathways of N and P in freshwater ecosystems.

these rivers are heavily polluted, and the pollutants will
accumulate on these clays and silts, which have a large
adsorption capacity. As a result the question is often
raised: ‘Are these water bodies, with their important
sediment layers, a ‘sink’ or a ‘source’ for nutrients?’.
The question is wrongly put: in the sediments these
nutrients are in equilibrium between input and binding
capacity of the system and since mixing is intensive,
due to the limited depth and macrophytes root deeply,
they will not be burried definitively. The position of
the equilibrium controls whether input or output dom-
inates; this may vary over the seasons depending on
events in the system and may change over the years.
The interest in nutrient cycles in wetlands is rather
recent. In Chapman’s (1977) review of Wet Coastal

Ecosystems they are only mentioned twice, qualita-
tively. An exception is the work of Gaudet (1976)
who studied nutrients in a papyrus swamp in Uganda.
Gaudet demonstrated the strong accumulation of most
nutrients except K and Na, in the detrital sediments,
i.e. the peat and sludge layers. These swamps act as
important buffers especially for N and P.

It is therefore clear that much more quantitative
research still has to be done before management based
on scientific understanding becomes possible. My
interest is in the nutrient cycles (mainly N and P)
in these ecosystems and their influence on the aquat-
ic vegetation, and in the way in which these nutri-
ents accumulate here. This article addresses main-
ly Mediterranean permanent freshwater marshes with
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Fig. 1b. Enlargement of sediment compartment of Figure la.

Table 1. Input of nutrients into the aquatic systems of the
Camargue. Irrigation water taken from the river Rhone. Fer-
tilizers for dry cultures not included. (After El Habr, 1987)

Loading at the entrance
of the irrigation channel

Loading at the end of
the irrigation channel

o-P = 56t o-P = 364t
TOt'Ninorg = 576t TOt'Ninorg = 576t
Pparl = 24t Ppan = 34t
Nparl = 36t Npan = 515t

Fertilizer used Fertilizer used minus losses

(denitrification)

o-P = 250t o-P = 250t
Tot-Ninorg = 1500t Tot-Niporg = 300t

important emergent vegetation, but also with a large
nutrient input. As an example of how large the loading
of the Mediterranean deitas can be, Table 1 gives the
quantities we have estimated to enter the Camargue.
These data will be combined with the hydrological
data of Godin (1990) in order to arrive at a quantitative
nutrient flux model of the Camargue.! Flux models are
essential for a scientific management of wetlands.
Quantitative knowledge of the nutrient status in
aquatic ecosystems begins with simple statements on
relative quantities. For phytoplankton biomass produc-
tion about 7-10% N and 0.5-1% P (of dry weight)

! After this paper was read Arnold (1994) prepared an hydrologi-
cal spreadsheet model of the hydrology of the Camargue. Hydrology
and nutrient fluxes of the three deltas of the Ebro, Po and Rhone were
being synthesized by C. J. De Groot. His sudden death left this work
unfinished; his contribution to the knowledge of nutrient processes
will remain an impressive monument of his scientific capacity; we
will remember him as excellent scientist and good colleague.

COo, + Hzo _— CH20 + 0,

mean algal composition C 5 H- NO2 pl/SO

mean macrophyte C25H45N025
composition

Fig. 2. Schematic presentation of primary production in relation to
nutrient supply.

are needed (see Fig. 2), for macrophytes roughly 5
times less. Therefore, for a given quantity of nutrients,
macrophytes may build up as much as 5 times more
organic matter (mostly as cellulose etc.) than phyto-
plankton. This is important for the understanding of
recycling after dying off and of the influence of decay-
ing macrophytes on the oxygen regime; because of
the relatively large input of dead organic matter dur-
ing a short period in the autumn, the sediments will
be depleted of O,. Usually this happens only the next
spring, as soon as temperature rises. O, is then deplet-
ed rapidly, but org-N is mineralized slowly, because
of the high C/N ratio in the dead macrophyte material.
This contrasts sharply with the decomposition of dead
phytoplankton, which is a much more continuous and
rapid process and which rapidly releases much NHj;
because of the low C/N ratio of phytoplankton (see
3.2).

While low concentrations of N and P (as used to
exist in pristine systems) may lead to ecosystems with
a low primary production, excess of nutrients will lead
to serious problems of eutrophication. This implies a
too large phytoplankton production and automatically,
because of decreasing light penetration, a shift away
from macrophytes towards phytoplankton, which in
this kind of wetlands is highly undesirable. For the
optimization of primary production it is, therefore, nec-
essary to control the nutrient levels; it is essential to
know all fluxes and processes and to quantify the influ-
ence of the local factors controlling them in order to
calculate nutrient budgets.

A different approach was made by Howard-
Williams (1985) who examined the cycling and reten-
tion of N and P in wetlands. In a theoretical overview



the author gave a careful analysis of the different pro-
cesses. He further examined the influence of the rate
of water flow on processes in the N and P cycle and
next treated these systems as black box models, dis-
cussing and applying the different constants that are
needed which were, however, often not measured but
taken from other systems or reactions: for instance, the
constants for decomposition processes that were used
were the same for P, N and C. The paper is impor-
tant for everybody beginning a research programme
on wetland nutrient fluxes.

In this article I will discuss some examples of nutri-
ent studies from the literature, with some emphasis on
the more generalized articles, and summarize some
of our own results? obtained in the wetlands of the
Camargue (Delta of the Rhone, Southern France). The
processes that will be considered are
(a) for the N cycle, denitrification and mineralization;
(b) for the P cycle, adsorption onto sediments;

(c) for the N and P cycles, uptake the phytoplankton
and macrophytes.

The result will demonstrate the long way we stiil
have to go before a mathematical description of the
cycles of N and P can be developed.

The work in the Camargue is part of the C. E. C.
sponsored programme on the deltas of the Ebro, Po and
Rhone. A report on this work (Goltermann, Comin &
Ferrari, 1992) is available on request.

Growth and nutrient uptake
Phytoplankton growth

If culture characteristics such as pH, light, temperature
and, therefore, the cell carbon concentration remains
constant during growth, phytoplankton growth can be
described (for summaries see Goltermann, 1975, Van
Liere & Walsby, 1982) with the equation of Monod
(1949):
Nu
Ks+Nu’

where p = growth rate (d7'); pimax = maximal growth
rate (d~'); Nu = concentration of growth limiting nutri-
ent; Ks=constant (= concentration of Nu where growth
rate = 0.5 tmax)-

There is no conceptual model behind this equation.
Monod (1949) wrote: ‘But it is both convenient and
logical to adopt a hyperbolic function’. Testing this

H = Hmax

2 The work in the Camargue was carried out by ‘L’Equipe de
Limnologie’; the names are given in the acknowledgement.
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equation is usually done by curve fitting. There is,
however, a practical problem: formerly curve fitting
was done by plotting 11 ~! against Nu~!; this still hap-
pens today with the smaller personal computers, with
which curve fitting became too easy. The disadvantage
is, that the point at the lowest concentration become
the highest values for the curve fit, having thus an
overrated influence. (Goltermann, 1991a). Non-linear
curve fitting is nowadays possible, but as yet rarely
applied.

The experiments are always done in the laboratory
at a constant pH, usually pH = 7. As the pH may have
a strong influence on the P-uptake, one may expect the
pH to have a strong influence on the growth rate. One
example has been published by Goltermann (1977),
who found that Scenedesmus had a growth rate of 2 d—!
at pH = 8.5and 0.9 d~! at pH > 9.5. As growth will
affect the pH a buffer must be added, which is not usu-
ally done. There are as yet very few observations in
lakes in the literature. Bentzen & Taylor (1991) studied
the Michaelis-Menten kinetics of P-uptake of natural
plankton. They discussed the problem that this tech-
nique yields means for the different populations and
that, as o-P in the summer epilimnion of temperate
lakes cannot be measured precisely, the sum of Ks and
Nu is measured. They discussed statistical means to
circumvent this problem, which often introduce new
uncertainties. They did not discuss the problem inher-
ent to 32PO, addition, that physical exchange and bio-
logical uptake cannot really be distinguished.

The problem is especially important in shallow
lakes, as during growth the pH will increase consider-
ably, while the sediments will buffer the o-P concen-
tration as a large amount is fixed in the sediments (see
below, 3). This adsorption depends on pH as well, but
the quantification is still difficult. Alltogether, there is
as yet no satisfactory way of describing phytoplankton
growth quantitatively in marshes and shallow lakes.

The situation is even less satisfactory for the miner-
alization process. Mineralization rates of phytoplank-
ton P and N are fast, in the order of hours and days
respectively, but cannot yet be described as a sim-
ple function of e.g. time and temperature. There is
evidence that mineralization in lakes increases with
increasing concentrations of the dead organic matter
(Saunders et al., 1980) in agreement with Sakamoto’s
(1966) finding that the chlorophyll concentration in
lakes increases exponentially with the P-concentration.
(For discussion, see Golterman & Kouwe, 1980). After
death phytoplankton cells will be remineralized rapid-
ly. Golterman (1988a) has suggested that for this rem-
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ineralization a Monod equation may also be used, with
org-N as the limiting factor. This concept attributes
to N concentrations a possible influence on the vari-
ability always found in models of the relation between
P loading and primary production, (e.g. the O.E.C.D.
model, O.E.C.D., 1982) but maintains the P loading as
the overall controlling factor.

Aspects of nutrient uptake by macrophytes

Not only are the nutrient fluxes through the macrophyte
compartment small compared with those through the
phytoplankton (they become visible in Fig. 1a only
after enlargement, see Fig. 1b), but if we compare
our knowledge of nutrient uptake by phytoplankton
or by rooted vegetation, there is a large difference as
well. As to emergent macrophytes, we know far less
about the influence of nutrients on their growth rate.
I have chosen a few examples from the literature to
demonstrate this point.

Cary and Weerts (1984) studied growth of Salvinia
and Typha in water cultures in a waterbath in a green-
house. They showed optimal growth to occur at 25 °C
with 70 mg 1! of N and 20 mg 1=! of P. Poor growth
occurred at respectively 2mg 1~! of Nand 1 mg1~! of
0-P. At 16 and 20 °C growth decreased till respectively
1/3 and 2/3 of the maximal growth, which reduced the
need for N and P. Ulrich and Burton (1985) cultured
Phragmites in sand cultures and applied 64 different
treatments with nutrients. NO; was dosed at 046 g
m~2 and o-P at 0—12 g m~? (These quantities are far
above the quantities of fertilizers used in rice-fields).
They stated that K additions did not show any effect at
all, while optimal growth was obtained at the highest
quantities of N and P added. They demonstrated that
after a higher N dose, the plants accumulated more N.
Bornkamm & Raghi-Atri (1986) studied the growth of
Phragmites in sand cultures at low P and N concentra-
tions (both 0.14 mM) and at high concentrations of P
(16.6 mM) and N (14.8 mM). When Phragmites was
grown over a period of 4 years at high concentrations
of P and N, during the first 2 years effects of P were
observed, while later the high N concentration caused
a higher biomass production, taller and thicker shoots
and increased concentrations of N in the plant. Hill
(1979) studied uptake (which was measured as per-
centage of final dry weight) and release of nutrients by
several aquatic macrophytes and arrived at decompo-
sition rate constants of 0.03-0.04 d~!; no differences
were given for dry weight, C, N and P, although the
curves look rather different.

These studies, important as they may be as a start,
are rather far removed from the natural conditions
under which these plants grow. Carignan & Kalff
(1980), e.g., showed that rooted plants use phosphate
from the sediments and not from the water. Barko and
Smart (1980) demonstrated that 4 different species of
submerged macrophytes could use N and P from the
sediments (but not K). Best & Mantai (1978) showed
that Myriophyllum spicatum can meet its N require-
ments by uptake via the roots and by adsorption from
the water while P was adsorbed from the sediments
and transported to the shoots. A synergistic relation-
ship between N and P was found: o-P in the water
affected NO; uptake from the water. Another problem
in establishing the relationship between nutrients and
growth rate is the fact that the most rapid uptake of
nutrients may occur earlier than the maximal growth
rate (Boyd, 1970). Experiments should therefore cover
the full vegetative period and studies on growth rate
should permit a full factorial analysis.

Furthermore, in the shallow marshes other envi-
ronmental factors may have a strong influence on the
vegetation. For example, Van Wijck et al. (1992)
have demonstrated that the presence of reduced com-
pounds such as Fe?*, S~ and FeS may have a negative
effect on the development of several aquatic emergent
macrophytes — regardless of the amount of nutrients
present.

Aspects of the nitrogen cycle

Probably one of the most complete N-flux models of
a wetland is that of Valiela & Teal (1979), who mea-
sured all important N processes in the Great Sippewis-
sett Marsh, the results of which were published in a
number of papers, summarized in 1979. They showed
that quantitatively the most important processes were
N-input, with both ground and surface water, output
towards the sea, N, fixation and denitrification (see
Table 2). Most processes were measured 10—12 times
a year and a mean value was taken. The variability and
its controlling factors, were however, not taken into
account. For example, Kaplan and Valiela (1979) mea-
sured denitrification, which depended largely on the
temperature, but it is clear from their results that other
factors — certainly FeS — may be equally important. As
the results of their experiments vary irregularly over
time, one has to know the factors which control the
variability in order to take a weighted mean. We also
have to know these controlling factors in order to use



Table 2. Nitrogen budget for Great Sippewissett
Marsh (USA). From Valiela and Teal, 1979. (rounded
off values, in kg ha~!; minor processes omitted)

Processes Input Output Net
exchange

Precipitation

NO3-N 110

NH3-N 70

DON 190

Part-N 15

Total 380 380

Groundwater flow

NO3-N 2920

NH3-N 460

DON 2710

Total 6100 6100

N, fixation 3280 3280

Tidal water exchange

NO;-N 390 1210

NH4-N 2620 3540

DON 16300 18500

Part-N 6740 8200

Total 26200 31600 5350

Denitrification 4120 —6940
(+2820)

Sedimentation 1300 —1300

Overall total 35990 39860 -3870

their effects when applying them to other wetlands. As
an example I will demonstrate the difficulty of quanti-
fying the denitrification process.

Denitrification

Denitrification is the process by which NO3 is reduced
to Ny; heterotrophic bacteria are generally supposed
to be responsible for this process. The process needs
energy, which is derived from the oxidation of organic
matter or other reducing compounds. Minzoni et al.
(1988) showed that nitrogen added to rice fields in the
Camargue, both as NH; or NO7, was rapidly lost in
4-6 days (see Fig. 3a,b) — well before the rice could use
it. In order to prove that the responsible process was
indeed denitrification we tried to measure the quantity
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Fig. 3a. Disappearance of nitrate in a rice field in the Camargue.
Fitted curve: N-NO3 = 35.7*10~*-25%_R? — (.99,

40 N
{ (mg/1)
30 A
] ‘N03
20 1
1 (0]
N 2
10
0 . T v T T y !
0 1 2 3 Days 4

Fig. 3b. Disappearance of nitrate and production of nitrite in a rice
field in the Camargue.
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Fig. 3c. NOj disappearance and N>O production in an enclosure in
arice field in the Camargue. Fitted curve: N-NOj3 = 22280* 10— -22;
R?=097.
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Table 3. NO; disappearance rate (inmgl1~! d=! of N)
in two Camargue sediments with high or low organic
matter concentration

Temperature

25°C 15°C 0°C
NO;™ addition: First Second First Second First
Organic matter

High 528 649 3.77 3.68 1.45
Low 1.91 3.59 1.58 2.59 1.07
High/Low 2.76 1.81 239 142 1.35

of N>,O which is formed when the final reduction to
N; is inhibited by acetylene. We could, however, only
recover about 50% of the NO;3 lost (Fig. 3c). This dis-
crepancy was caused by the set-up in the field, were we
applied enclosures to which NO;™ and acetylene were
added. It was more or less automatically assumed that
the N, O formed would — like the N, — escape upwards
as gas. We realized however that N,O is much more
soluble than N,. Downward diffusion with the irri-
gation water which penetrates into the ground water
might be as important as upward diffusion (see Fig. 4).
We therefore added N, O to an identical enclosure and
found that the N, O decreased at a constant rate of 20%
per day. The N>O production rate could then be cal-
culated from the quantity recovered in the overlying
water plus the air space after correction for the loss of
N;O. The result is given in Fig. 5; it can be conclud-
ed that about 70-80% of the NO; added to shallow
waters is lost as N». Roughly 10% appeared as NO;,
the turnover rate of which is discussed below. Large
quantities of NO; are found in all our experiments in
situ and in vitro and will be discussed further below.
This N balance leaves the possibility that about 10% of
the fertilizers added to rice fields will enter the under-
ground water table.

The next step was to quantify the rate controlling
factors in order to be able to extrapolate from one sit-
uation to another. Organic matter and NO; concentra-
tions, pH and temperature come to the mind automati-
cally. By adding NO; to alkaline (pH £ 8) mud/water
systems in vitro, El Habr and Golterman (1990) have
demonstrated that, if the sediments were relatively rich
in organic matter (about 5%), the temperature had a
strong influence on the denitrification rate, while if
the organic matter was about 2%, this influence was
feebler (see Fig. 6). It is unexpected that the NOy
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Fig. 4. Upward N; diffusion and upward and downward N,O
diffusion in an enclosure in shallow waters.
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Fig. 5. NOj disappearance with NO; and N;O production in a
rice field in the Camargue. N, O production: drawn line = measured
values; after correction for the N,O disappearance rate: N-N,O
‘correct’.

concentration decreased linearly with time: a bacterial
process should cause an exponential decrease. I think
that this means that there is a physical limiting factor,
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Fig. 6. Influence of the temperature on denitrification rate in a
mud/water system with sediment from a Camargue marsh. (From
El Habr and Golterman, 1990). Shown are linear rates at 0, 15 and
25 °C and the quadratic rate at 25 °C.
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Fig. 7. Denitrification rate with and without extra FeS added at
ambient temperature. (From Golterman, 1991).

diffusion. Only when the NO; concentration became
low, a non-linear denitrification rate was found.
When in these experiments NO3™ became the lim-
iting factor for bacterial metabolism or growth, NO;
was added a second time to the same systems. Especial-
ly in the sediments poor in organic matter the results
were different: the disappearance rates after the second
addition were always higher than in the first exper-
iment, but in the sediments poor in organic matter
more than in the rich ones (see Table 3). In the first
instance we thought that adaptation might cause this
difference, butit seemed unlikely that, if denitrification
was indeed caused by a mixed flora of heterotrophs,
such a sharp contrast would occur. We therefore looked
for other possibilities and realized that, besides organic
matter, FeS might be a reductant for denitrification. In
fact, if FeS was added to sediments, denitrification rate
increased considerably (Golterman, 1991b; see Fig. 7).
Furthermore we could show that the amount of NO;
reduced roughly equalled the amount of SOﬁ_ pro-
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duced (see Table 4). I think that the following reaction
may be proposed:

5 FeS + 9 HNO; + 3 H,O — 5 Fe(OOH)
+5 H2S04 +4.5 Nz.

It seems likely, that the reducing power of the Fe*
will also be used, although it is not certain.

In denitrification experiments in mud/water sys-
tems in vitro, large quantities of NO; were produced
and released into the medium (see Fig. 8a,b). In this
experiment the disappearance rate of NO, was also
measured. (Fig. 8c,d) It appeared that a rapid oxida-
tion to NO3™ occurred in the O3 containing overlying
water. When FeS was present, much less NO; was
found, most likely because of the denitrification with
FeS as reductant. The NO; production depended on
the presence of FeS and amounted in some experiments
to concentrations of 30% of the NO; added. Garcfa-
Gil & Golterman (1993) showed that the reaction rate
of this kind of denitrification followed Monod kinetics
with the concentration of FeS as the controling fac-
tor. It is certain that bacteria of the sulfur cycle are
involved, but more research is needed.

The production of NO; did not only happen in
vitro experiments. In the field, too, much NO; was
produced, which in marshes or wetlands is of course
highly undesirable. The question must be raised why
other bacteria than those of the S-cycle do not imme-
diately use this energy source. An important variable
that may influence denitrification rate in the field is
the diffusion rate into the sediments; if the reduction
of NOj; takes place in deeper layers than the reduc-
tion of NOy, further downward diffusion will take
time, while part of the formed NOZ will automatical-
ly ‘escape’ upward. Theoretical work on this aspect
is in progress and has shown the great importance of
the geometry of the experimental design, including the
depth of the sediment layers.

For the N-balance of the ecosystem it makes much
difference whether organic matter containing N is the
substrate for the denitrification or FeS. In the first case
the N for the growth of the bacteria may come either
from the NO7', or, more likely, from the organic mat-
ter:

—_, = 3 > — = > — — — —

1? or 1? 1
CsH;NO, + HNO3; = CO, + H;O+N> + A bact.-N

In this case there is therefore no increase in the
N content of the soil (sediments). But if FeS is the
substrate, the AN can only be taken from the NOJ :
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Table 4. Denitrification experiments with FeS as reducing agent in sediments of the Camargue.
The sediments were enriched with FeS and nitrate; nitrate, sulphate and FeS were measured after
5,9 or 14 days and are expressed in mmol 1~!

First experiment

FeS ONOs 9S04 8S/AND 9S/ON
Sdays 14 days S5days 14 days after correction for
‘org-Cdenitrification’
~— 236 443 0 0.37
-—— 17 4.7 0 0.38
++ 524 5.93 3.17 3.85 0.55; 0.64
++ 486 5.86 31 3.81 0.54; 0.64
Second experiment
5days 9days Sdays 9days
- 25 2.5 0 0
++ 614 7 24 2.8 046; 04 0.66; 0.63
++ 757 7.86 24 2.8 032; 04 0.58; 0.53

1) The theoretical value of 3S/6N should be 0.56.
N.B. The X (H,S + H,S04) was always recovered as 100 = 10%.

FeS + HNO3 = SO2™ + N, + A bact.-N.

In the first place we need now to find out whether
these mechanisms exist in other marshes than those of
the Camargue and to measure the influence of the FeS
concentration and temperature on the denitrification
rate before extrapolations from one wetland to another
can be made.

Mineralization

Dead aquatic plant material will be remineralized by
bacteria — several studies have addressed the problem.
Phytoplankton, when dying off, releases P and N, the
first by autolytic action, the second by bacterial action
(Golterman, 1975). The mineralization of N is due to
the fact that phytoplankton contains a high concentra-
tion of proteins, which, when used as energy supply,
will be remineralized and for only a small part used
for the new bacterial biomass (see Fig. 9). For macro-
phytes the situation is different: because of the high
C/N ratio in the plant material N seems to be needed
in order to make bacterial growth possible. The usu-
al approach to the study of mineralization is to put
dead material in so-called litter bags and to follow the
decrease of dry weight in time, as is often done in ter-
restrial ecology. In this way Carpenter & Adams (1979)

followed the influence of temperature and N-content on
the decay rates of Coarse Particulate Organic Matter,
CPOM. They found decay rates of CPOM in the range
of 0.01-0.141 d~!. The N content of both water and
tissue and the temperature had a strong influence (Q;o
= 3), while extra added P did not. Furthermore they
showed large differences between experiments in the
field and in the laboratory, supposedly due to the pres-
ence of animals in the field but not in the laboratory.
Remineralization of the different elements, however,
was not studied.

Hill (1979) followed uptake and release of nutri-
ents by aquatic macrophytes and published decay rate
constants (the same for dry weight, N, P and C) of
0.03-0.04d!.

Forés et al. (1988) showed that the decomposi-
tion rate of rice-straw is much lower (k = 0.008 d—1)
because of the high mineral content of the rice-straw.
After 139 days of decomposition 75% of the biomass,
70% of the C, 50% of the N and 30% of the P remained
in the rice detritus. They showed furthermore that the
loss rates were for N < C < P.

Menéndez et al. (1989) studied the decomposition
Ruppia cirrhosa. They showed that the relative expo-
nential nutrient loss rates were high during the first
three days, but not different for C, N and P, and were
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Fig. 8a. Disappearance rate of nitrate added to a 2 layer mud/water
system with and without FeS added.
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Fig. 8c. Disappearance rate of nitrite added to a 2 layer mud/water
system with an without FeS added.

strongly influenced by the macroinvertebrate popula-
tions. In a critical study Wieder and Lang (1982) point-
ed out that studies to measure decay rates in the field
should be set up differently from studies trying to anal-
yse the factors controlling these decay rates. In the
latter case the set-up should allow a test of variance,
which asks for a different approach.

One may wonder, however, whether C and N have
the same disappearance rates, and whether the N will
be remineralized to NH3, or will partially enter one
of the organic-N pools in the sediments. The bioavail-
ability of org-N in sediments is not equal. Bonetto
et al. (1988) showed that, if a fractionation of the
soil org-N was carried out by a sequential extraction
with NaOH and H,SO,, three fractions with differ-
ent bio-activity could be obtained. We have, however,
so far been unable (because of technical difficulties)
to find out into which pool the mineralizing N enters
before it becomes NH;, which may take a consider-
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Fig. 8b. Production of nitrite in the same experiment as Figure 8a.
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Fig. 84. Production of nitrate in the same experiment as Figure 8c.

able time. Another unexpected finding was that the
addition of inorganic N did not stimulate mineraliza-
tion of rice straw, contrary to a generally accepted idea
in soil science (Russel, 1973). We could furthermore
not demonstrate the importance of the C/N ratio for the
mineralization process. Leucine and lysine, each with
C/N = 6, showed a quite different mineralization rate.
I think that amino acid composition may be a factor
which could have an influence on the bacterial growth
on material with high C/N.

The mineralization process in nature takes a long
time, especially as after macrophyte death tempera-
tures are often low. During this time burial of sediments
may withdraw the org-N from the available layer, mak-
ing quantification at this moment impossible.
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Fig. 9. Schematic presentation of autolytic and bacterial decompo-
sition processes on dead algal material.

Aspects of phosphate binding onto sediments
Inorganic phosphates

When phosphate enters a waterbody it will be dis-
tributed over the different compartments, water and
sediments, as follows:

Pin = Pgeq + I)out + A(O'P)w, (I)

where P, = phosphate entering the lake (g m~2 y~1);
P,u = phosphate leaving the lake (g m™2 y=1); Peeq =
phosphate entering the sediments (g m™2 y~!'); A(o-
P)w = increase in phosphate concentration in water*
depth (gm~2y~1).

The P entering the sediment compartment, Peq,
does not only come from decaying plant material; there
is active, chemical adsorption as well. Because of their
high content in clay, silt or Fe(OOH), wetlands have a
large phosphate binding capacity. As general process-
es plant and microbial uptake may have some influ-
ence, but after the death of the vegetation most of
the phosphate is rapidly remineralized; the microbial
pool is only small, but it may have a rapid turnover.
Adsorption of o-phosphate by mineral compounds is
several times more important. A first quantification of
the binding capacity was made by Olsen (1964), who
showed that the adsorption could be described by the
Freundlich adsorption isotherm:

Piea = A *(0-Pw)?, an

where Piq = P concentration on sediments (mg g_l);
0-Py, = P concentration in water (mg 1~!); A and B =
constants. B is often about 0.3-0.4.

‘A’ reflects the adsorption capacity of sediments
and is related to the Ca’* and Fe(OOH) concentra-
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-0.27 log(o-P) in water
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Fig. 10. o-P adsorption on sediments from Lake Puyvalador (Pyre-
nees, France) and from a rice-field in the river Po (Italy) water-
shed. Log transformation from data from Golterman, 1984. Both
R? > .99.

tions. Two examples of such isotherms are given in
Fig. 10.

Golterman (1984), in a review of this process based
on more experimental work, strongly supported earlier
proposals to describe the adsorption equilibrium with
the Freundlich adsorption isotherm. He suggested that
Fe(OOH) is one of the important mechanisms adsorb-
ing o-P to sediments, even in hard water systems.

Richardson (1985) discussed some of the mech-
anisms of phosphate retention capacity in different
freshwater wetland types and demonstrated the large
quantities that can be adsorbed. He showed large differ-
ences for the different soil types in which he believed
extractable Al to be the most important adsorbent, as
it showed a higher correlation with a proposed ‘phos-
phate adsorption index’ than e.g. Fe(OOH) did. This is
probably caused rather by the fact that there are several
forms of iron in soils which are not equally active in
phosphate adsorption. His equilibrium concentrations
of o-P in the water ranging from 16-210 mg 17}, are,
however, unrealistically high, and do not suggest a
real adsorption mechanism. In an experimental study
with a marine clay Golterman (1994a) showed that
Al(OH); does not play a role in the adsorption process
and argued that, theoretically, there are strong argu-
ments against Al as adsorbant for phosphate in aquatic
sediments.

The adsorption process onto Fe(OOH)

The importance of Fe(OOH) as an adsorbent in sed-
iments was understood long ago (Mortimer, 1941,
1942; Olsen, 1964; Golterman, Viner and Lee,
1977; Lijklema, 1977, 1980). The equilibrium can
be described by the same kind of equation as equation
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Fig. 11. Adsorption of o-P onto Fe(OOH). Y axis: g P mg~! Fe;
X axis o-P concentration in ug 17!,

(II) and some examples are given in Fig. 11. Lijkle-
ma (1977) used a logarithmic description taking into
account the influence of the pH on the position of the
equilibriium:

P,as/Fe = 0.298 — 0.031 pH + 0.201*(0-P)*3.  (III)

His data were later recalculated by Golterman (1982)
as a Freundlich adsorption isotherm:

P.ys/Fe = A*(o-P)B. (IV)

A and B are constants under certain boundary con-
ditions, while the constant A depends on the pH.
Golterman (1991c) proposed originally A = (a+5*pH)
and B = 0.2, which values were only valid for pH <
10.5. From later and more experiments in which I mea-
sured the adsorption of o-P onto Fe(OOH) at different
pH values, I found that the exponential curve

A =23626.10"0416"PH  (R2 = 0.95; N = 13) (V)

fitted the data more satisfactorily (Golterman, 1995a).
B fell in the range 0.25-0.6, but with B set at 0.333
the regression coefficient is not significantly smaller
than with the values obtained by curve fitting. This
means that the concentration in the sediments can be
approached by the cube root of the o-P concentration,
a fact we will use below (see page 54).

The constant A was found to depend not only on
the pH, but on the Ca?* concentration as well (4.2).

The question has been raised why the empirical Fre-
undlich isotherm gives such a good fit of the observed
data, as there is no chemical or physical model behind
it. Theoretically I have now shown (Golterman, 1995b)
that equation (II) is numerically correct, if we sup-
pose that, for 1 molecule of P adsorbed, two Fe(OOH)
molecules become inactive. A complex mathematical
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formula is then obtained which under certain condi-
tions is simplified to (IV). This argues strongly against
the Langmuir adsorption isotherm, which supposes
that there is a maximum amount of adsorption sites.
In the sediments the amount of free Fe(OOH) and the
pH control the adsorption capacity, through the param-
eters of the Freundlich adsorption constant A.

The amount of Fe(OOH) ~ P fixed in the sedi-
ments can be estimated by means of extraction with
Ca-NTA under reducing conditions (Golterman &
Booman, 1988, De Groot & Golterman, 1990). It is
not yet known to what extent Fe-P-humic complex-
es are involved; the Ca-NTA extracts are always dark
brown and interactions seem possible. But the main
characteristic of this compound is Fe(OOH) = P, while
humic acid is likely to be (loosely?) attached to it.
The Ca-NTA extracts usually contain very little org-P,
except with organic rich sediments as found e.g. in the
Dofiana.

Fe(OOH) constitutes a limited percentage of the
Tot-Fe in shallow lakes and marshes, where a substan-
tial part of Tot-Fe may be in the form of FeS during
certain periods. Shifts between Fe(OOH) and FeS are
likely to occur, depending on changes in redox and
pH. Therefore, Fe(OOH) in Camargue and Garonne
sediment suspensions was reduced to FeS by adding
different quantities of Na,S (De Groot, 1991). The
changes in o-P and Fe(OOH) = P induced were fol-
lowed in time. The increase in the o-P in the water was
found to be smaller than predicted and an iron-bound
phosphate fraction was shown to remain present, even
when Na,S was added in excess. This is supposed-
ly caused by the formation of an iron-phosphate salt:
FePO4 or Fe3(PO4)y (vivianite) during the reduction
of the Fe(OOH).

Next, the changes in the o-P were studied during the
reduction of part of a Fe(OOH) suspension onto which
o-P was adsorbed and during the oxidation of part of the
FeS in a FeS suspension. These experiments confirmed
the results of the experiments with mud. Furthermore,
when Fe(OOH) = P suspension were treated with H,S
gas, only very small amounts of o-P were released
even when the amount of H,S converted about 90%
of the Fe(OOH) into FeS (Golterman, 1995). Phos-
phate release under anoxic conditions normally does
not come from this inorganic P-pool.

I think that changes in the Fe(OOH)/FeS system
are more likely to have a significant impact on the o-P
adsorption in shallow lakes and marshes than in deeper
lakes, where only a small part of the Fe will be in the
form of FeS because of the limited amount of reduc-
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Fig. 12a. Solubility diagram for o-P as function of Ca?* concen-
tration in the water, Fe(OOH) concentration in the sediment and pH.
The influence of the Ca?t concentration on the adsorption of o-P
onto Fe(OOH) is taken into account. (From Golterman, 1995) (Ca=
10 mg 1~ !; Fe(OOH) = 5.6 mmol 1~1).

0 ‘ log(o-P) Fe/P

-10 F+——r . .
6 7 8 g 10 11 PH

Fig. 12c¢. AsFig. 12a, but for Ca =40 mg -1

4

ing power available (i.e. sinking detritus produced by
phytoplankton (Golterman, 1984).

The precipitation process

A second factor controlling the equilibrium of o-P
between water and sediments is the Ca?* concen-
tration in the water. The low solubility of apatite,
Cas(P0O,);.0H, is known to control the solubility of
o-P in water (see review by Golterman, 1984). The
precise value of the solubility product has remained a
problem for a long time. Values between 107°° and
107%° have been proposed. A practical solution was
given by Golterman and Meyer (1985), who deter-
mined the ionic product (Ca)** (PO4)** (OH) from 924
samples from the two hard water rivers, Rhine and
Rhone. They found a mean value of 10~ with a stan-
dard deviation of 10~%3, It think it is now reasonable
to use this solubility product for calculations of the
solubility of o-P in hard water in equilibrium with the
air. A discussion on the precision of this calculation
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Fig. 12b. AsFig. 12a, but for Ca=20 mg1~1.
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Fig. 12d. AsFig. 12a, but for Ca=80 mg1~!.

is given by Clymo and Golterman, 1985. Work is still
needed on two uncertainties: the influence of ion activ-
ity coefficients and the great uncertainty of the K3 of
H3PO,. Itis amazing how poorly this constant has been
measured.

When lake sediments acidify (e.g. by CO; produc-
tion by mineralization), part of the CaCO; = P will
be solubilized, but if Fe(OOH) is present, it will be
readsorbed onto this compound which has a stronger
adsorption at lower pH values (see solubility diagram,
Fig. 12).

The adsorption and precipitation processes taken
together

Golterman (1988b) calculated the Fe(OOH) =~ P and
the CaCO3 =~ P equilibria together in a solubility dia-
gram (see Fig. 12). This diagram describes the sol-
ubility of o-P as a function of the pH, the Fe(OOH)
concentration in the sediment and the Ca?t concen-
tration in the water. The CaCQ; concentration in the
sediment is not important.



The diagram was intended as a first approach to
modelling the equilibrium of phospate between sedi-
ments and overlying hard water. The diagram, how-
ever, did not yet take into account the presence of
humic-Fe(OOH)-phosphate complexes, nor the influ-
ence of Ca?t on the adsorption of phosphate onto
Fe(OOH), a rather recent finding. This development
makes correction of the solubility diagram necessary.
Our adsorption studies have always been carried out
with Fe(OOH) in H,O. We have now shown that NaCl,
MgCl; and CaCl,, normally occurring compounds in
freshwater, largely increase the phosphate adsorption
onto Fe(OOH); when normal concentrations of these
kations were added the amount of phosphate remain-
ing in solution decreased by > 50%. With NaCl and
MgCl, this does not cause further problems as their
influence can be quantified; with CaCl, we have the
problem that the influence of Ca** on the adsorption
process cannot yet be distinguished from the CaCO;
~ P precipitation itself: Ca?t added to the adsorp-
tion mixture disappeared from the solution. Work in
this direction is in progress but difficult. At low o-P
and pH values the o-P is so strongly adsorbed that lit-
tle remains in solution; at higher concentrations and
pH values apatite precipitation becomes important. I
have shown experimentally (Golterman, 1995a) that
the Freundlich adsorption constant can be approached

by
A =23626.10~0416"PH (2 86 _ (1.86.~C=)) (V)

(N = 32; R? = 0.9); (10-%416"PH can be written as
(H +)0,416)‘

With this equation the solubility diagram of o-P has
been recalculated (see Figs 12a—12d). For each Ca’t
concentration a different solubility diagram must be
calculated with Equation V1.

In shallow lake systems this leads to an equilibrium
between o-P in water and sediments, which causes
the sediments to accumulate much P. Furthermore, the
presence of Ca?* in the overlying water strongly limits
the solubility of o-P, causing a precipitation reaction of
phosphate above concentrations controlled by Ca?*,
pH and temperature.

A large part of phosphate in the sediments is avail-
able for phytoplankton. Space does not permit to treat
bioavailability and fractionation of P-compounds in
sediments, but as bioavailability is strongly related
to the chemical nature of the phosphate compounds,
we developed a fractionation scheme for sediment
phosphate (Golterman & Booman, 1988; De Groot
& Golterman, 1990). The finally developed scheme is
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given in annex I. Bioavailability has been discussed
by Golterman (1988c), while De Graaf Bierbrauwer-
Wiirtz and Golterman (1989) showed that the sum of
Ca and Fe phosphate in sediments is bioavailable for
phytoplankton growth. This was an unexpected find-
ing as apatite was supposed not to be available. This is
probably true for the larger bluff erosion material, but
not for apatite coprecipitated with CaCO;3. Secondly,
the equilibrium between Fe(OOH) ~ P and CaCO; =~
P will shift towards Fe(OOH) ~ P when the CaCO;s
~ P is depleted by algae. Little is known about the
availability of sediment nutrients for rooted macro-
phytes.

In several rivers Grobler & Davies (1979) and
reservoirs in South Africa Grobler & Davies (1981)
have shown that phosphate extractable with NTA
(i.e. Fe(OOH) ~ P plus CaCO3 =~ P) was correlat-
ed (R = 0.97) with phosphate available for Selenas-
trum capricornutum in culture. Grobbelaar (1983) has
shown that in the Amazon, the water of which contains
low Ca?* concentrations, most of the particulate phos-
phate (i.e. adsorbed onto the sediments as Fe(OOH) =~
P) was available for phytoplankton.

For shallow waters, where the o-P concentration is
in equilibrium with the o-P concentrations, Equation
(I) can be written as

P.s + 0-P=n*L or A*(0-P)® + 0-P=n*L, (VD)
where L = the net annual loading (g m~—2 y~!) and n
= number of years.

As for natural sediments B is very often near 0.33
as well, we can rewrite (Eq. VI) as

vo-P+0-P-n*L=0. (VID)

This equation has only one real root, which can be
calculated (see Fig. 13). In this Figure it is shown how
at first phosphate mainly enters the sediments while the
concentration in the water increases only very slowly;
later this concentration increases rapidly. Furthermore
I have indicated in this Figure how the phosphate con-
centration will decrease, but only very slowly, when the
input is eventually stopped: because of their buffering
capacity the sediments will for a long time continue
to release o-P into the water, which process may be
slower than the building up stage. (For further details
see Golterman, 1991c). In this way, we can visualize
the principle of the influence of the phosphate binding
capacity on the phosphate transport through, and its
accumulation in, wetlands, but a precise quantification
is unfortunately not yet possible. The situation is not
different for other values of B, (e.g. between 0.3 and
0.45), but the calculations become difficult.
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Organic phosphates

Besides the inorganic phosphates occurring in the sedi-
ments, organic phosphates are also found. Their extrac-
tion has so far been dubious. With the NTA and EDTA
extractions usually only small amounts of org-P are
extracted (Only in sediments rich in organic matter,
such as are found in the Dofiana National Park (Spain),
somewhat larger amounts of org-P were found in these
extracts). As it is unlikely that any inorganic P com-
pounds remain in the pellet after extractions of iron
and calcium bound phosphate, it is usually understood
that the remaining P is organic. In the past attempts to
extract these compounds failed, as, after the necessary
hydrolysis, the o-P formed was rapidly adsorbed onto
the Fe(OOH). Since in the present extraction scheme
Fe(OOH) and CaCQ; are extracted as well, this dan-
ger is no longer present. Therefore De Groot (1990)
and De Groot & Golterman (1991) were able to anal-
yse the org-P compounds further. It was found that a

considerable quantity of the org-P could be extracted
with strong acids at low concentrations (e.g. 0.5 M
H,S504), but in a relatively short period, 30 min. This
pool, called Acid Soluble Organic Phosphate (ASOP)
appeared to be biologically active. When a Camargue
marsh was left to dry, it was converted into o-P. (De
Groot & Fabre, 1993). Work in progress has suggest-
ed that this pool is a humic bound phosphate — with
the phosphate some Fet always goes into solution
as well, normally at a mol/mol ratio of 2 — 3. As the
phosphate released at the same time becomes o-P, we
have no evidence that the P was indeed bound to humic
compounds, but it seems very likely.

The remaining P in the pellet can be extracted with
hot 2 M NaOH. The P goes into solution as org-P; with
‘phytase 2’ it can be hydrolysed to o-P. (We notice
that alkaline phosphatase did not release o-P.) This
strongly suggests that the org-P was inositolhexaphos-
phate, phytate (De Groot & Golterman, 1993). Exper-
iments with test compounds showed that it is proba-
bly Fe4phytate. This compound could be prepared by
adsorbing phytate onto Fe(OOH) and was shown not to
be soluble in HCI, while Ca and Mg salts were soluble
in HCI. Furthermore, Fephytate prepared in the labo-
ratory was not extracted by Ca-NTA nor by 0.5 M HCI,
and only partly by EDTA, but it was extracted by hot
2 M NaOH. Fe(OOH) with adsorbed phytate appeared
to be protected against an attack with acid or chelat-
ing compounds, while free FeOOH went into solution
with HT. A white precipitate then formed with a ratio
of 4.3 Fe per 6 o-P. Therefore, we think that we have
obtained strong, but not yet conclusive evidence of the
presence of humic bound phosphate and Fe-phytate in
the org-P fraction of sediments. Further work on the
identification of the organic part of these molecules
seems to be important, together with analyses of other
sediments.

Phosphate release during anoxic conditions in sed-
iments will most likely come from these organic pools.
After mineralization by bacteria, the part laying on top
of the sediments can diffuse into the overlying water
without interaction with Fe(OOH).

The question has been raised in the past, how organ-
ic phosphate in sediments could occur in such large
amounts, most of these compounds being biodegrad-
able. The presence of humic bound and inositol phos-
phate explains this, as both compounds form complex-
es which are highly resistant to bacterial attacks.



Conclusions

Although most processes concerning nutrients in wet-
lands are known, precise quantifications are stil impos-
sible, because the effects of the rate-controlling factors
on these processes are still unknown. Nutrient budgets
of wetlands, therefore, suffer from a great uncertainty
and cannot as yet be used for management. In view of
the large economic and other important aspects of the
wetlands, studies should be directed towards a precise,
quantitative understanding of denitrification, N fixa-
tion, mineralization, P binding onto sediments and the
relationship between nutrient input and plant growth.
This relationship is important for the quantification of
the eutrophication problem, which in shallow lakes and
marshes starts slowly, but once under way is difficult
to reverse.

Denitrification is usually considered by environ-
mentalists to be a Good Thing as it will partially protect
against eutrophication in those systems were N is the
plant growth limiting factor, but N-accumulation due
to bacterial growth may occur. For the farmers it means
an important economic loss and they will tend to use
more and more nitrogen fertilizer. Its positive effect is,
therefore, for wetland systems rather limited especial-
ly as some of the nitrate will be used for the increase
of the bacterial populations(s) and thus will accumu-
late in the sediments. Denitrification in rice fields may
be avoided by using urea as N-fertilizer. Urea rapidly
diffuses into the anoxic layer of the sediments, where
it is hydrolysed by urease to NHs. As in these deeper
layers there is no O, and the NH3 will be adsorbed onto
the ‘Cation Exchange Capacity’, it is longer protected
against losses than NHj used as fertilizer. In this way
the NH; remains available a few weeks longer for the
rice than added NH; (Golterman, Schouffoer & Bruijn,
1994).

Denitrification furthermore creates, in combination
with phosphate binding, a system favourable for N-
binding by cyanophytes or blue-green algae, as the two
processes together yield a phosphate rich, but nitro-
gen poor system. The development of these organ-
isms must be considered highly undesirable because
of their nuisance properties. And when the blue-green
algae have established themselves in the natural shal-
low waters of wetlands, it will be very difficult to erad-
icate them again; this is partly due to the accumulation
of phosphate in the sediments. It is nearly impossible
to remove the accmulated phosphate.

Golterman (1991c¢) found an unexpected link
between S, N and P cycles: the denitrification by
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Fig. 14. Schematic relations between primary production, denitri-
fication and phosphate binding onto sediments.

FeS produces Fe(OOH) which will strongly enhance P
binding onto sediments, which in turn will become
more oxidized and loose their toxic character for
some parts of the vegetation. (Golterman, 1991b; De
Groot, 1991). Figure 14 represents a schematic rela-
tion between these processes, but it remains difficult to
develop a mathematical model combining them. The
overall result is a loss of nitrogen compounds and a
stronger fixation of phosphate, which together will pro-
duce a strong pressure towards blue green algal devel-
opment. This well especially be the case in productive
wetlands, where it is not desirable.
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Annex I
Extraction scheme

It may be useful for the understanding of the present work to describe the extraction scheme used to estimate the
amounts of FeOOH = P or CaCO; =~ P. Golterman & Booman (1988) and De Groot & Golterman (1989, 1990)
developed a sequential extraction scheme using Ca-NTA (with dithionite) to extract Fe(OOH) ~ P, followed by
extraction of the CaCO3 =~ P by Na-EDTA. The results are reproducible and all test compounds were extracted
as expected. After the removal of inorg-P by these extractions, a considerable amount of P remained fixed on the
sediments. As the chelating extractants are milder than the classical extractants (NaOH and H,SO4), we believe that
the remaining pool is organic — and is larger than has often been supposed (De Groot, 1990). A considerable part
of the remaining pool is extractable with H* (Acid soluble org-P, ASOP); in the classical extractions this pool was
extracted as CaCO; = P. After the ASOP extraction some phosphate still remains in the pellet. Nearly all of this
can be extracted with hot NaOH; this phosphate is for the larger part a phytate/Fe(OOH) complex. The complete
extraction scheme is:

sediment

| extraction with Ca-NTA, 0.02 M — Fe(OOH) ~ P
pellet

| extraction with EDTA, 0.05 M —+ CaCO3; = P
pellet

| extraction with 0.5 M HCI (20 °C, 30 min) — ASOP (humic-P? see page 55)
ROP (Residual organic P)

| extraction with 2 M NaOH (90 °C, 30 min) — probably phytate, see page 55
pellet nearly

phosphate free

NTA and EDTA solutions have the disadvantage that they interfere with the P determination: not more than 5 ml of
the Ca-NTA solution can be taken and not more than 4 ml of the EDTA solution. However, the interference can also
be prevented by taking a molydate solution with 25 g 171 of (NH4)6Mo07024.4H50 in stead of the usual 9.6 g 1!
(Murphy & Riley, 1962). The molecular extinction coefficient does not change when 25 ml of Ca-NTA or 20 ml of
EDTA are added in stead of 5 ml, but for the later extractant 10 ml aceton must be added (final volume 50 ml) in
order to prevent precipitation of the blue colour; the absorbance maximum shifts to 815 nm, but does not decrease.
If the molydate with the higher concentration is used, it permits either larger volumes of the extractants for the
colorimetric analysis (sediments with low Fe(OOH) ~ P concentrations), or higher concentrations (sediments with
high Fe(OOH) ~ P concentrations). I found that with 0.04 M of Ca-NTA the extraction of Camargue sediments
became more efficient, so that all Fe(OOH) = P could be extracted in less extractions. The EDTA extractions are
more efficient with EDTA, 0.1 M at pH=4.5.
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