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Introduction

1. INTRODUCTION

1.1 Eutrophication, a general definition

Although algal blooms had been reported long before, eutro-
phication became widely recognized as a water quality problem
during the sixties (Vollenweider, 1968).

Eutrophication has been defined by the OECD (1982) as 'the
nutrient enrichment of waters which results in the stimulation
of an array of symptomatic changes, among which increased
production of algae and macrophytes and deterioration of water
quality, which are found to be undesirable and to interfere
with water uses'.

One can distinguish between natural and cultural eutrophica-
tion. Natural eutrophication is the natural aging of an agua-
tic system due to the inflow of eroded materials and atmosphe-
ric deposition, and results in the slow change from an aguatic
to a terrestial system. It is a slow, largely irreversible
process. The time-scale depends on morphological and environ-
mental factors controlling the inflow of allochthonous materi-
al, and is usually in the order of hundreds of thousands of
years for large lakes (Ryding and Rast, 1989: p2). Geherally
natural water bodies are characterized by a good water quality
and a diverse bioclogical community throughout their existence.
Cultural eutrophication, on the other hand, is the excessive
inflow of nutrients into an aquatic system due to human acti-
vities. It is a relatively fast process that deteriorates the
water gquality and. reduces the bioclogical diversity of the
system to a variable, but frequently large extent. In a number
of cases it has been shown to be reversible (Cullen and Fors-
berg, 1988).

Cultural eutrophication has since decades been of major con-
cern to water quality managers. Excessive nutrient availabili-
ty has resulted in an increased primary productivity, manifes-
ting ifself in algal or macrophyte blooms. The resulting
enhanced dissolved oxygen fluctuations in turn may cause
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occasional fish kills. A general feature of a higher trophic
state is the intensification of internal cycles within an
aquatic ecosystem. As pointed out by Rohde (1969), the trophic
state of a system is characterised by rates rather than by
biomass: higher primary production rates, and, as a result of
adaptation to an enhanced availibility of organic matter, alsc
higher decay rates.
The trophic state and the saprobic state of an ecosystem, both
reflected in indicator organisms (Leentvaar, 1980), may change
in time and are interrelated (Caspers and Karbe, 1966).
The initial response of an aguatic ecosystem following enhan-
ced nutrient availibility is an enhanced autotrophic activity.
The autotrophic activity of an ecosystem will be limited by
constraints imposed by any of the ingredients of the photosyn-
thesis reaction, of which the stoichiometry can be roughly
represented by (from Uhlmann, 1975):
hy
106C0O, + 16NO, + HPO,> + 90H,0 + trace elements <---->
CiosH 004N P + mineral ash + 150 0, + 180H

whereas the photosynthesis rate is:
Prog = Ppux1c + F{I).F{N).F(T) {1)

with P the actual photosynthesis rate, P, 1 the maximum rate
at temperature T, and F(I) and F(N) (both between 0 and 1) the
limitation factors with respect to light and nutrients: phosp-
horus, nitrogen and inorganic carbon, F(T) is a correction
factor for the rate at the actual temperature in comparison
with a reference temperature. In small waters competition for
space also may become important, especially in dense near-
surface vegetations of aquatic macrophytes. A widely accepted
view, based on observations (Droop, 1973; Rhee, 1978} is that
in any system with nutrient limitation essentially only one of
the nutrients is actually growth-limiting. Therefore F(N) is
determined by the minimum of limitations imposed by any of the
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nutrients C,N and P:
F(N) = min { Fo , Fy , Fp } (2)

Rhee (1978) found an atomic N:P ratio of 30 to be the trans-
ition from N to P limitation in Scenedesmus sp., and found no
evidence for a multiplicative effect of limitation by both N
and P. However, other authors (Kunikane et al., 1984; Kunikane
and Kaneko, 1984) reported a multiplicative effect of bhoth
nutrients on growth of Scenedesmus dimorphus under a wide
range of total-N : total-P ratios from 4-110.

Phosphorus has generally been acknowledged as the 1limiting
factor in natural fresh water systems, but alternating limita-
tion of photosynthesis in lakes by P, N and light have been
reported (Zevenboom, 1980). The limiting nutrient concept
seens only valid at steady-state conditions, but is not very
useful in transient state situations resulting from irregular
nutrient inputs (Odum, 1971).

The availability of the individual nutrients in a particular
system usually are not independent. Agricultural run-off and
effluent of waste water treatment plants are responsible for
an influx of N as well as P and C, although the ratios of the
different nutrients may vary. Another example is the enhanced
atmospheric carbon dioxide influx into a water body following
a pH increase due to a higher primary production, which in
turn results from a higher trophic state with respect to N and
P (see chapter 9).

A simple method to indicate the actual rate-limiting nutrient
is through the analysis of the ratios of biocavailable C,N and
P and comparison with the ratios indicated by the stoichiome-
try of the photosynthesis reactions. In practice however this
is an oversimplification, since the optimum N:P ratio may vary
significantly (Forsberg and Ryding, 1980) and even the exact
stoichiometry of the photosynthesis reaction is still debated
and depends e.g. on the nitrogen source used (Stumm and Mor-
~gan, 1981). A better assessment can be obtained from bioassays
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(Klapwijk, 1988}, if properly conducted and interpreted (Ryd-
ing and Rast, 1989%).

The extent to which a system is limited by nutrient availabi-
lity cannot be determined from concentrations only. The fluxes
through the biotic compartment are in this sense more impor-
tant, as low concentrations do not exclude relatively high
fluxes. This depends on the rate constants of nutrient release
and uptake. Moreover, due to luxury storage of phosphorus low
external concentrations can be accompanied by high intracellu-
lar concentrations in the primary producers.

1.2 Developments in eutrophication research

Insight in the effect of an input wvariable on the response of
large scale natural systems has at first been obtained from
steady state models relating a state variable to an input
variable through empirical relationships. An example of such a
statistical approach in the field of eutrophication are the
well known OECD relationships (Vollenweider and Kerekes, 1980)
that relate the observed P-concentrations to the areal P-
loading rate L, the hydraulic load q,, and the hydraulic
detention time 7 of the basin:

1L
1+/T 45

(3)

In such an approach, the underlying physical, chemical and
biological mechanisms are not considered. For instance, the
dimensions in the equation are not correct. The model provides
an estimation of the trophic state of lakes without the requi-
rement of an extensive data base, and has been shown to be of
some practical use. The confidence intervals of the output
variables are however very wide. The value of this approach is
therefore restricted to a global insight in the trophic state
of a system, and application to one specific lake has many
pitfalls (Reckhow and Chapra, 1979).

In order to obtain more specific information eutrophication
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research has focussed more and more on providing a conceptual
basis. This is a prerequisite for prediction of the long-term
development of a system in relation to a variable level of
external nutrient loading, when the assumption of steady-state
is not wvalid., The behavicur of a water system as a whole
depends on the dynamic interactions between all of its compo-
nents, and therefore has a high degree of conmplexity. Model-
ling implies a reduction of the number of state variables and
interactions, by taking into account only those that determine
the behaviour of the system to the largest extent. A firm
reduction may suffice for short term analysis, but extrapola-
tion to long term predictions often is difficult, as those
interactions that may be negligible initially, may become
significant later on. The sensitivity of the output signal for
a state variable is usually the criterium for incorporation of
that state variable in a model structure. For the purpose of
dynamic modelling three main features need consideration
(Ryding and Rast, 1989: p107):

1) physical system boundaries and boundary conditions
2) hydrological and hydrodynamic characteristics
3) chemical and biological transformations

ad 1} the terms desribing inputs and outputs across the boun-
daries of the system determine the external mass balance of a
variable. This indicates the direction of the long term change
of the trophic state of a systen.

ad 2) the hydrodynamic conditions determine whether a system
can be assumed ideally mixed or that a spatial variability
exists. The latter is the case when transport processes are
slow in comparison with the transformations determining the
sources and sinks of a state variable. Implementation in
models obliges a spatial segmentation, that can be done with
respect to 0 {completely mixed), 1, 2 or 3 dimensions.

ad 3} the internal (re)distribution of nutrients deternines
the actual trophic state, and therefore the transformations
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need to be implemented. The sediment can be treated either as
a black-bhox, in which case the sediment-water interface is the
system boundary, or as a part of the system, in which case a
definition and guantitative formulation of the biological and
chemical interactions within the sediment is required. This
requires a thorough understanding of sedimentary processes and
their kinetics. Transport processes, which are much slower in
the sediment than in the overlying water, play a dominating
role in the determination of sediment fluxes. Due to the
vertical attenuation of turbulence and the presence of parti-
cles, transport may become  rate limiting. In the absence of
vertical advective flow due to seepage or infiltration, verti-
cal transport within the sediment is determined by diffusive
mechanisms. These are difficult to calibrate, but determine to
a large extent the actual fluxes. Advective flow is relatively
easy to measure, and in case advective transport dominates,
the uncertainties in sedimentary transport processes .are
relatively small. Inclusion of the sediment in the model
structure always obliges a vertical spatial segmentation due
to the slowness of interstitial and solid-phase transport in
comparison with biological and chemical transformations.

1.3 State variables

Knowledge of the kinetics of dynamic interactions is a pre-

requisite for a proper decision whether a certain state varia-
ble or interaction should be included in the systems descrip-
tion, i.e. the model structure. Problems usually arise when
processes that are recognized to be important cannot be measu-
red with enough accuracy, or when their dependency on environ-
mental factors can not be quantified. Although simplification
is unavoidable, oversimplification may often result in errone-
ous results. An example in the field of eutrophication model-
ling is the use of fixed conversion factors for biomass and
nutrient contents by assuming photosynthesis and nutrient
uptake to be synchronous processes. The P content of cells can
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vary an order of magnitude due to the fact that phosphorus
uptake and storage on one hand and photosynthesis on the other
are processes, that are only coupled with each other through
the internal phosphorus content of the cells. Photesynthesis
causes a flux from internally stored P to organic compounds,
for which the photosynthesis stoichiometry can be assumed, but
this represents thereby only a fraction of the total P content
of the cells.

The role of the sediments and sedimentary processes occurring
in the sediments also have often been simplified by using
instantaneous equilibria or fixed boundary conditions (fluxes}
instead of taking into account the kinetics of the processes
and their mutual interactions.

Steady-state conditions will hardly ever occur, and when
considering dynamic interactions, attention should be paid to
the rate constants of individual interactions.

In eutrophication research most attention has been paid to the
occurrence of algal blooms. Algae are commonly seen as the
organisms that cause the nuisances related to eutrophication
(Van Straten, 1986}. This holds particularly for shallow
lakes, in which the original vegetation of rooted and/or
submerged macrophytes is in an unfavourable competitive posi-
tion with respect to light in comparison with epiphytic algae,
resulting in a decline of macrophytes, and giving way to
phytoplankton blooms (Philips et al., 1978). In tropical, but
also in small shallow water bodies in temperate regions, nui-
gances may also be attributed to macrophytes. As eutrophica-
tion implies the . alleviation of nutrient 1limitation, the
competition for light and space becomes the main factor deter-
mining the succes of a species. Therefore macrophyte species
capable of locating their photosynthetic active sites as close
to or even above the water surface are in an advantageous
position. In hypertrophic, small, shallow water bodies often a
dense vegetation of floating or emergent macrophytes may
develop. Floating macrophytes may cover the whole water surfa-
ce. They obtain their required nitrogen and phosphorus from
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the water phase, and a substantial part of the carbon directly
from the atmosphere. The deteriorating effect on the water
quality is evident: the water phase is reduced to a compart-
ment where mainly decomposition takes place, resulting in
severe oxygen deficiencies.

1.4 Measures for eutrophication control.

The best soclution to any problem, or at least the first to
consider, is the removal of the basic cause of the problem. In
eutrophication control this simply means a reduction of the
nutrient load to surface waters. Analysis of the contributions
by various socurces through watershed models yields information
on how this can be achieved, as insight inte the guantitative
cantributions of all diffusive and non-diffusive sources is
obtained. Thus insight is provided intc what measures most
efficiently reduce the total load. Quality meodels for the
receiving water however have to provide information on what
reduction is actually needed to achieve a desired improvement
in water quality.

The succes of these models in predicting the future water
guality depends on the accuracy of the description of the
internal interactions. Practical experiences have shown that
the recovery of the water quality after a reduction of the nu-
trient load to surface waters may vary considerably (Cullen
and Forsberg, 1988; Sas, 1989), as internal factors and resi-
lience in a system play an important role.

Besides reduction of the external load also other management
tools for controlling eutrophication have been applied, e.qg.:

- Chenical or physical treatment

Chemical treatment usually involves the use of a phosphate
sorbing or precipitating agent to immobilize the dissolved
phosphorus pool. It has been applied in various situations in
different ways, for example by injecting FeCl; in the upper
sediment layers (Boers, 1991), thereby enhancing the adsorpti-
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ve capacity of the sediment. Aluminum salts have also been
used for this purpose, and the effects on sediment P-release
were long—lasting {Cooke et. al, 1993): they are brought into
the water, and while settling of the flocs formed these can
remove a considerable part of the dissclved phosphorus by
precipitation. Alternatively, salts can be injected directly
inte the sediments. Oxidation of the sediment and precipi-
tation of P has also been attempted by injection with ca(NO},
(Ripl, 1976)

In case of severely polluted sediments dredging of the loose
nutrient~rich surface layer of the sediment can be a tool for
the restoration of a lake (Bjdrk, 1978)

Flushing of a eutrofied water body with allochthonous water
relatively poor with nutrients has also been applied (Hosper,
1985; Jagtman et al., 1992). When the concentrations in the
supply water are lower than that of the water itself, the
enhanced flushing rate causes both a dilution and an enhanced
loss of nutrients through discharge, and will accelerate the
recovery of lakes in which internal loading is high. Moreover,
the inlet of allochthonous water can also cause the inlet of
P-immobilizing components, such as Fe—(hydr)oxides or CaCO,.

- Biomanipulation

The decline of the macrophyte community due to competition by
epiphytic algae and the resulting phytoplankton blooms, also
reduces the possibilities of survival of fish that depends on
submerged macrophytes for spawning or as a refuge for young
fish. Moreover, the sediment structure is altered severely by
the vanishing of macrophytes, and a further increase in turbi-
dity follows from enhanced sensitivity for resuspension by
wind action andfor by benthivorous fish. Biomanipulation
implies an intervention in the food-web in favour of piscivo-
rous fish, zooplankton and submerged macrophytes, and against
benthivorous or planktivorous fish and phytoplankton (Gulati
et al., 199%0).
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1.5 Experimental ditches for eutrophication research

The primary measure for eutrophication control is a reduction
of the external nutrient load. Quantitative assessment of the
relation between the external nutrient load and the trophic
state of a water body, as indicated by several state varia-
bles, has to be obtained from research on the chemical and
biological transformations within a system.

To allow a proper establishment of the effects of the external
nutrient load on the trophic state, other input variables that
influence the behaviour of the system should be controlled, or
at least known, as much as possible. A proper estimation of
these effects in natural waters is often blurred by differen-
ces in morphology, environmental conditions and uncertainties
in the other input variables. Resuming, the three categories
of terms on which guantitative information has to be availa-
ble, and that determine system behaviour are (Ryding and Rast,
1989: plo7):

1) - physical system boundaries and boundary conditions
2) hydrological and hydrodynamic characteristics
3) chemical and biological transformations

An experimental design is needed, which allows research on the
biological and chemical transformations as they are occurring
under natural conditions. These transformations then can be
related to the input across the systemns boundaries. This means
to study 3) while manipulating 1) and controlling 2).

For this purpose an experimental system of ditches has been
constructed. In spring 1988 the construction was completed
under the supervision of the DLC Winand Staring Centre for
Integrated Land, Soil and Water Research in Wageningen, the
Netherlands. The project was financed by the Directorate for
Agricultural Research of the Ministry of Agriculture, Nature
Management and Fisheries.

There are 20 ditches, 12 of which are used for ecotoxicolo-

20




Introduction

gical research and 8 for eutrophication research. The ditches
used for eutrophication research comprise four ditches with a
clayish sediment and four ditches with sand as the bottom
material. In the clay ditches, a sediment layer, with a thic-
kness of 0.25 m, taken from a mesotrophic fen near Wijchen in
The Netherlands, has been brought in. In the sand-ditches a
bottom layer with a thickness of 0.2 m has been applied.

The ditches are located near Renkum in the central part of The
Netherlands. The ditches have a length of 40 m and a width of
1.6 m at the bottom. On both sides is a gravel bank with a
slope of 30°. The water depth can be regulated with an over-
flow funnel, but during the research reported in this thesis
it was maintained at 0.50 m in the middle of the ditch. The
average depth therefore is 0.38 m. The ditch system is separa-
ted from the enviromnment by a water-impermeable foil, to
preclude seepage or infiltraticn, or diffusive exchange with
the soil and groundwater. The ditches are fed by precipitati-
on, and, during dry periods, the inlet of local groundwater to
maintain the desired water level.

An experimental design was chosen in which the four ditches of
both sediment types were exposed to four different levels of
external nutrient (N and P) input, while all other input
variables were kept the same for all ditches. The hydrologi-
cal conditions, and thus the individual terms of the water
balance, thus were similar for all individual test systems.
The water balance W (L}.T') is:

W Precipitation + Groundwater inlet -

Evaporation - Discharge {4)

Precipitation and discharge are measured. The inlet of ground-
water, which serves to maintain a constant water level, is do-
sed and measured as the automatically counted number of tip-
ping-buckets with a knowm volume. Evaporation is the rest term
of the water balance. Checks have been carried ocut and these
showed that the water balances were correct within acceptable
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wargins (Drent and Kersting, 1993).

A detailed description of the instrumentation for collection
and analysis of precipitation and discharge samples, and of
the hydrological possibilities of the ditches, are given by
Drent and Kersting (1993).

The hydrodynamic conditions depend on the geometry of the
system and their exposure to meteorological conditions (wind
action, solar irradiance etc.). Differences in the hydrodyna-
mic conditions between individual test systems, that bias the
assessment of the effect of the particular input variable to
be investigated, are eliminated to a Jlarge extent by the
design of the ditches. They are all identical with respect to
shape, geometry, and orientation in the wind-field. The dis-
tance from one side of the ditch plant to the other is about
200 m, so a spatial variability in meteorclogical conditions
can be neglected. The ditch plant is situated in a flat and
open terrain without irregqularities that can locally influence
the wind field. However, due to the development of differences
in vegetation types at different trophic levels in time, the
dissipation of wind-generated turbulence will tend to deviate
among the different test systems. For example, a dense vegeta-
tion of submerged macrophytes near the water surface will
cause different hydrodynamic conditions in the near bottom
region than in case of an open water column. The same applies
to a cover of floating macrophytes.

The development of a system depends to a large extent on the
initial conditions, especially during the first period after
the construction. A proper investigation of the effects of the
level of external nutrient input on the response of a system
is therefore only possible if the initial conditions are to a
large extent equal. This was true due to the construction and
the introduction of homogenized sediment material etc. (Drent
and Kersting, 1993}

1.6 Assessment of the levels of external nutrient loading to
the ditches.
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Four different levels of external nutrient loading were imple-
mented. The nutrient loading programme was started in May 1989
and maintained for a period of four years.

An a priori choice was made for the first ditch (A, reference)
to receive a level of nutrient input as low as possible. The
background loading rate, originating from dry and wet atmosp-
heric input and inlet of groundwater, was originally estimated
at 0.03 g P.m?.yr' and 3.3 g N.mn?.yr', based on total P and
total N analyses of precipitation samples from a nearby meteo-
rological station at Deelen. Later on, after analysis of the
dry and wet atmospheric P deposition at the site itself during
the running of the programme, the actual background level of
phosphorus input was shown to be 0.1i g P.m?.yr’.

The second level was based upon guidelines provided by the
Dutch advisory committee CUWVQO (Lijklema et al., 1989). They
developed empirical relationships between the observed total P
and total N concentrations in a large number of Dutch surface
waters and the external P input, as a function of the mean
retention time of the water and the average water depth. For
the second level of external nutrient lecading a loading rate
was chosen that corresponds through these relationships with
an expected total P concentration of 0.15 g P .m> and 2.2 g
N.m?. These concentrations are considered as 'basic quality'
in the Dutch water quality policy. The relationships yielded a
desired input of 0.43 g P.m?,yr' and 1.59 g.N m’.yr'. Because
of the shallowness of the ditches in comparison with the
waters from which the empirical relationships were derived,
extrapolation of these relationships to an average depth of
0.38 m was necessary. This second level of external loading
rate is referred to as the B (1x CUWVO) level. The background
loading rate with N was already twice the desired input for
the B level, but the background P loading rate was low. It was
therefore decided to supply an additional, manually added P-
input of 0.4 g P.m?.yr'. No extra N was supplied.

The third level assigned is at a level that is three times the
second. In this ditch (¢, 3x CUWV0O) an additional N input has
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to be supplied, and the choice has been made for an N:P ratio
in the external loading rate of 6:1 by weight.

The last ditch (D) was to receive a very high level of exter-
nal nutrient input. Besides the wish to cover a wide trophic
range, another argument for the latter was to accomplish
sufficient P-accumulation in the sediment during the four
years of the loading programme. This enables future research
on the recovery of heavily eutrophied systems, with a large
sedimentary P-pool, after a reduction of the external nutrient
load in the near future. The highest loaded ditch receives
about 25% the input of that of the second ditch, with again an
N:P ratio of 6:1 by weight. The dosages to the second (B) and
third (C) ditch are given in two portions per year, in May and
late October. The highest loaded ditch originally (in 1989 and
1990} received monthly dosages, but due to problems with ice
cover during the winter, this has been changed into 10
portions per year since '1991: from early March until the end
of November. Table 1.1 summarizes the manually added levels of
external nutrient input.

Table 1.1. Manually added N- and P-input (g.ml.yr").

level description N P remarks

A Reference - -

B 1x CUWVO - 0.4 2X per year
c 3x CUWVO 4.5 1.2 2X per year
D highest 72.0 12.0 10x per year

The first dosages were given in May 19%89. Nutrients are added
as KHPO, and NH/NO; dissolved in tap water and homogeneously
distributed over the water surface through a sprinkler from a
transportable apron just above the water surface.

1.7 Continuous measurements of water quality and environmental
variables.
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A number of variables, which are considered necessary for the
study, are continucusly measured and stored. These include
water quality and environmental variables.

In the middle of the ditches dissolved oxygen (2 depths, 10 cm
and 40 cn below the water surface), pH (25 c¢m below the water
surface) and temperature (3 depths: 10, 25 and 40 cm below
water surface) are measured every 30 seconds, and registered
in a data-logger as fifteen minute averages.

Environmental variables that are continuously measured by a
weather station from Campbell Scientific Ltd. (Shepshed
Leicestershire, UK} are: 1light irradiance, wind speed, wind
direction, air pressure, relative air humidity, air
temperature and precipitation. A detailed description of the
measuring instruments at the weather station is provided by
Drent and Kersting (1993).

1.8 Sediment composition in the ditches

The sand and the clay that were used as sediment were low in
nutrient content and uncontaminated,

The sediment of the clay-ditches originated from a mesotrophic
fen, the 'Wezelse Plas', near Wijchen in the Netherlands. The
procedure for sampling and transport and finally the depositi-
on of the sediment in the test ditches was designed in such a
way that a well mixed homogeneous sediment was obtained, with
an equal composition in all ditches.

Sediment was collected from the fen with a suction-pipe and
placed in a depot. After settling, the overlying water was
removed. The sediment was mixed again, loaded on a truck and
transported to the site of the ditches, where it was stored in
a depot. It was homogenized well just before it was brought
into the ditches as a layer with a constant thickness of 0.25
m. The ditches were filled with local groundwater with low nu-
trient concentrations. During an incubation period of one
year, without any human interference, the ditches developed an
ecosystem that in all four clay-ditches consisted of a
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homogenheous Chara vegetation with an areal coverage of over 90
%.

In the sand-ditches no vegetation of aguatic macrophytes had
developed, due to the absence of a seedbank. On top of the
sand a distinct layer mainly consisting of settled algae had
started to develop.

The eutrophication experiments started after one year with the
start of the external loading program.

Just before the first nutrient dosage an extensive sampling
and analytical program was carried out for the determination
of the initial sediment composition. This included:

a- Particle size distribution of the sediment;

b~ Vertical profiles of porosity and dry weight concentrati-
ons;

c- P-content of the sediment and P-fractionization according
to the extraction scheme by Hieltijes and Lijklema (1980);

d- A number of other parameters;

ad a) The particle size distribution of the clay ditches is
given in table 1.2.

ad b) The results of the determination of the vertical profi-
les of porosity ¢ and dry weight content DW (kg dry weight.m?)
are given in table 1.3. The high standard deviations in the
dry weight content of the top 5 mm layers may result from the
djfficulty of a separation at exactly 5 mm, and the sharp
decrease in the porosity with depth in the top layer.

ad c) The initial P-content at the start of the loading pro-
gramme was determined as the average P content of the whole
sediment column. Results of the extractions are summarized in
table 1.4. The table shows that the P-content of the clayish
sediment is low and that the variation is small. The slightly
higher P-concentration in the 3x CUWVO clay-ditch is mainly
due to a higher NaOH-extractable fraction.
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Table 1.2. Particle size distribution of the sediment of the
clay- and sand~ditches (% of dry weight)

ditch < 2 2-16 16-50 50~105 105-2000
(um)

clay-ditches

A, reference 10.9 4.3 5.3 4.0 74.1
B, 1x CUWVO 10.0 3.7 4.6 4.5 76.2
C, 3x CUWVO 9.8 3.4 4.5 4.0 T7.3
D, highest 10.4 3.7 5.9 4.2 74.0
average 10.3 3.8 5.1 4.2 75.4
st. dev. 0.4 0.3 0.6 0.2 1.4
sand~ditches

A, reference 1.3 0.1 0.0 a.5 58.0
B, 1x CUWVOQO 1.0 0.3 0.0 0.4 98.0
C, 3x CUWVQ 1.1 0.1 0.0 0.3 28.5
D, highest 1.3 0.1 6.0 0.8 97.7
average 1.2 0.2 0.0 0.5 98.1
st. dev. 0.1 0.1 - 0.2 0.3

Table 1.3. Average porosity and dry weight content of
sublayers in the clay-ditches (n=16) and sand-ditches (n=4)
and the relative standard deviations RSD.

depth in sediment € RSD DW RSD
(. %) (%) (kg.m?) (%)
clay-ditches
0- 5 mm 0.794 8.8 281 43.6
5-10 mm 0.633 17.6 887 29.7
10-20 mm 0.4438 14.1 1349 11.6
20-30 mm 0.391 11.4 1562 5.5
30-50 mm . 0.367 7.1 1556 4.3
sand-ditches
0= 5 mm 0.710 7.7 710 24.3
5-10 mm 0.431 7.5 1484 8.5
10-20 mm 0.314 3.7 1699 1.7
20-30 mm 0.315 4.6 1817 4.9
30-50 mm 0.295 6.6 1705 3.1
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Tabla 1.4. Extractable P-fractions according to the scheme by
Hieltjes and Lijklema {1980).

fraction: NH,C1 NaOH-ort NaOH-tot HC1 tot
ditch: a b c a+b+c
(mg P.[g DW]Y)

clay-ditches

A, reference 0.03 0.16 0.18 0.03 0.24
B, 1x CUWVO 0.02 0.12 0.17 0.03 0.22
C, 3x CUWVO .02 0.17 0.22 0.05 0.29
D, highest 0.01 0.10 0.18 ’ 0.05 0.24
sand-ditches

A, reference 0.02 0.03 0.08 0.01 0.11
B, 1x CUWVO 0.02 0.03 0.07 0.02 0.11
C, 3Ix CUWVO 0.01 0.03 0.08 0.02 0.10
D, highest 0.01 0.03 0.08 0.02 0.10

ad d} Some other sediment characteristics are given in table
1.5,

Table 1.5. Chemical characteristics of the sediment in May
1989.

ditch: highest 3x CUWVO 1x CUWVO Reference
parameter:

clay~ditches

total N {mg/g DW) O
Org. Mat. (% of DW) O
CaCO, (% of DW) O
Fe total (mg/g DW) 12

sand-ditches

total N (mg/g DW) O
Org. Mat. (% of DW) ©
€aco, (% of DW) <o.
Fe total (mg/g DW) 1

The total N and organic matter concentrations in the sediment
are all low. Only a minor fraction of total Fe is in the
oxalate-extractable form, which is of importance for the P-
sorption capacity of the sediments: ca. 3 mg Fe.[g DW]' in the
clay-ditches, and ca. 0.07 mg Fe.[g DW]' in the sand-ditches.
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1.9 Outline of this theslils

The overall scope of this thesis is the study of the effects
of different 1levels of external nutrient 1loading on small
scale agquatic ecosystems with respect to their functioning and
structure.

The emphasis is on the chemical and biological transformations
that control the cycling of phosphorus, and the relationships
between the 1level of nutrient input and the primary
productivity of the receiving ecosysten.

The study is done in cooperation with the DLO-Winand Staring
Centre for Integrated Land, Soil and Water Research in
Wageningen, the Netherlands, which concentrate on N budgets
and transformations, and the DLO-Institute for Forestry and
Nature Research in Leersum, the Netherlands, which cooperated
on the study of primary productivity.

Chapter 2 adresses the P-accumulation in sediment, water and
vegetation, and the loss of P through the outflow. The aim of
this chapter 1is to provide insight into the internal
distribution of the phosphorus input into the system, and the
recovery of P from these pools. This then can be compared with
the external P mass balances.

Chapter 3 discusses the development of the agquatic macrophytes
community in the clay ditches. It is interpreted both in terms
of species composition and dominant growth form in relation to
the level of external N and P loading.

Chapter 4 adresses the modelling of the oxygen budgets of the
reference sand-ditch based on measured process parameters. The
emphasis is on primary production by a bentic community
dominated by algae and reaeration. It serves as a basis for
chapters 5 and 6.

Chapters 5 and 6 deal with the estimation of primary
production and oxygen consumption from continuous dissolved
oxygen concentrations over a two years period for the sand and
the clay ditches respectively. The highest lcaded ditches were
not considered in this study, as very frequent and long-
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lasting anaerobia inhibited the use of the method.

Chapter 7 treats a descriptive model for the transport and
subsequent sorption of phosphate in the sediment of the
highest loaded sand-ditch. Emphasis is put on physical
transport processes and on the kinetics and time-scales of
fast and slow sorption processes.

Chapter 8 deals with the kinetics of phosphorus uptake by the
benthic communities of the sand-ditches. These communities
were dominated by algae. The highest loaded ditch was again
excluded in this study.

Chapter 9% describes a model for the exchange of carbon dioxide
across the air-water interface and its application on the
ditches, using continuously measured pH and wind measurements.
The aim of this chapter is to provide insight into the extent
to which atmospheric exchange can ~ cover the carbon
requirements of the primary producers and to study the
dependency of <carbon dioxide exchange on environmental
conditions.

A summary (in Dutch and in English) of the results of the
individual chapters and the main conclusions is given in
chapter 10.
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The accumulation of phosphorus in test ditches in relation to
external loading from mass balances
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Accumulation of P from mass balances

2. THE ACCUMULATION OF PHOSPHORUS IN TEST DITCHES IN RELATION
TO EXTERNAL LOADING FROM MABS BALANCES

2.1 Introduction

Internal and external mass balances were calculated on a
yearly basis to provide insight into the build-up of different
nutrient pools in the ditches, and into the significance of
these different pools in relation to the level of external
nutrient loading.

Internal mass balances provide information on the total amount
of a component present in a system, and the internal distri-
bution over the different compartments. They were in this
study obtained from an annual inventary of these different
compartments. This comprises analysis of the total phosphorus
pool in the water phase (WAT), in the sediments (SED) and in
the vegetation. The vegetation has been divided into the
aguatic macrophytes (AV), including all submersed, free-floa-
ting and emergent species that root in the sediment or in the
water phase, and the vegetation on the banks (BV)}, that also
derives its matrient requirements from the ditch system. The
procedures for sampling of the wvegetation and the sediments,
and the analytical procedures used for the analyses are given
in appendix A.

The internal P mass balances of the clay- and sand-ditches are
discussed in paragraphs 2.3 and 2.6 respectively.

The external mass balance is the change in the total amount of
phosphorus in a system, AP, calculated from the total input
and output across the system boundaries. It is a global indi-
cator for the direction of change of the trophic state of the
system:

AP

Y input - Y output

The input into the ditches consists of dry and wet atmospheric
deposition (A), phosphate input through the inlet of groundwa-
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ter (S} and manually supplied P (M}. The output results from
discharge (D)} and occasional harvesting of vegetation from the
banks (H). Harvesting is done as 1little as possible, but
- occasionally it is necessary for management purposes.
Atmospheric deposition (A) of P is measured as the total P
concentration in regularly, generally biweekly, collected
precipitation samples, multiplied by the precipitated wvolume.
Rainwater falling on the banks is also considered as input
into the ditch system, since the hanks are separated from the
environment by an impermeable foil that precludes exchange
with the subsoil, and run-off from the banks discharges into
the ditches. The catchment area therefore is 200 m2, while the
water surface is 132 m?. The intake of groundwater is recorded
automatically and registered through the number of tipping-
buckets with a known volume. This groundwater originates from
a local well and its composition is approximately constant, so
occasional analysis of its total-P concentration is satisfac-
tory. The P-concentrations are low anyway and the supplied
volume is small, so groundwater inlet (S} contributes only a
minor fraction to the external P input. The manually added
phosphorus (M) is supplied as a known amount of K,HPO,, dissol-
ved in tap water, and homogeneously distributed over the water
surface. Discharged P (D) is measured as the total P concen-
tration times the total discharged volume. Discharge samples
are collected volume proportionally and analyzed as biweekly
averages, unless of course no discharge did take place.

The external mass balance of the clay- and sand-ditches are
described in paragraphs 2.2 and 2.5 respectively.

Paragraphs 2.4 and 2.7 give a comparison between internal and
external P mass balances of clay- and sand-ditches respective-
ly. Paragraph 2.8 give a discussion on the results and some
conclusions.

2.2 External phosphorus mass balances of the clay-ditches

Table 2.1 presents the external balances of the clay ditches
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over a two and a half years period, and the contributions of
the individual terms. The table shows that the wvariation in
input between the four ditches is for the major part determi-
ned by the manually added phosphorus, and that the other input
terms are only of ninor relative importance for the external
P-balance. The discharge of P from ditch D has increased
significantly resulting from increased total P concentrations
in the water phase, but equilibrium between input and output
had not yet been reached by Octcober 1991.

Table 2.1. External P mass balances of the clay ditches during
the period May '89 - Octobher '81

A S M D H Net
(g P/ ditch)
A, reference

May'89 - Oct's9 5 4 - 0 9
Oct'89 — Oct'90 13 3 - 2 14
Oct'90 - QOct'9l 11 7 - 23 -5
Total 29 14 - 25 18
B, 1x CUWVO

May's8g - Oct'se 5 2 25 2 30
Oct'89 - Oct'90 13 1 50 10 54
Oct'90 - Oct'9l 11 5 50 24 42
Total 29 8 12% 36 126
C, 3x CUwWvOo

May'89 - Oct'89 5 2 80 [4) 87
Oct'89 - Oct'90 13 1 161 8 166
Oct'90 - Cct'9l 11 6 161 15 163
Total 29 9 402 23 416
D, highest loaded

May'89 - Oct'89 5 2 496 1 502
Oct'89 - Oct'90 13 1 1612 178 1448
Oct'90 - Oct'9l T 11 6 1438 443 79 933
Total 29 9 3546 622 79 2883

2.3 Internal phosphorus mass balances of the clay-ditches

- sediment P-pool

The accumulation of P in the sediments (SED) after the start
of the loading programme in May 1989 has been followed from
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annual analysis of the P-content of the sediments. The sedi-
mentary P-pool is calculated as the P~content on a dry weight
basis times the total amount of dry weight. Inaccuracies and
spatial variability in both terms have to be taken into ac-
count. To provide insight into the vertical distribution of P
within the sediment, three horizontal sublayers (0-1, 1-5 and
>5 cm) were separated, and the P analyses were applied to each
layer, according to the scheme by Hieltjes and Lijklema
(1980). This procedure comprises subsequent extraction in
solutions with 1 M NH,Cl at pH=7, 0.1 M NaOH and 0.5 M HCI.
The fractions represent loosely bound, Fe- and Al-associated
phosphorus and Ca-bound P respectively. The dry weight content
of each sublayer was calculated from the averaged solids
concentrations within a layer of all sixteen clay ditches (see
table 1.3).

The total amount of dry weight per ditch in the sediment
layers between 0-1 cm and 1-5 cm are 374 * 93 and 3855 + 143
kg dry weight per ditch. The standard deviation in the measu-
red dry weight concentration 1s especially high in the top
centimeter. As the P-contents in the top layer are affected
most by the external phosphorus loading, this causes a fairly
large inaccuracy in the calculation of the total amount of P
in the ditches. The standard deviation of the dry weight
content of the 1-5 cm layer is smaller, but this layer repre-
sents a much larger amount of dry weight. It should also be
noted, that as a vertical concentration gradient develops in
the top of the sediment, small inaccuracies in the separation
at 1 cm depth may lead to a dilution or concentration artefact
in the calculated P content. As the sediment P-pool
contributes the major fraction to the internal P-balance,
inaccuracies in the calculation of the sedimentary P-pool will
affect the agreement between the internal and external P mass
halances.
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- Results of chemical extractions

In appendixz B-D the results of the extractions according to
the scheme by Hieltjes and Lijklema (1980) are given for the
clay-ditches. The different fractions in the individual sub-
layers and their changes in time, as averages of duplo’'s, are
presented in figures 2.1 A-D. The figures show that the
extractable P-concentrations have increased enormously in the
top centimeter of the sediment of ditch D. The major part of
the increase is recovered in the NaCOH-extractable fraction,
indicating a large relative importance of Fe- and Al-(hydr)-
oxides for the fixation of P in the clay-ditches and a large
contribution of organic P (appendix D}. After 2.5 years only a
slight increase could be obhserved in the intermediate layer
between 1 and 5 cm, showing the slowness of vertical penetra-
tion. At a depth > 5 cm no increase could yet be discovered.
In ditches B and C the extractable phosphorus content of the
top layer initially increased, resulting in an enhanced verti-
cal stratification of phosphorus in the sediment. The incre-
ment during the period May 1989 - October 1989 was larger in
the ditch € than in ditch B. Between October 1990 and October
1991 the extractable P-content in the top layers of these two
ditches has decreased considerably, while the P-content of the
intermediate layers remained virtually unchanged.

The sequence of first an increase and later a decrease in
extractable P-content in the top layer can also to a lesser
extent be detected in the ditch A. This phenomenon can be
attributed to a number of factors:

a) it may result from the dissolution of Fe-OH-P complexes
following changed redox conditions;

b} it may be attributed to P-uptake by roots and subseguent
transport to above ground plant parts;

c) it may result from the sedimentation of material with a
lower P-content than that of the top sediment layer;

d) it may represent the egquilibration of the sediment to the
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Figure 2.1. Extractable P in the steps of the extraction
scheme in May 1989, Oct. 1989, Oct. 1990 and Oct. 19921 in
different horizontal sediment layers.

A) reference; B) lx CUWVO; C) 3x CUWVO; D) highest loaded.

changed conmposition of the overlying water in the ditches
in comparison with that in the fen from which the sedi-
ment originated;

e) microbially mediated P-release under anoxic conditions;

£) inaccuracies in the sampling and analysis procedure

ad a) In the ditches B and C anaercbic conditions regularly
occur in the near bottom region during the summer, as measured
from the dissolved oxygen concentration measured at an eleva-
tion of 10 cm above the sediment-water interface. Anoxic
conditions in the sediment therefore are likely to prevail for
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longer periods, resulting in a (partly) reduction of Fe3' to
Fe?*. BAs Fe(II)-P complexes have a higher solubility,
dissolution will result in increased Fe-concentrations in the
interstitial water with respect to the overlying water. This
vertical concentration gradient results in an upward diffusion
of Fe?' and a subsequent oxidation and precipitation just below
the sediment-water interface. When anoxic conditions prevail
at or even above the sediment-water interface, a synchro-
nisation of Fe- and P-release can occur.

The oxalate-extractable Fe in the sediment of the clay ditches
in October 1990 and 1991 are given in table 2.2. The table
shows that only in the top sediment layer of ditch B a
decrease in the oxalate-extractable Fe has occurred, whereas
it remained about constant in the ditch €, and increased in
the ditches A and D. A synchronisation of P- and Fe- release
from the top sediment layer to the overlying water has, based
on the data in table 2.2, occurred in ditch B. Moreover, the
decrease in total extractable P-content in the top layers of
ditches A, B and C is caused by a decrease in all fractions,
and not just in the NaOH-extractable fraction (see appendix
B).

The data from table 2.2 suggest an upward diffusion of Fe
within the sediment in the ditches A and €, resulting in
increasing Fe-contents in the top centimeter and lowered Fe
contents at larger depths, It should be noted that at the
moment that the sediment was brought into the ditches, it was
a homogeneous mixture, and that the observed wvertical gra-
dients and differences between ditches therefore originate
from processes taking place after that moment.

The molar P:Fe ratios in the top layers decreased in all
ditches between October 1990 and October 1991. This applies to
the NaOH-extractable P-fractiocn as well as to the total P.

The high oxalate-extractable Fe-content of the 0-1 and 1-5 cm
layer of ditch D, which suffers from long periods of anaerobi-
a, may result from the sedimentation of Fe(II)-P conmplexes
from the anaerobic water ceoclumn. Although sorption. of P on
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Fe(II) is more 1labile than that of P on Fe(III), it may be
significant due to the higher specific surface area of reduced
ferrous compounds (Patrick and Khalid, 1974).

Table 2.2. Ammonium-oxalate extractable Fe (mg.[g DW]~1} in the
clay-ditches in October 1990 and Octcber 1991%.

Oct'90 Oct'91

ditch layer (cm)
A, reference 0-1 6.9 14.5
1-5 4.2 3.7
> 5 3.5 3.5
B, 1x CUWVO 0-1 5.6 2.3
1-5 3.6 3.9
> 5 4.2 3.4
C, 3x CUWVO 0-1 7.5 8.1
i-5 3.6 4.4
> 5 3.7 2.6
D, highest 0-1 10.0 12.9
1-5 3.9 7.3
> 5 3.7 4.0

ad b) The extent to which submerged aquatic macrophytes depend
on the sediments for their nutrient supply may vary, depending
on the relative availability of nutrients from the sediment
and the water column. Although submerged species are capable
of significant foliar wuptake during periods of enhanced
nutrient concentrations (Philips et al., 1978), and thereby
may significantly contribute to the fast decrease of the
dissolved inorganic phosphorus concentration during the first
days after a dosage, uptake from the sediments probably will
prevail during the rest of the year. Due toc nutrient uptake
through the roots and subsequent transport to above ground
plant parts, aquatic macrophytes may serve as a nutrient pump
(Carignan and Kalff, 1980). Thereby they can contribute to the
observed decrease of P in the top centimeters of the sediment,
where the major fraction of the root mass is located.

ad c) The possible explanation of dilution of sedimentary P in
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the top layer due to sedimentation of material with a lower P-
content is not likely, as the settling material has a higher
P-content than the sediment on a dry weight basis. Only after
microbially mediated P-release from organic matter (see e-) a
significant decrease of the P-content of the top layer can be
expected.

ad d) The exposure of the =sediment to various types of
overlying water may affect the sediment composition on a long
term. The composition of the interstitial water is mainly
controlled by the characteristics of the sediment. Thus
concentration gradients at the sediment-water interface may
develop, causing fluxes across thise interface. Equilibration
of the sediment composition with respect to the overlying
water will be a slow process, and is 1limited by vertical
transport in the sediment. It also depends on the retention
time of the overlying water, which determines the loss of a
constituent through discharge. On a time-scale of years,
however, it cannot be precluded.

ad e) Under anaerobic conditions biologically mediated release
of phosphorus from the sediments occurs, as shown by Fleischer
{(1978), who found that P release from particulate matter did
not occur in poisoned anaerobic sediment cores. The P-content
of settled organic matter can be significantly lowered by
biologically mediated P-release (mineralisation).

ad f) 1Inaccuracies in the sampling and analysis procedure
originate mainly from difficulties in the separation of
exactly one centimeter; separation of a layer of more than one
centimeter will lower the average P-content in the samples.
Further steps in the procedure include the taking of well
homegenized subsamples and the separation of the supernatant
from the different extraction steps, and ultimately the
analysis of P. '

From the extractable P-contents and the dry weight conctents
in the wvariocus sediment layers the total P-pool in the
sediment is calculated. From the results of the extractions it
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can be seen that the penetration of phosphorus into the sedi-
ments did not yet extend past a depth of 5 cm in all four
ditches. The composition of the deeper sediment with respect
to P in all ditches had remained constant until October 1991.
Therefore for calculation of the sedimentary P-pool only the
top 5 cm layer has been considered.

The overall mass balance of P in the sediment is complicated
by accumulation at the top of the sediment, which leads to a
certain burial rate of phosphorus at the lower boundary of the
1-5 cm layer. A general equation for the long term accumulati-
on of phosphorus in the sediment, analogous to Lijklema (1986)
is

AL.c
L

with AL the accumulation rate (m.yr!) and s the P-
sedimentation rate (g P.m’.yr'). L was originally interpreted
as the mixing depth of the sediment, but the equatjon is also
valid if L is an arbitrarily chosen depth, which is in this
case 5 cm. The loss of phosphate due to burial in the deeper
sediment is not known. Attempts to measure directly the sedi-
mentation rate with sediment traps failed (results are not
included in this thesis), due to the very large inaccuracies
that are inherent to this kind of measurements in shallow,
macrophyte dominated systems. Therefore the sedimentation rate
has to be estimated. With a supposed, rather high,
accumulation rate of 0.5 cm.yr! and a P-content at 5 cm of
0.20 mg P.(g dry weight]! the burial rate would be ca. 100 g
P.yr! per ditch. In ditch D this loss rate may be relatively
higher due to a higher sedimentation rate.

Table 2.3 presents the total amounts of phosphorus in the
sediment (0~5 cm). Comparison of the standard deviation in the
sedimentary P-pool with the net external mass balances over
the whole period of 2.5 years (table 2.1) shows that these are
of the same order of magnitude for dich A and B. The net
external P balance significantly exceeds the jinaccuracy in the
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sedimentary P-pocl for ditches C and D.

The large total amount of P in the 1-5 cm layers in October
1989 was due to a remarkably high NaOH-extractable P-fraction
in all samples.

Table 2.3. Fhosphorus pool (g F/ditch) in the sediment. Stand-
ard deviatjons are derived from the standard deviations of the
dry weight concentration measurements and of the P analyses.

ditch May'89 Oct'89 oct'90 Oct'91l
A, raferance 0-1 cm 108 215% 58 331% 82 220% 56
1-5 cm 1118 1530+ 57 875 50 8831154
Total 1226 1745+ 81 1206%* 97 1103t164
B, 1x CUWVO 0-1 cm 94 220 63 325+ 82 85+ 21
1-5 cm 964 11201184 734% 30 740104
Total 1058 13401194 1059+ 86 8251106
C, 3x CUWVO 0=-1 cm 123 263 67 4602115 162+ 41
1-5 cm 1272 1492+ 72 806+ 34 761% 49
Total 1395 1755+ 98 12661120 923t 64
D, highest d-1 cm 112 396+101 1645+411 1805*450
1-5 com 1157 1868+105 1656t 65 2656+112
Total 1269 2263%146 3304+416 4461%464
- Total internal P mass balance
Table 2.4 presents the internal P-pool in water, vegetation

and top 5 cm of the sediment during the 2.5 years period. The
sediment P-poocl is by far the largest, and the water phase
The
due to

contributes a negligible fraction except for ditch D.
increase of the P-ztorage in the vegetation is
increased internal P-concentrations in the aquatic macrophytes
(see chapter 3) and not the consequence of an increase in
biomass. Although the relative inaccuracies in the biomass

estimations of aquatic macrophytes communities are large

{relative standard deviations in recovered biomass from cylin-
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ders are in the order of 15 %, with n=3), the absolute inaccu-
racies in the estimation of the sedimentary P-pocls are much
larger. The observed increase in the sediment pool during the
period May'89 - Oct'89 and the decrease during the following
year in ditches A, B and C seems improbable.

Table 2.4. Total internal P-pools (g P/ditch) of SEDiment,
WATerphase and Water Vegetation + Banks Vegetation

WAT SED " WV+BV TOT
ditch:
A, refsrance May'89 2 1226 51 1279
Oct'89 2 1745 73 1820
Oct'90 1 1206 38 1245
Oct'91 1 1103 33 1137
B, 1x CUWVO May'89 2 1058 46 1106
Oct'89 2 1340 58 1400
Oct'90 3 1059 68 1130
Oct'91 2 825 107 934
C, 3x CUWVO May*'89 2 1395 48 1445
Oct'89 3 1755 46 1804
Ooct'90 3 1266 84 1353
Oct'91 4 923 107 1034
D, Highest May'89 2 1269 43 1314
Oct's89 42 2263 94 2399
Oct'’90 154 3304 474 3932
Oct'9l 217 4461 493 5171

2.4 Comparison between internal and external P mass balances

Comparison of the internal P mass balance (table 2.4) with the
external mass balance (table 2.,1) shows that the net input
into ditch A is very small compared to the total amount of P
in the system. It is scanty with respect to the range of the
uncertainties in the estimation of the internal P mass balan-
ce.

In ditch B the internal P mass balance suggests a decrease of
ca. 200 g P in the total amount of P in the system, while the
external P mass balance predicts an increase of ca. 100 g P,
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The inaccuracy in the internal P-pool, both at the start and
at the end of the considered period, is however of the same
order of magnitude. A burial rate of 100 g P.yr ! at a depth of
% cm in the sediment, which corresponds to a rather high
sedimentation rate of 0.5 cm.yr! (see section 2.3), can also
explain part of the difference.

In ditch C the internal P mass balance shows a decrease of ca.
400 g P in the total amount of P present in the system, while
the external P balance suggests an increase of ca. 400 g P.
This discrepancy of 800 g P over a 2.5 years period can partly
be explained by burial of P at the lower boundary of the top 5
cm sediment layer (at maximum ca. 250 g P). This leaves still
a fairly large unexplained difference c.g. error.

In ditch D the net external P mass balance is large, even
compared to the total amount of P that was initially present
in the system. In this ditch the increase in tetal P in the
system suggested by the internal P mass balance was higher
than that predicted by the external P mass balance: 3850 g P
and 2900 g P respectively. The burial rate of P.at the lower
boundary of the top 5 cm sediment layer may be higher than in
the other ditches due to an enhanced sedimentation rate, but
not so much due to increased P-concentrations in the sediment,
as the penetration of P into the sediment had not reached a
depth of 5 cm in the sediment yet. The inaccuracy in the
internal P-pool is high: > 400 g P in October 1991.

2.5 External P mass balances for the sand-ditches

The terms of the external P mass balances of the sand-ditches
are the same as for the clay-ditches. The procedures used for
neasuring input through groundwater intake and output through
discharge are also the same. Table 2.5 presents the external P
mass balances over the period May 1989 - october 19%1.

Due toc high total P concentrations in the water phase, dis-
charge has become an important term of the external P balance
of ditch D. In this ditch more than 50 % of the exXternal P
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input during the period October 1990 - October 1991 was lost
through the discharge. In the highest loaded c¢lay-ditch this
was significantly less: only 30 % of the external P input over
the same period was lost again.

Table 2.5. External P mass balances of the sand ditches during
the period May '89 - October '91

A S M D H Net
(g P/ ditch)
A, rafeaerence

May'89 - Oct's89 5 2 - 1 6
Oct'89 - Oct'go i3 1 - 5 9
Oct'90 -~ Oct'9l 11 6 - 4 13
Total 29 9 - 10 28
B, 1x CUWVO

May'89 - Oct'89 5 2 25 1 31
Oct'39 - Oct'90 13 1 50 9 54
Oct'90 - Oct'9l 11 5 50 7 59
Total 29 8 125 17 144
C, 3x CUWVO

May'89 - Oct'se 5 2 80 2 85
Oct'89 - Oct'90 13 1 161 16 159
Oct'90 - Oct'9l 11 5 161 10 167
Total 29 8 402 28 411
D, highest

May'8% - Octt's9 5 1 496 9 493
Oct'ee - Oct'a0 13 1 1612 421 1205
Oct'90 - Oct'ol 11 4 1438 747 180 526
Total 29 6 3546 1177 130 2224

2.6 Internal P mass balances of the sand-ditches
In the sand-ditches aguatic macrophytes were negligible
during the whole period in ditches A, B and C. In ditch C a
temporary bloom of the filamenteous alga Cladophora occured in
1990, but this vanished in early spring 1991. In ditch D a
Lenna minor cover developped in late 1989 and has since remai-
ned dominant. The P-pocl in Cladophora in October 1990 and in
the Lemna minor cover was estimated analogous to that in the
aquatic macrophytes of the clay-ditches.

50




-Accumulation of P from mass balances

In all four sand-ditches a distinct organic layer containing
mainly settled algae developped on top of the sand. The P-pool
of this layer (B) was analyzed from areal dry weight content
and the P-concentrations (g P.[g DW)~!). Three sediment cores
per ditch, sach with a diameter of 5.3 cm, were pushed into
the sand to a depth of about 10 cm. The benthic layer was
separated from the sand by repeated resuspension and
decantation of the organic material until only the plain sand
remained in the sediment core. The algal suspension was filled
up to a volume of 1 1 and dry weight (105°C) was measured
after evaporation of a subsample of this suspension. Upon
drying (40°C) of another subsample the internal P-concentrati-
on was measured after digestion of the dried material in a
H,S0; - Se mixture, using H,0, as an oxidator (Novozamsky et
al., 1983).

Table 2.6 presents the internal P mass balance of the sand
ditches.

Table 2.6. Total internal P-pools (g P/ditch) of B8EDiment,
WATerphase, Water Vegetation + Banks Vegetation and Benthic
layer

WAT SED WV+BV B TOT
ditch:
A, reference May'g9 2 534 - - 536
Oct'B9 3 449 - 3 455
Oct's0 3 272 2 8 285
Oct'9l 1 326 2 7 334
B, 1x CUWVO May'89 2 534 - - 536
oct'as 3 585 - 3 591
Oct'90 3 219 2 14 238
Oct'91 1 364 1 23 389
C, 3x CUWVO May*'8g 2 534 - - 536
Oct'89 4 536 - 4 544
Oct'90 4 323 24 29 380
Oct'9l 12 370 2 114 498
D, highest May'89 2 534 - - 536
Oct'89 85 441 - 23 549
Oct'380 219 457 382 56 1114
Oct'91l 434 491 298 149 1372
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The accumulation of P in the benthic layer shows a pesitive
relation with the level of external P input. The difference
between ditches A and B is mainly reflected in the benthic
layer. Only after the P storage capacity of this benthic layer
has approached saturation, as ditches C and D, an increase of
the P-pool in the water celumn can be observed. In ditch D the
continuous external nutrient input has caused a steady increa-
se in the dissolved P concentrations in the water phase,
indicating that the losses through sedimentary uptake and
discharge are insufficient to compensate for the addition.
This is illustrated in figures 2.2 a and b, which present the
dissolved P concentration over a 3 years period (May 1989 -
July 1992) in the clay~ditch D and sand-ditch D respectively.
The figures show the decrease in dissolved P concentrations
after the nutrient dosages and reflect the gradual decline of
the P uptake capacity, which is more pronounced in the sand-
ditch.

Olencived P o Pimd}
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a) b)

Pigure 2.2. Dissolved PO,-P (g P.m™3) concentrations in:
a) clay-ditch D; b) sand=-ditch D

The sedimentary P-pool, calculated as the sum of the individu-
al fractions of the extraction scheme according to Hieltjes
and Lijklema (1980) times the solids concentration in the top
5 cm layer of the sand, shows an irregular pattern (table
2.6). This may be mainly due to a low amount of extractable P
in all fractions, with large relative errors. The sorption
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capacity with respect to P of the sand on a dry weight basis
is much smaller than that of the clay sediment. Moreover,
settled organic matter remains on top of the sand as a
distinct 1layer, and does not mix with the sand to any
appreciable extent, so the build-up of the organic sedimentary
P-pool is reflected in the benthic layer (B). To reduce the
error in the measured total P content of the sand due to the
summation of the errors in the individual fractions, the
extractions were repeated with freeze-dried samples from May
*89, October '90 and October '91, that had been stored. This
time only a 24 hours extraction in 0.5 M HCl was performed.
The results are shown in table 2.7. The samples from May '89
concerned sand that was homogeneocusly mixed over the whole
depth of the cores (ca. 20 cm), and therefore these cannot he
compared directly with the other sampling data. However, as
aluminum is the main P sorbing element in the sediment of the
sand ditches (see chapter 7), the sorption is probably rather
insensitive to redox conditions. As the sand was homogeneously
mixed before it was brought into the ditches, it can be
agsumed that wvertical stratification of P in the sediments
before the start of the loading program was not significant.

Table 2.7 shows that a clear increase in the P-content of the
top 5 cm sediment layer of ditch D could be retrieved, which
was not present in the results of the original extraction
scheme (see table 2.6). Below 5 c¢cm no increase in HC1
extractable P could yet be discovered. Table 2.8 presents the
sedimentary P pool of the top 5 cm and the total P pool in the
ditches, using the extractable amounts of P from table 2.7 and
the other terms of the internal P mass balance {(water phase,
water + banks vegetation, benthic layer) from table 2.6.

The total P pool has remained virtually unchanged in the
ditches A and B. In ditch C an increase in the total amount of
P in the system of 126 g between May'89 and October'9l has
been recovered. In ditch D this increase was 1055 g P.
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Table 2.7. 0.5 M HCl extractable P {ug P.[g DW]™1) in stored
sediment samples (sand ditches) from May 1989, Oct 1990 and
Oct 1991.

May'39 oct'90 oct'9l
ditch layer (cm)
A, refarence 0-1 24 ’ 19 14
1-5 24 24 22
»5 25
B, 1ix CUWVO 0-1 24 19 19
1-5 24 23 20
>5 17
C, 3x CUWVO 0-1 18 23 24
1-5 18 15 17
>5 18
D, highest 0-1 17 81 72
1-5 17 41 48
>5 15

Table 2.8. Sediment P-pool and total P-pool (g P/ditch} calcu-
lated from 0.5 M HCl sediment extraction.

May'89 Oct's0 Oct'91l
Bediment P pool

A, reference 122 120 107
B, 1x CUWVO 123 115 102
C, 3x CUwvo 92 83 92
D, highest 87 239 263
Total P pool

A, reference 125 133 117
B, 1x CUwWvoQ 125 134 127
C, 3x CUWVO 94 140 220
D, highest 89 896 1144

2.7 Comparison of internal and external P mass balances of the
sand ditches.

Comparison of the internal and external P mass balances shows
that the net change of P calculated from the internal mass
balance is smaller than that calculated from the external mass
balances for all ditches (see table 2.9).
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Table 2.9. Comparison of net internal and net external P mass
balance between May '89 and October '91.

A(internal) A(external)}
(grammes P)

A, reference -8 28
B, 1x CUWVO 2 144
C, 3x CUWVO 126 411
D, highest 1055 2224

In ditch A the magnitudes of these changes are very small and
within experimental errors. In the ditches B, ¢ and D the
recovered amount of P is substantially less than the gquantity
added, indicating that the applied sampling and analytical
nmethods are not adequate and/or accurate enough to recover the
whole internal P pool. This is most probably due to the
sediment compartment.

2.8 CONCLUSIONS AND DISCUSSION

In the clay ditches a reasonable agreement between internal
and external P mass balances, within the range of experimental
errors, was obtained in all systems except ditch C (3x CUWVO
level).

In the =sand ditches the total amount of P in the system, as
calculated from the sum of the individual P pocls, was in all
ditches smaller than the value estimated from external P mass
balances. This is most probably due to underestimation of the
sedimentary P pool, when extractable P contents are conside-
red. ‘

The P mass balances provide some insight in the internal
distribution of the external P input over the various compart-
ments. Thereby they provide information on the transformations
that may be important and need further research to assess the
nutrient cycling in the ditches. However, the dynamics of the
transformations cannot be revealed by annual snap-shots,
ceétainly not within these fairly large experimental errors.
Sedimentary uptake in the sand ditches, which has been shown
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to be a process that cannot be analyzed adeguately from simple
mass balances, is studied in detail in chapter 7.

REFERENCES

Fleischer, S., 1978. Evidence for the anaerobic release of
phosphorus from lake sediments as a biclogical process,
Naturwissenschaften 65, 109=-110.

Hieltjes, A. and L. Lijklema, 1980. Fractionation of inorganic
phosphates in calcareous sediments. J. Envir. Qual. 9,
405-407.

Lijklema, L., 1986. Phosphorus accumulation in sediments and
internal loading. Hydr. Bulletin 20 (1/2), 213-224.

Murphy J. and J.P. Riley, 1962, A modified single sclution
method for the determination of phosphate in natural
waters. Anal. Chim. Acta 27, 31-36.

Novozamsky, I., V.J.G. Houba, R. van Eck and W. van Vark,

1983. A novel digestion technique for multi-element plant
analysis. Comm. Soil Sci. Plant Anal. 14, 239-249,

56




Accumulation of P from mass balances
AFPENDII A
Sanpling of vegetation

Submersed Vegetation: The submersed vegetation was sampled after the
placement of a cylinder with a radius of 1B.5 cm in a homogeneocus
part of the dominant species of the vegetation. The plant material
within the cylinder wae quantitatively harvested. Per ditch three
cylinders were harvested.

Floating vegetation (Lemnids}: Floating vegetation (Lemna minor) was
harvested with a 1 mm sieve of 10 x 20 cm (five samples per ditch).

Banke vegetation:The vegetation on the banks was sampled from complete
harvesting of three segments per ditch, each with a length of 1 m.

The plant material was dried at 40°C for three dayes and weighted. Total
biomass of the dominant species in the ditch was estimated from the average
areal dry weight in the cylinder and the areal coverage of the species in
the ditch.

After grinding, weighted samples (usually 300 mg) of the grinded plant
material were, in duplo, digested in a H,S0, — Se mixture, using H0, as an
oxidator (Novozamsky et al., 1983).

Water analysig
Dissclved phosphate analyses were performed after filtering through a

0.45 um Schleicher & Schuell ME 25 membranefilter. Total P analyses
were performed after digesting of maximum 50 ml of ditchwater in 0.1
M H;80,, using potassiumperoxodisulphate as oxidator.

Sediment gampling

Per ditch five sediment cores with a diameter of 5.3 cm were
collected and transported to the laboratory. The cores were frozen at
-18°C and the 1layers of 0O-1, 1~5 and >5 cm were separated.
Corresponding layers of the five sediment cores were homogeneously
mixed. From these mixtures subsamples were taken to which the extrac-
tion scheme according to Hieltjes and Lijklema (1980; see text) were
applied (in October 1989 the layer >5 cm was not analyzed).

Samplin benthic 1 n_sand- hes

Three sediment cores, with a diameter of 5.3 com per ditch, were
pushed into the sand to a depth of about 10 cm. The benthic layer was
quantitatively separated from the sand by repeated resuspeneion and
decantation of the organic material. The algal suspension was filled
up to a volume of 1 1 and dry weight (105°C) was measured after
evaporation of a subsample of this suspension. Upon drying (40°C) of
another subsample the P-concentration was measured after digestion
(Novozamsky et al., 1983).

All phosphate analyses were performed on a Scalar SA-40 Autocanalyser with
the modified molybdate-blue method (Murphy and Riley, 1962}.
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APPENDIX B
October 1989

Results of sediment phosphate extractions (mg P.[g DW}')

ditch layer extraction step
(cm) NH,C1 NaoH - HCl rest total
A 0-1 0.043 0.278 0.06€5 0.127 0.513
0.034 0.389 0.069 0.144 0.637
1-5 0.021 0.250 * : 0.083 0.399
0.036 0.270 0.045 0.046 0.397
B 0-1 0.032 0.454 0.071 0.113 0.670
0.034 0.241 0.081 0.152 0.508
1-5 0.000 0.160 0.040 0.044 0.244
0.032 0.200 0.060 0.045 0.337
c 0-1 0.028 0.413 0.097 0.133 0.671
0.029 0.488 0.097 0.123 D0.737
1-5 0.070 0.210 0.079 D.042 0.401
0.037 0.230 0.064 0.047 0.377
D 0-1 0.091 0.651 0.098 0.153 0.993
0.119 0.768 0.099 0.13& 1.122
1-5 0.067 0.300 0.075 0.022 0.464
0.082 0.330 0.049 0.044 0.505

" = not available, but value of duplo used for calculation of total
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APPERDIX C
October 1990

Reeults of sediment phosphate extractions (mg P.[g DW)™")

ditch layer extraction step

{cm) NH,Cl NaoOH HCl1 rest total

A 0-1 0.026 0.527 0.108 0.232 0.892
0.038 0.546 0.099 0.197 0.880

1-5 0.016 0.128 0.020 0.054 0.217

0.015 0.140 0.025 0.057 0.237

»5 0.011 0.113 0.022 0.044 0.18%9

0.012 D.11s6 0.022 0.035 0.185

B 0-1 0.038 0.550 0.100 0.183  0.872
0.051 D.562 0.082 0.170 0.BBS

1-5 0.0186 0.116 0.016 0.046 0.194

0.014 D0.101 0.032 0.040 0.187

»5 0.010 D.116 D.0C33 0.044 0.203

0.016 0.111 0.059 0.048 0.235

c 0-1 0.049 D.763 0.178 0.278 1.268
0.037 D.652 0.222 0.281 1.192

1-5 0.020 D.119 0.034 0.03% 0.213

0.015 0.123 0.024 0.043 0.205

>5 0.017 0.107 0.052 0.048 0.224

0.020 0.107 0.022 0.045 0.193

D 0-1 0.215 3.564 0.204 0.307 4.290
0.186 3.755 0.235 0.330 4.506

1-5 0.052 0.285 0.038 0.059 0.435

0.037 0.296 0.034 0.056 0.424

>5 0.018 D.104 0.024 0.042 0.188

- 0.015 0.107 0.020 0.037 0.178
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APPENDIX D
October 1991

Results of sediment phosphate extractions (mg P.[g DW]")

ditech layer extraction step
{cm) NH,.Cl Naok HCl rest total
A 0-1 0.019 0.320 0.083 0.134 0.555
0.013 0.387 0.081 0.142 0,623
1-§5 0.007 G.087 0.023 0.073 0.190
¢.01¢% ,125 0.086 0.039 0.268
»5 0.028 0.123 * 0.067 0.262
0.017 0.142 0.043 0.042 0.245
B 0-1 0.009 0.092 - 0.072 0.230
0.015 0.108 0.058 D.044 0.224
1-5 0.013 0.1lle 0.047 0.043 0.218
0.009 0.086 0.036 0.034 0.166
>5 0.006 0.104 0.034 0.054 0.198
0.015 0.100 0.050 0.038 0.203
c 0-1 0.010 0.245 0.076 0.081 0.413
0.017 0.246 0.065 0.123 0.451
1-5 0.012 0.115 " 0.036 0.208
0.007 0.095 0.045 0.041 0.187
»5 0.007 0.088 0.032 0.042 0.170
0.018 0.103 0.052 0.080 0.223
D 0-1 0.368 3.653 0.324 0.562 4,908
0.29% 3.087 0.520 0.875 4.746
1-5 0.028 0.538 0.056 0.053 0.675
0.028 0.553 0.060 0.063 0.703
>»5 0.010 0.142 0.046 0.067 0.265
0.022 0.145 g.052 0.05% 0.274

" = not available, but value of duplc used for calculation of total
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Chapter 3

Primary succession of aquatic macrophytes in experimental

ditches in relation to nutrient input
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Submersed aguatic macrophytes - Pleustophytes - Ditch
vegetations - Eutrophication - Primary succession

Based on: Primary succession of aguatic macrophytes in experimental ditches
in relation to nutrient input, by R. Portielje and R.M.M. Roijackers,
submitted to Aquatic Botany

61




—Chapter 3

62



Primary succession of macrophytes

3. PRIMARY BUCCESSION OF AQUATIC MACROPHYTES IN EXPERIMENTAL
DITCHES IN RELATION TO NUTRIENT INPUT

ABSTRACT

In four experimental ditches, receiving four different levels
of external nutrient input, the development of the species
composition of the aquatic macrophyte communities was monito-
red during a period of 3.5 years (May 1989 - October 1992).
The rate of primary succession was positively related to the
level of external loading with nutrients (N and P).

At the start of the nutrient locading program, one year after
the creation of the ditches, the vegetation was in a pioneer
stadium. It consisted for the greatest part of Characeae, with
an abundancy, expressed as areal coverage, of > 90 % in all
four ditches. -

After the start of the program the Characeae disappeared and
were replaced by ElIodea nuttallii in all four ditches. The
rate of the transition was positively related to the level of
external nutrient loading.

In a ditch receiving a very high nutrient input, Elodea nut-
tallii was in turn replaced by lemna minor. At two intermedia-
te levels of nutrient loading Elodea has remained stabile
towards the end of the research period, performing a horizon-
tal growth strategy, and forming a dense near-surface biomass
with an areal coverage of almost 100 % during the summer. At
the lowest level of nutrient input Elodea nuttallii reached an
areal coverage of almost 50 % in October 1992, still perfor-
ming a vertical growth strategy.

INTRODUCTION

The effect of eutrophication on aguatic communities has been
studied extensively for decades. Most attention has been paid
to phyteplankton blooms, as they are considered to cause most
of the nuisances related to cultural eutrophication (Van
Straten, 1986). However, nuisances caused by excessive growth
of aquatic macrophytes also occur. Especially free-floating
and emergent species may cause severe inconveniencies by ob-
structing navigation or other forms of water usage (Sculthor-
pe, 1967).

In lakes eutrophication usually causes a decline of submersed
aguatic macrophytes, caused by excessive growth of periphytic
and filamentous algae. This then gives way to phytoplankton
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blooms (Philips et al., 1978). Competition with species with
floating or emergent leaves may also cause the disappearance
of submersed species, especially in small water beodies. This
results in a decline of the ecosystem diversity, as concomi-
tantly the secondary producers that depend on submersed ma-
crophytes for various purposes disappear.

In shallow waters the sediment plays an important role in the
nutrient supply of rooted mnacrophytes (Carignan and Kalff,
1980; Barko and Smart, 1980). In case of low nutrient concen-
trations in the water column, macrophytes capable of extrac-
ting their nutrient requirements from the sediments are in an
advantageous position. In stagnant waters, where a root system
is not necessary for anchoring, the function of the roots is
mainly restricted to nutrient uptake. The water column is
clear so that light can sufficiently penetrate to the bottom
zone (see figure 3.1 a).

Agquatic macrophytes can - also be capable of significant nu-
trient uptake from the water phase (Philips et al., 1978).
This can be either foliar uptake or uptake by a part of the
root system that is suspended in the water (Agami and Waisel,
1986). At intermediate trophic states, with varying concentra-
tions of dissolved nutrients, uptake from the sediments and
the water column can occur alternately. During periods of
higher concentrations of dissolved nutrients in the water
column, nutrient uptake from the water column prevails. The
hecessity for an energetically unfavourable underground root
system decreases with increasing trophic state.

Once the restriction of nutrient limitation with respect to
nitrogen and phosphorus has been alleviated, the survival of
an autotrophic species mainly depends on its ability to compe-
te for light, carbon and space. This results in a movement of
the production zone towards or above the water surface. For
submersed species a switch from a wvertical to a horizontal
growth strategy is benificially. Optimal occupation of the
zone Jjust below the water surface is of competitional advanta-
ge, both with respect to light interception and carbon availa-
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bility. Enhanced primary production induces a higher pH, which
in turn enhances the €O, flux from the atmosphere (Portielije
and Lijklema, subm.). The atmospheric C-flux can be high
enough to sustain a considerable net primary production during
the growth season (see figure 3.1 B).

Sedimentary uptake can compensate for a part of the excess
phosphorus after enhanced external loading and this fraction
is not available for non-rooted plants. The uptake capacity of
the sediment is limited, and may determine to a large extent
the occurance of pleustophytic life forms.

At high trophic states, with constant high concentrations of
dissolved nutrients in the water column, pleustophytic life
forns (bDen Hartog and Segal, 1964) that derive their N and P
requirements sclely from the water column are in an advantage-
ous position. Carbon dioxide is taken up directly from the
atmosphere (see figure 2.1 C).

A) / alt B)

Figure 3.1. Global overview of different trophic states in
aguatic macrophytes communities (for explanation see text).
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In experimental ditches research is conducted on the effect of
different levels of external nutrient loading on the response
of the system with respect to its structure and functioning. A
shift in species composition of the aquatic macrophyte com-
munity is a direct effect of eutrophication. In turn it can
result in various indirect effects, related to the interacti-
ons between different components of the ecosystem (Brock et
al., submitted). The effect of nutrient availability on the
species composition and the dominant growth form of the ma-
crophyte community is therefore an important aspect of eutrop-
hication.

This paper deals with the change in species composition of the
community of aguatic macrophytes in four experimental ditches
during a peried of 3.5 years. Four different levels of exter-
nal nutrient loading were applied. The development of the
vegetation after the start of the nutrient loading program
reflects the effect of eutrophication on the primary successi-
on of the vegetation. Abundancy of individual species is
estimated on the basis of areal coverage, and is analyzed in
time.

In this study all species have been included that extract
their nutrient requirements from the water or the sediment.
These are, besides the rooted and non-rooted submersed spe-
cies, also pleustophytes (lemnids) and helophytes. The vegeta-
tion on the banks was not included in this study.

To assess the importance of microphytes in the systems, the
growth of periphytic algae on artificial substratum was moni-
tored.

SITES BTUDIED

The location of the ditch plant and the characteristics of the
ditches are described in chapter 1.5 (p.20-22).

The ditches were constructed in March 1988, one year before
the start of the nutrient loading program. During this year a
vegetation had developed that was typical for a pioneer stadi-
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um: it consisted mainly of Characeae, with a coverage of more
than 90% in all four ditches.

The external nutrient loading rates of the ditches and the
nethod for nutrient addition are described in chapter 1.6 (p.
22-24).

The concentrations of dissolved phosphorus remained Jlow in
ditches A, B and C, with in the latter two only a temporary
increase following each dosage. In ditch D the dissolved
phosphorus concentrations have gradually increased since the
start of the loading program. Ortho-P concentrations of ditch
D are displayed in figure 2.2 a.

The particle size distribution and other characteristics of
the sediment, as measured before the start of the nutrient
loading program in May 1989, are given in tables 3.1 and 3.2.

Table 3.1. Particle size distribution at the start of the nu-
trient loading program (May 1989).

ditch: A B C D

fraction (um):
< 2 10.9 10.0 9.8 10.4
2 - 16 4,3 3.7 3.4 3.7
16 - 50 5.3 4.6 4.5 5.9
50 - 105 4.0 4.5 4.0 4,2
105 - 2000 74.1 76.2 77.3 74.0

Tabla 3.2. Chemical characteristics of the sediment in May
1989

ditch: A B c D
variable: ’

total P (mg.[g DW] 1)
total N (mg.[g DW]~1)
Org. Matter (% of DW)
CaC0; (% of DW)

Fe total (% of DW)

FOOoOOO
B

. 0

NGO ON

Table 3.3 presents the composition of the ditch water with
respect to a number of variables during the growth season of
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1990. The table shows that the ditches have similar concentra-
tions of Mg?* and Na*. Ditch D had higher concentrations of
ca?* and K' compared to the other three. The high K'-concentra-
tions in ditch D are caused by the monthly K,HPO, dosages.
Ditches A, B and C have a similar alkalinity and EC,g, but EC;g
is higher in ditch D.

Table 3.3. Composition of ditch water, ranges of variables
during 1990.

a B C D
Alkalinity(megq.1™!) 1.0-1.6 0.9-1.5 ©0.9-1.8 0.7 - 2.5
EC,5 {(#S.cm”1) 110-150 120-180 110-170 200 - 270
Na (g.m™3) 5.2-8.1 5.4-8.0 3.7-7.5 7.3 - 8.8
+ (g.m~3) 0.8-1.7 0.8-2.2 0.9-2.8 15.7-22.2
ca?* {g.m"3) 11 - 15 - 10 - 15 8 =17 20 =~ 29
Mg2* (g.m~3) 1.7-2.0 1,7-2.1 1.0~2.1 1.5 - 2.1

Figures 3.2 a-d display the pH-range during the period 1989~
1992, presented as the monthly minimum and maximum values for
the four ditches.

MATERIALS AND METHODS

The ditches were longitudinally divided in 20 equidistant
segments, each with a length of 2 m. In each segment the areal
coverage was estimated for individual species. Results are
presented as the mean of the whole ditch.

Internal P-concentrations of the plant material in the four
ditches were measured on four occasions: May 1989, October
1989, October 1990 and October 1991. These only provide a
global estimation of their development over time, and do not
reflect short term dynamics.

Samples were cbtained from guantitative harvesting of the
vegetation within a cylinder with a diameter of 37.5 ¢m placed
in a homogeneous part of the vegetation, on three sites per
ditch. Dry weight was measured after drying at 40°C.
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The internal P concentration of the plant material was measu-
red after complete digestion of a weighted amount of dry
matter in a H,S50, - Se mixture, using H,0, as an oxidator
{(Novozamsky et al., 1982). Phosphate analyses were perforned
with the modified molybdate-blue method according to Murphy
and Riley (1962).
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Figure 3.2, Monthly pH minima and maxima.
a) ditch A; b) ditch B; ¢) ditch €; d) ditch D;

The growth of pefiphytic algae was measured as the areal
chlorophyll-a content on artificial substratum after one month
incubation in the ditches. As artificial substratum microscope
glass slides were used. Chlorophyll-a was estimated according
to the hot ethanol method (Roijackers, 1981).

Sedimentary P was measured as the sum of the fractions of the
extraction scheme according to Hieltjes and Lijklema (1980),
followed by digestion with H,S80,.
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RESULTS

The total number of species that has been observed is 14
(including filamentous algae as a group). Table 3.4 gives a
complete overview of the species that have been encountered in
one or more of the ditches and a global indication of their
maximum areal coverage during the period May 1989 - October
1992. Senecio congestus generally a terrestrial species, was
included because in ditch D it showed up as a pleustophytic
life form. This is probably due to the anchoring effect of a
Lemna minor bed and the high concentrations of dissolved
nutrients in the water.

At the start of the nutrient loading program the species
composition was almost identical in all four ditches. Charace-
ae were dominant, with an areal coverage of > %0% in all four
ditches. Figure 3.3 presents the relative areal coverage of
Characeae in time. It shows that they disappeared from all
four ditches, but that the rate of decline is positively
related to the external nutrient loading. In ditch D the
Characeae completely disappeared during the first year after
the start of the program, while in ditch A it took about 2.5

years.
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Figure 3.3. Relative areal coverage of Characeae
(0 = ditch A; * = ditch B; + = ditch ¢; = = ditch D).
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Table 3.4. Overview of species present in the ditches and a
global indication of their maximum areal coverage (%) during
the period May 1989 - October 1992.

ditch: A B C D

species
Alisma plantago-aguatica L. XX x X XXX
Characeae XXX XXXX XXXX XXX
Elodea nuttallii (Planch.) St. John XXX AXXX XXXX XXXX
Lemna minor L. X x X XXXX
Luronium natans (L.) Raf. X b - -
Myriophyllum verticillatum L. - - X -
Polygonum amphibium L. - x - X
Potamogeton crispus L. _ xX X XX p1$ 4
Potamogeton pusillus L. xx X x -
Ranunculus circinatus Sibth. XXX XXX XXX XXX
Sagittaria sagittifolia L. XXX XX x XXX
Eleocharis palustris L. XxXx - - -
Senecio congestus (R.Br.) DC. - - - XXX
filamentous algae XXX XXX XXX XX
9 - : not found ; X : max. < 2 %;

XX ! max. 2-10 %; XXx ¢ max 10-50 %;

XXxX : max. > 50 %;

Figure 3.4 displays the areal coverage of Elodea nuttallii in
time. It shows an enormous expansion in ditch D during the
growing season of 1989. In ditch € and B the expansion was
much less, while in ditch A it did not become abundant until
medium 1991, At the start of the nutrient loading program
there was a slight gradient in the abundancy of Elodea nuttal-
lii: the areal coverage was 0, 0.5, 2 and 9 % in ditches A, B,
C and D respectively.

Figure 3.5 presents the development of Lemna minor in ditch D,
where it became the dominant species during the summer of
1990. After that its areal coverage varied considerably, but
this is mainly due to wind action. In the other ditches Lemna
minor never reached an areal coverage of > 0.1%.

Figures 3.6 a-¢ display the areal coverage of Sagittaria
sagittifolia, Ranunculus circinatus and Alisma plantago-agqua-
tica respectively. Sagittaria sagittifolia reaches higher
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areal coverage (%}

FPigure 3.4. Relative areal coverage of Elodea nuttallii.
(O = ditch A; * = ditch B; + = ditch C; » = ditch D).
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Figure 3.5. Relative areal coverage of Lemna minor in ditch D.

coverages in ditch 2 and D than in the ditches with the two
intermediate trophic states. During the first year after the
start of the loading program, the abundancy of Ranunculus
circinatus indicated a positive relationship with the trophic
state, but after that declined in ditch B, C and D. Alisma
plantago-aguatica shows an increase in coverage in ditch D,
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but here a shift from rooting in the sediment to rooting near
the banks of the ditch has occurred.

The internal P-concentrations of the dominant species are
given in table 3.5.

Table 3.5. Internal P-concentrations (mg P.[g dry weight]™l} in
the dominant taxa Characeae (C), Elodea (E) and Lemna (L)

ditch: A B C D
May 1989 1.3 ¢ 1.3 C 1.4 C 1.5 ¢C
Oct 1989 1.9 C 2.1 E,C 2.7 E,C 6.8 E
Oct 1990 1.4 C 2.1 E 3.2 E 14.2 L
Oct 1991 1.2 ¢ 3.6 E 4.5 E 14.4 L

Table 3.5 shows that Lemna minor is capable of accumulating
much higher internal P-concentrations than Elodea and Charace-
ae. The internal P-concentrations of Elodea nuttallii vary
considerably, and are higher in ditch ¢ than in ditch B. In
both ditches they increase in time. In ditch D the internal Pp-
concentrations in Elodea nuttallii reached a high value within
five months after the start of the nutrient loading program.
The internal P-concentrations of Characeae are continuously
low and fairly constant.

Growth of epiphytic algae is presented in figqures 3.7 a-d. The
figures show that the areal chlorophyll-a content in ditches
A, B and C varies considerably. No clear seasonal pattern can
be detected. The values in ditches B and C are generally
higher than those in ditch A. In ditch D very high values were
measured during the first half of 1990, and after that they
decreased. In 1991 and 1992 relative high chlorophyll-a con-
tents were measured in spring; during the summer and autumn
they were low.

Table 3.6 presents total sedimentary P in the top 5 centime-
ters. For reasons of comparison with the external loading
rates (see chapter 1.5), sedimentary P is presented as g P.[m2
water surface area] !. Deeper sediment layers showed no change
in sedimentary P-content after 2.5 years after the start of
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Figure 3.6. Relative areal coverage of a) Sagittaria sagitti-
folia; b} Ranunculus circinatus; c) Alisma plantago-aguatica
(O =ditch A; * = ditch B; + = ditch C; m = ditch D).
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the 1loading program, even at the highest loading rate, and
therefore have not been taken into account. This indicates
that wvertical transport within the sediment is very slow.
Table 3.6 shows that in ditch A, B and C there is even a
slight decrease in sedimentary P-pool after 2.5 years, but the
pattern is irreqular. The values from October 1989 are all
high, and a systematic analysis error can be considered. In
ditch D the sedimentary P-pool increased steadily. The average
sedimentary P-uptake rate after 2.5 years in ditch D was 10.7
g P.[m* water surface area]!, which is slightly smaller than
the external P loading rate (see chapter 1.5).
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Figure 3.7. CGrowth of periphytic algae on artificial substra-
tur from November 1989 to October 1992.
(& = ditch A; B = ditch B; € = ditch ¢; D = ditch D).

Table 3.6. Sedimentary P-pool (g P.[m’ water surfacej’.

May'89 Oct'89 Oct'90 oct'91l

ditch
A 8.9 14.1 +0.7 9.7 *0.8 8.9 0.5
B 8.5 10.8 *1.6 8.5 0.7 6.7 0.9
C 11.3 14.2 $0.8 10.2 £1.0 7.4 0.5
D 10.2 18.3 #£1.1 26.6 3.4 36.0 +3.7
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CONCLUBIONS AND DISCUSSION

The rate of primary succession in four experimental ditches
was positively related to the level of external nutrient
input. The first step was the replacement of Characeae by
Elodea nuttallii. In ditch A, which recieves the lowest exter-
nal nutrient input, it took 2.5 years after the start of the
loading program and 3.5 years after the creation of the dit-
ches before the Characeae had vanished completely. In ditches
B and C it was respectively a little over and a little under
1.5 years after the start of the nutrient loading program. In
ditch D the Characeae vegetation already collapsed during the
first growth season, and disappeared within ten months. 1In
ditches B, ¢ and D the disappearance of the Characeae can be
directly attributed to displacing by Elodea nuttallii. During
the transition period Elodea filled up the top part of the
water column, and overgrew the Characeae vegetation that was
present in the bottom part. In ditch A Elodea only became
significant after the Characeae had already vanished almost
completely. The conclusion that the level of nutrient loading
causes the differences in primary succession rates is, howe-
ver, slightly biassed by differences in the initial coverage
of Elodea.

In ditches B and C the Elodea vegetation has remained stable,
with an almost 100 % coverage during the summer and autumn. At
the end of the research period ditch ¢ was virtually a mono-
culture. Ditch B had a low abundancy of Sagittaria with a
maximum areal coverage of 1 and 2 % in 1991 and 1992 respecti-
vely, and a larger coverage with filamentous algae than ditch
c.

In ditch D Elodea nuttallii was displaced by Lemna minor and
was completely gone at the end of 1990. The growth of Lemna
minor during the summer of 1990 resulted in a pH drop from 7
till 9 in June to 5 till 6 in September and generally anoxic
conditions throughout the whole water column. Dominance of
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Lemna minor reduces the water column to a compartment where
the biolcgical activity is mainly restricted to decomposition.
The development of phytoplankton or epiphytic algae is possi-
ble only during periods when the Lemna mrinor cover is not
complete: on a large time-scale this is due to seasonal ef-
fects, whereas on a short time scale it results from wind
stress, when lLemna minor is pushed towards the banks. Growth
of periphytic algae was high during the first half of 1990,
and declined after the transition to dominance by Lemna minor
had occurred. In 1991 and 1992 growth of periphytic algae in
ditch D was high during spring, and declined to very 1low
values during the second half of the year. In the other dit-
ches this decline was not observed.

Phytoplankton blooms have not occurred to any appreciable
extent during the period of transition from a Characeae to an
Elodea dominated system. One of the reasons could be the
release of allelopathic compounds by the macrophytes. This has
not been tested in our studies, From literature we know that
allelopathic effects of Characeae extracts on phytoplankton
have can occur in bhio-assay experiments (Wium-Andersen et al.,
1982). It has not been shown that this phenomenon also occurs
in situ with intact Characeae cells (Forsheryg et al., 1990).
However, during periods of massive die-off of Characeae, alle-
lopathic compounds may be released and cause the suppression
of phytoplankton blooms.

Lemna minor remained the dominant species in ditch D until the
end of the research period in October 19922. Due to the ancho-
ring function of the Lemna bed and high concentrations of
dissolved nutrients, Senecio congestus, generally a terrestri-
al species, manifested itself as a pleustophytic species. It
reached considerable areal coverages during 1991 and 1992.

The measured internal P-concentrations of Lemna minor are
consistent with those given by Riemer and Toth (1968), who
found that among 37 investigated species of angiosperms Lemna
minor had the highest internal P-concentrations. The internal
P-concentrations of Elodea nuttallii vary considerably, depen-~
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ding both on the level and duration of the phosphorus loading.
The areal coverage by FElodea nuttallii followed a similar
pathway in ditches B and C, but the difference in external
loading rate is reflected in the internal P-concentrations.
Lemna minor derives its P requirements solely from the water
column. The transition from dominance by Elodea nuttallii to
dominance by Lemna minor will only take place after the system
has lost its ability to store the added P, either through
storage in the sediments or internal storage in the vegetati-
on.

The sediment uptake capacity is limited by a wmaximum, which
was slightly exceeded in the highest loaded ditch, resulting
in increasing nutrient concentrations in the water column.
This is probably a precondition for the occurrence of pleus-
tophytic life forms. At lower external nutrient locading rates,
on the other hand, a decrease of the sedimentary P-pool was
observed. In this case the sediments released P, which sustai-
ned the growth of macrophytes,

The internal storage in the vegetation is also limited by a
maximum in both biomass and internal P concentration. 1In
ditches A, B and C Lemna minor was found occasionally with a
low coverage that never exceeded 0.1 %. In these ditches the
nutrient concentrations obviously were not high encugh to
allow the development of a Lemna minor bed.

Analysis of continuous oxygen measurements (from March 1990 to
March 1992) revealed that the gross production rate is higher
in ditch ¢ than in ditch B (Portielje et al., subm.). Net
production on the other hand, was initially also higher in
ditch €, but became negative after 1990, while it remained
generally positive in ditch B. The gradual build-up of an
organic pool consisting of mainly dead plant material will
result in a higher internal P-release from decomposition. This
further reduces the available P storage capacity of the sy-
stem.

The measured internal P-concentrations of Characeae are close
to the critical concentration, which is defined as the trans-
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ition peoint at which storage without additicnal growth starts
to occur (Hutchinson, 1975). This critical concentration is
ca. 1.3 mg P.[g dry weight] ! for a wide range of species
{Gerloff and Krombholz, 1966).

Sagittaria sagittifolia was most abundant at both extremes of
the trophic gradient, and this is most probably due to the
negative effect of the dense Elodea vegetation in the two
ditches with intermediate trophic levels. A dense Elodea
vegetation might hamper the penetration of shoots of Sagitta-
ria towards the water surface. A cover of Lemna minor appa-
rently did not obstruct Sagittaria. A great variety in 1leaf
forms can be performed by Sagittaria sagittifolia (Hutchinson,
1975). In Qitch D Sagittaria sagittifolia manifests as larger
plants with larger and brighter leaves compared to those in
ditch A.
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Chapter 4

The effect of reaeration and benthic algae on the oxygen

balance of an artificial ditch
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Reaeration and benthic algae

4. THE EFFECT OF REAERATION AND BENTHIC ALGAE ON THE OXYGEN
BALANCE OF AN ARTIFICIAL DITCH

ABSTRACT

In an artificial ditch, receiving a low nutrient input, pro-
cesses affecting DO (dissolved oxygen) were measured. Estima-
ted process parameters were implemented in a dynamic model to
simulate continuously measured DO. The processes modeled were
primary production, respiration, sediment oxygen demand and
reaeration.

Primary production by a benthic layer of algae was found to
dominate the oxygen balance. The contribution of reaeration
was also large, even at the observed oxygen concentrations
which were close to equilibrium.

Adaptation to ambient light conditions was introduced in the
description of benthic primary production. The reaeration-
coefficient was related to the continuously measured wind
velocity. This resulted in a good agreement between simulated
and measured DO concentrations, with a model efficiency of
89%.

INTRODUCTION

In artificial ditches research on eutrophication is conducted.
The effects of the level of external nutrient loading (N and
P) on the structure and functioning of the system is studied,
with emphasis on the underlying processes.

A conseguence of enhanced nutrient supply to nutrient limited
systems is an increase in the productivity and concomitantly a
change in the oxygen balance. High productivity can result in
large DO fluctuations, with high oversaturation during dayti-
me. The intensification of the nutritional cycle also causes
an increased respiration and decomposition of organic matter,
resulting in DO depletion at night. In aguatic systems with
low productivity, DO generally will be close to the equilibri-
um, with a daily amplitude that is relatively small compared
to this equilibrium.

In this chapter the oxygen balance of a ditch with a low nu-
trient input, originating from dry and wet atmospheric deposi-
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tion and occasional supply of groundwater with low N and P
concentrations, is discussed. DO is simulated using measured
process parameters. In this study the attention is specifi-
cally on the exchange of oxygen across the water-air interface
and on the role of benthic alqgae. ‘

Due to a Jlow external input, the concentrations of dissolved
phosphorus are low: on average about 10 ug PO,-P/l. Concen-
trations of suspended particular P are about 20 ug P/l. Near
the water-sediment interface the availability of nutrients
will generally be higher. A layer of mainly benthic algae,
some dead organic matter and bhacteria has developed. This
interface provides a preferred habitat to algae and bacteria
in systems with low nutrient concentrations in the overlying
water.

The rationale for the study of the oxygen balance is the close
relationship between nutrient dynamics and primary preduction.
Whereas nutrient fluxes cannot be measured directly with
sufficient accuracy, analysis of continuous DO recordings ena-
bles the reconstruction of net and gross production rates
through an adegquate model. Gross production rates then can be
used to estimate the fluxes of nutrients through the biotic
conmpartment.

THEORY

Modelling concepts

A balance for the oxygen concentration C [g.m‘3] is:

% = PROD - RESP - SOD + REAER (1)
with PROD and RESP primary production and respiration by both
benthic algae and phytoplankton, SOD=scediment oxygen demand
and REAER-reaeration. The relative importance of the different
processes varies within the diurnal and the seasonal cycle.

Figure 4.1 presents a conceptual diagram of the model.

86




Reaeration and benthic algae

‘ +/- rnaeration
/ <+ P-phytopiankton
watar eol dC/dt
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+ P-banthos, - R-seston
/ \ - R-benthos
sang - SOD

Water column

Benthic layer

Sand

Figure 4.1. Conceptual diagram of the model and its applicati-
on to the artificial ditch.

Reaeration

Information on reaeration in stagnant waters is relatively

scarce as compared to that in streams. In the latter the mass

transfer coefficient at the water-air interface depends on

theturbulence generated by the bottom shear stress of the

flowing water. In staghant water wind generates the turbulence

at the surface. Existing relationships between wind velocity

and the mass transfer coefficient are not suitable for small

systems. Hence in situ wmeasurement of this relationship is

neccessary.

Technigques for the measurement of reaeration can be divided in

three groups:

1) direct measurement

2} calculation as the restpost of a DO mass balance after
all other terms have been measured.

3) calculation from measurements on a tracer gas.
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1) usually involves the placement of a cap on the water surfa-
ce, thereby enclosing a volume of air which is then flushed
with N, to drive ocut oxygen. The rate of replenishment with
oxygen from the water is measured, and the mass transfer
coefficient can be calculated. The cap can locally influence
turbulence, and thereby affect reaeration, especially in small
water bodies where the size of the cap is not negligibly small
as compared to the water surface. It is not clear at what
scale of turbulence a loss of turbulence may be induced but it
can be assumed that the dissipation of energy from the waves
downwards to smaller eddies and ultimately to Brownian move-
ment (heat) will be affected, especially at the scales of the
cap and the depth of submersion of the instrument. Only compa-
rison with independent measurements can give an estimate of
the potential reduction in mass transfer rates. Measurements
with a cap have the disadvantage with respect to 3) that it
measures reaeration at one spot, while a spatial wvariability
might exist. This is especially the case in the ditches, where
significantly higher waves can be generated on the lee-side.

2) has the clear disadvantage of accumulating all the inaccu-
racies in the other terms of the oxygen balance into the
calculated reaeration rate.

3) has neither of the above mentioned disadvantages, but puts
some demands on the tracer gas te be used :

- iﬁ must be conservative and have no other sources or sinks
except exchange across the air-water interface.

-~ the method for analysis of the tracer must have a sufficient
accuracy and a sufficiently low detection limit.

-~ as with oxygen, the solubility must be low, and the resis-
tance towards gas exchange must be at the water-side of the
interface.

- for application in natural waters it must, of course, be a
non-toxic.

- its molecular diffusion coefficient should be close to that
of 0,. According to different theories, e.g. the film model
(Whitman, 1923) or the penetration model (Higbie,1935) the
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mass transfer coefficient K, is proportional to D", with n=0.5
in the penetration model and n=1.0 in the film model. 1In
reality n lies between these two theoretical values, but is
not known and varies apparently with the hydrodynamic conditi-
ons. Experimental evidence suggests values of about 0.6-0.7.
If Diracer ® Doz then Kp i acar # Ky oz, irrespective of the value
of n.

Tsivoglou et al. (1965} did tracer experiments to measure
reaeration in the laboratory and later in the field as well
{(Tsivoglou et al, 1968). Krypton-85 was used as the gas tracer
and tritium as dispersion/dilution tracer. Rathbun et al.
(1978) introduced low molecular weight hydrocarbon gases as
gas tracer. In laboratory and field studies chlorinated hydro-
carbons such as methylchloride have also been used (Wilcock,
1984a,b).

In this study ethylene was chosen as gas tracer. It is non-
toxic at low concentrations and its diffusion coefficient is
close to that of oxygen (Degyq,z0ec = 1.87.1077 m2.s™! (Reid,
1977) and Dgy s00c = 2.55.1077 m2.s”l). Microbial conversion can
be neglected compared to the flux across the water-air inter-
face, although repeated use of the gas in the same water body
on a longer term may cause the development of a microbial
population that is capable of breaking down ethylene. In a
small isolated water body the use of a dilution-/dispersion
tracer is not needed, as the time to achieve complete mixing
of the tracer after dosing is small compared to the time-scale
of the exchange across the water-air interface.

The flux F (g.m 2.hr"!) across the air-water interface is given
by:

F=K/(C, - O (2)

with K, the mass transfer coefficient (m.hr™!).The eguilibrium
concentration C, [g.m‘3] of oxygen in freshwater, assuming a
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constant partial pressure in the atmosphere, is a function of
temperature, and is given by (Rich,1973):

C, =14.652 - 0.410T + 7.99.107%7%2 - 7.78.107°T° (3)

with T in °C.

The mass transfer coefficient of oxygen is derived from that
of the tracer from:

n

D,
- 0,
Kio, = KL.!:(T):) (4)

(Subscript t refers to the tracer}

With n=0.6 this yields Ky 5 = 1.20 K  and with n=0.7 Ky o3 =
1.24 Ky ¢

Rathbun et al. (1978) derived from laboratory experiments on
sorption rates of oxygen and ethylene in a temperature traject
of 20-30°C, that Kpoz2 = 1.15 Kp . (n=81,0=0.11, standard
deviation supplied by Rainwater and Holley (1984) using the
original data from Rathbun).

In this study the mass transfer coefficient of oxygen is
calculated from the measured ethylene K;-value using this
experimentally derived ratio of 1.15. The partial pressure of
the tracer in the atmosphere can be assumed zero.

S5ince measurement of one K, ., value takes a few days the wind
velocity unfortunately has to be averaged over that period, A
non-linear relationship therefore is forced intec a linear
framework. K; . also depends on temperature:

Ko = K, twcegr—zol (5)

6, is the temperature coefficient, and a value of 1.024 (-)
has been estimated by Downing and Truesdale (1955).

The relationship between wind wvelocity and the mass transfer
coefficient will differ between individual water bodies. The
disgipation of turbulence generated by wind depends on the
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geometry of the system. Therefore it has to be determined
experimentally.

Banks (1975) distinguished three different trajects of wind
speed in relation to K;: at low wind speed K, = W%, at
intermediate wind speed K, = W and at high wind speed K, = W2.
The transition from the intermediate wind speed traject to the
high wind speed traject seems to correspond to the initiation
of breaking waves and the resulting surface enlargement. In
the ditches the fetch is too short to cause this phenomenon,
and therefore consideration of a quadratic wind-reaeration
relation at high wind speeds may be undue.

Primary production

In the test ditch primary production by macrophytes can be
neglected, so only algae are included in the model concept.
The algae are divided in phytoplankton and phytobenthos, for
which the primary production rates can be modelled with the
same equations. The values of the model parameters will
differ:

PROD = PIyny ub,,. F(N)F(I)F(T) (6)

in which F(N) and F(I) represent limitation by nutrients and
light and F(T) the temperature effect relative to the
reference temperature. Subscripts w and b refer to water
column and benthic layer respectively. The nutrient
availability in the ditch is low and is mainly determined by
internally stored P (Portielje and Lijklema, 1993}. As the
relative change in bhiomass is small during a period of a few
days, it can be considered constant for the simulation period.
Therefore F(N)} can be included in the maximum gross production
rate Pr,, ., ©f the phytoplankton or phytobenthos.

The photosynthesis-light function F(I) used is that of Steele
(1962), which takes into account photo-inhibition at high
irradiance:
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I, -
F(Iz) = z e Iew (7,
Is.w

with I, the optimum light intensity (W.m?). Subscripts z and w
refer to depth and phytoplankton respectively. To account for
the attenuation of light egquation (7) is averaged over depth:

(—sE
F(I) = _g_[e Iyw - Il.r} ) (B)

with e=2.71. €, is the total extinction coefficient of the
water (m') and subscripts 0 and B refer to water surface (z=0)
and bottom (z=B) respectively.

Light attenuation is much larger in the benthic layer than in
the water column. The extinction coefficient has to be
determined experimentally. The material is flaky and the
distribution of materjial in the layer 1is vertically
inhomogeneous, with lower densities in the top part. Therefore
the extinction coefficient ¢, is defined as the attenuation of
light per dry weight per area (m’.[g dry weight]!). For this
purpose the benthic layer has been divided into a number of
horizontal sublayers, each representing an equal amount of dry
weight. The light intensity I, in the middle of a layer n is:

_‘wn-llz

I, =Ize feot (9)

with I, the light intensity at the interface of the water-
benthic layer interface and n, the number of sublayers. M is
the total amount of dry weight per unit of area. For the
individual sublayers the light function can be calculated as

I a-
F(I),= —2e  fe» (10)

The overall light response function for the benthic layer is
attained from averaging the F(I)-values of the individual
sublayers. The optimum light intensities I,, and I,, vary in
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time due to adaptation to incident 1light conditions.
Therefore I,, and I,, are calculated for each day with:

I w = cZﬁ (11!)

P )F (11b)

with A the length of the light period. c is a constant, to
which Smith (1980) assigned a value of 0.3 (-). Van Straten
(1986) found c=0.45. It is based on the observation that in
lakes the maximum productivity occurs roughly at a depth 2z
where I, ® 0.3I,. Equations 1lla,b imply an  instantaneous
adaptation to the light conditions of the actual day.

The exchange of oxygen between the benthic layer and the
overlying water may be limited by transport across the
interface. During periods of high productivity a concentration
gradient, with higher DO concentrations in the benthic layer
than in the overlying water, may be generated. Revsbech et al.
(1983) measured steep gradients within a microbial mat using
microelectrode techniques. The effective vertical diffusion
coefficient D, at the benthic layer-water interface is
determined by turbulence and pressure gradients in the
overlying water. Portielje and Lijklema (1993) estimated for
phosphate that D, at the lower boundary of the benthic layer
(the sediment-benthic layer interface) in a ditch identical to
that considered in this study was on average about 25 times
the molecular diffusion coefficient D,,. At the benthic layer-
water interface D, may therefore well be in the order of
several hundreds times D,,. The exact value is not known, and
varies in time depending' on environmental conditions. The
sensitivity of the simulated DO course in the overlying water

to the value of D, however has to be considered.
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Respiration

Respiration by algae and DO consumption by bacteria is modeled
solely as a function of temperature, again analogous tec (5},
with the temperature coefficient 83 = 1.08 (-), (Van Duin and
Lijklema, 1989). Photo-respiration, which has been shown to
respond rapidly to the gross photosynthesis rate (Harris &
Piccinin, 1977), has not been taken into account, but
manifests in primary production measurements as a lowered net
production rate,

Sediment oxvgen demand

Sediment oxygen demand is the result of several oxygen
consuming processes in the sediment, each with its own
characteristic kinetics (Wang, 1980). A detailed description
would be cumbersome and might not contribute significantly to
a better simulation.

A simplified model, that describes the flux of oxygen across
the water-sediment interface as a function of the overlying
water DO concentration, is:

c

50D = SO °c) @\t _L&
(m D{20°C) 8, R

(12)

McDonnell and Hall (196%} have reported values for €, between
1.065 and 1.075 from their own experiments and 1literature
data. Van Duin and Lijklema (1989) reported a value for K, of
0.7 g oz.m‘3. In this study, the oxygen concentration in the
water is permanently high enough (> 9 g Oz.m'3) to allow zero-
order kinetics, and therefore the Monod term has been omitted.
The measured sediment oxygen demand can be related to a
volumetric oxygen demand rate in the sediment porewater. A’
simplified mass balance for the oxygen concentration in the
porewater yields:
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ac _ FC

Bt - Detf,o,ﬁ - R (13)

with R the zero order oxydgen demand in the interstitial water
{g Oz.m"a.hr'l) which has been assumed constant.

For discretization with respect to the depth, the sediment has
been divided into horizontal sublayers with equal thickness.
80D is directly related tc the concentration gradient at the
sediment-water interface dC/dx|,_;. R has been estimated from
fitting the simulated flux across the sediment-water to the
measured flux.

Model efficiency

The Model efficiency n was calculated as:

n n
; (Ci,aCa) -3, (Cy,5mCi,m)?
n = = i=

n

=100% (14)

Subscript m refers to measured and s to simulated oxygen
concentrations. n is the total number of measurements.

It relates the sum of squares of the deviations between
measured and simulated data to the variation in the measured
signal.

MATERIALS AND METHODS

The ditch

The research is conducted in the reference sand-ditch (A).

The location and characteristics of the ditch are described in
chapter 1.5 (p. 20-22) and the external nutrient loading rate
in chapter 1.6 (p. 22-24).

In the center of the ditch dissolved oxygen, PpH and
temperature are measured continuously and transferred to a
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data-logger and registered as fifteen minute averages. DO is
measured at two depths (10 and 40 cm), pH at one depth (25 cm)
and temperature at three depths (10, 25 and 40 cm).

Light irradiance and wind velocity at an elevation of 2 m are
continuously measured and registered by a data-logger as
fifteen minute averages. The instrumentation is described in
detail by Drent and Kersting (1993).

The sand is poor in nutrients with an extractable phosphorus
content of about 0.10 mg P.[g dry weight]'1 as the sum of the
different fractions of the selective extraction procedure
according to Hieltjes and Lijklema (1980). This procedure
involves subsequent extraction with 1 M NH,cl, 0.1 M NaOH and
0.5 M HC1l and destruction of the remaining material.

Reaeration measurements

In the lab a vessel containing about 30 1 of demineralised
water is saturated with ethylene (C,H,} by flushing it for 30
minutes. The vessel is closed air-tight and transported to the
ditch. Here the ethylene saturated water is homcogeneously
distributed and mixed with the ditchwater.

During three days samples were collected in sixfold, at two
different positions and at three different depths. 10 ml
samples were injected into a septum-tied bottle with a volume
of 30 ml. The samples were transported to the laboratory where
they were stored for a few days at 20°C to allow equilibration
between dissclved and gaseous ethylene.

100 pl of the gas phase of each sample was injected in a
gaschromatograph (Packard 430, column type Porapack R) and
analysed for ethylene. Since only the relative ethylene
concentration was of importance, the calculations were based
on peak heights.

Sediment oxygen demangd

The oxygen demand of the sand was measured in an enclosure
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under a pyramid-shaped cap (0.45 X 0.45 X 0.45 m) placed on
top of the sandy sediment. The benthic layer of algae and
detritus was carefully removed by gentle stirring, without
causing resuspension of the sand. Due to the large density
difference between the benthic layer and the sand this was
accomplished readily. The cap was equipped with a stirring
propeller and DO was measured continuously for 4 hrs with an
oxygen electrode.

Pri Juctj i irati

Primary preduction and respiration were measured in light and
dark bottles according to Vollenweider (1974) at two locations
and at two depths (5 cm below the water surface and 10 om
above the gediment). Two light and two dark bottles were
filled with water from that depth and incubated for 4 hrs. The
initial concentration was weasured in fourfold. All DO
measurements were performed according to the Winkler-method.

Oxygen consumption in dark bottles comprises both bacterial
oxygen demand and algal respiration. To measure primary
production and respiration by benthic algae and bacteria six
sediment cores with a diameter of 5.3 cm were collected. The
benthic layer was separated from the sand by subseguent
resuspension and decantation. The material from all six cores
was well mixed and ditchwater was added to a volume of 5 1.
From this 9 bottles were filled. Three were used for analysis
of the initial concentration, three for measurement of
respiration and - three for gross primary production
measurement. The latter six were placed on top of the sediment
and incubated for 4 hrs. The mixture was analyzed for dry

welight.

Measurepent of extinction coefficients

The extinction coefficient of the water was calculated from
light intensities measured at two depths (z1,z2) with two
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Bottemanne sensors attached to a support. The signals were
transferred to a data-logger. The extinction coefficient ¢,
was calculated from :

- In(I,) - In{I.,) (15)
o z2 - z1

and averaged over time. The incubation time was about three
hours.

To measure light attenuation within the benthic layer, three
sediment cores (diameter 5.3 cm) were collected, and the
benthic layers were separated and mixed. The suspension was
analysed for dry weight. In the lab a glass tube with a flat
bottom of constant thickness and a diameter of 2.2 cm was
placed on a Bottemanne sensor. The side walls were taped with
black plastic to prevent light scattering. A light source was
placed above the tube.

Different wvolumes of the suspension were added to the tube
which after that was filled up with demineralised water to a
marked level. The extinction coefficient €, (m’.[g dry weight]~
1) was calculated as the slope of the logarithm of the 1light
intensity plotted versus the areal dry weight content of the
tube.

RESULTS
Extinction coefficients

The results of the two measurements of ¢, were:

1: €, = 1.592 * 0.262 (n=21) ml
2: €, = 1.554 + 0.068 (n=17) m1
average: €, = 1.575 % ¢.200 (n=38) nt

In the model simulations a value for €, of 1.58 m~! has been
used.
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The result of the measurement of e, is presented in figure
4.2, that displays 1n(l) plotted versus the areal dry weight
content of the tube. Linear regression resulted in

€, = 0.0455 (m2.[g dry weight]™l) n=11 r: = 0.978

n () Peimvi}

dry waight {gim3)

FPigure 4.2. Light attenuation by benthic algae as a function
of areal dry weight.

Primary production

Primary production of phytoplankton was measured on two
occasions in the simulation period. Data were corrected for
the average water temperature during the incubation peried.
The temperature did not deflect more than 2°C from the
reference temperature of 20°C. Results are (goz.m'3.hr'1):

day Prpax,w(20°C)#F(I)  F(I) Prpax,w(20°C)
2/7 0.043 0.41 0.105
3/7 0.076 0.56 0.136

The average Pr 0°C) was 0.121 g O,.m >.hr~l.

Primary production by the benthic algae was measured on three

max,.w(2

occasions. Data were also corrected for temperature and
experimental light conditions (in the bottles the areal dry
weight content was smaller than that in the ditch). Results in
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g Oz.m'z.hr'1 are:

date Prod(20°C) *F (1) F(I) Prpay,p(20°C)
2/7 0.537 0.67 .

3/7 0.416 0.66 0.63
477 0.485 0.58 0.84

The average value for Pr,,. ,(20°C) was 0.76 g 02.[m2.hr]'1
{n=3, 0=12%). The overall primary production by phytoplankton
was small compared to that by the benthic algae.

R irati

Measured temperature corrected respiration rates of the seston
(g 0,.m™3.hr"!) and the benthic layer (g 0,.m™2.hr™!) were:

date Rgeston Ryenthos
27 0.0514 -

3/7 0.0277 0.094
4/7 N 0.0156 0.063
L7 ot
average 0.0316 0.078
[+ 0.0149 0.021

* Additional measurements used for estimation of Ryepinos

The coefficient of variation in the measured respiration rates
of the seston is high due to small DO changes during the
incubation periods. The oxygen consumption is low compared to
that by the benthic layer. For calculation of the respiration
rate by the benthos additional data from outside the
simulation period (two weeks later) were used.

Reaeration

In table 4.1 the measured values for K gys and the resulting
temperature corrected reaeration coefficients K;,02(20°C) are
given. Figure 4.3 displays K,,02 Plotted versus the average
wind velocity. Linear regression vields:

Kp,02(20°C) = 0.0387 W - 0.0377 (n=4,r?=0.89)
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Table 4.1. Mass tranfer coefficients for ethylene and oXygen.

exp. K, n r? temp’ K. ,(20°C) K (20°C)
(hx) (°c) (hx) (hr)

1 0.0417 26 0.98 22.2 0.0396 0.0450

2 0.0390 24 0.98 17.9 0.0410 0.0467

3 0.0558 26 0.99 21.0 0.0540 0.0614

4 0.0298 24 0.98 21.4 0.0291 0.0331

7 temperature averaged over incubation period

This relationship would yield a negative mass transfer coeffi-
cient at low wind velocities. As the lower limit for K, (20°C)
a value of 0.006 hr'! has been chosen arbitrarily. The solid
line in figure 4.3 represents the overall wind function F(W).

Sediment oxygen demand

The oxygen demand of the plain sand was measured on two occa-
sions. In both cases the oxygen consumption rate was very low
compared to that of the other processes, and as a conseguence
the sensitivity of the model for the SOD is small. Measured
rates were 0.037 and 0.010 g O, m2.hr! respectively.

Taking into account the vertical porosity profile in the sand,
this corresponds to an average volumetric consumption rate R
in the interstitial water of 0.75 g O,.m*.hr'. The contribution
of SOD to the oxygen balance is small.

Model simulation

The DO concentration was simulated over a four days period and
compared to the measured DO course. As the initial
concentration in the simulation the measured concentration was
used. Values of model parameters and their sources are
summarized in table 4.2.

Figures 4.4 a-c present the wind velocity at an elevation of 2
m, the average water temperature and the irradiance during the
simulation period.
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Figure 4.3. Reaeration coefficient K ,,(20°C) as a function of
wind speed (dots = measured, line = "overall wind-function).

Table 4.2. Parameter values used in the simulation of DO.

parameter unit ) value source”
Kp,o2 (20°C) hr-! 0.006 (W<1.1 m/s) L

0.0387W - 0.0377 (W>1.1 m/s) E
Prpax,w(20°C) g 0;.m2.hr7l  g.12 E
Prpa,. p{20°C) g O;.m 2. hr! 0.76 E
Respw(zo"C) g 0,.m 3.hr"!  0.032 E
Respy, (20°C) g 0,.m"2.hr"! 0,078 E
R g 0,.m™3.hr™!t 0.75 E
8, - 1.024 L
R - 1.030 L
e, - 1.081 L
e, - 1.070 L
€, n~? 1.58 E
€ mé.{qg DWw]1 0.0455 E
c - 0.3 L

*} I, = literature, E = experimental, own results

The result of the simulation is given in figure 4.5. There is
a good agreement between simulated and measured DO during the
first three days, but a somewhat higher deviation during the
first half of the fourth day. C in egquations 1la and 11b has
been assigned values of 0.3 and 0.45 (-), the latter giving
slightly bhetter simulation results. Model efficiencies over
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the four days period were 87% and 89% respectively. In the

simulations D,y at the interface between benthic layer and
overlying water has been set at 100.D_.,.
The sensitivity of the simulation result to the value of Dg¢¢
is demonstrated in figure 4.6, with values for D,ee of 10, 100
and 500 times D, .
independent of D_;s at values larger than 100 D

Dgss of 10 D, is obviously too small.

It is evident that the result is virtually
mo1- R Vvalue for
Figure 4.7 displays the DO concentration inside the benthic
layer for different values of D,se, 2and demonstrates the
enormous daily DO fluctuations at low values for Dggs.

Figure 4.8 displays the contributions of the individual terms
to the oxygen balance. The dominating processes are primary
production and reaeration. Benthic algae contributed about 70%
of the total gross primary production over the four days
period and phytoplankton about 30%.
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[02) (g.m-3}

Figure 4.5. Results of the simulation for c©=0.3 and c=0.45,
egquilibrium concentration C; and measured DO course over four
days. (0 = measured; c=0.45; ....: ¢c=0.30; -—— : Cg)e

12.59

12+

1.5+

021 {g.m-3)

Pigure 4.6. Measured DO course and simulation results for
three values of Dgge. (0= measured; : Dgeg = 500 Dy
et e ww :Deff“—'IOO.Dml ;] m———— -3 DBff = lO-Dml) .
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[02] (9.m-3)

Figure 4.7. Simulated DO concentration inside the benthic
layer. (©= measured in overlying water; ————:Dgee = 500.Dp.7
o.o--:Deff = 100-Dm°1; —————— Deff = 10.Dm°1)-

b5

.4+

0.5

d[0o2)/dt (g.m-3. -1}

0.5 T -r

FPigure 4.8. Contribution of processes on dC/dt in time.
t Prod.; ......= Resp,; =-—--—=-=-= Reaer.; — - — = 50D,
(50D is close to zero).

A mass balance over the four days period yields:

4 days cumulative (g 0,.m™3)
Benthic gross production 16.0
Sestonic gross production 6.6
Respiration -12.0
Reaeration ~10.3
Sediment Oxygen Demand -0.1
Total (= DOg,.q = POy.g) 0.2
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Differences in primary production between individual days are
small compared to the variations in the daily light irradian-
ces:

date Tot. Light irradiance Tot. Gross Prod.
(E.m?.day?) ' {g 0,.m?)

1/7/90 25.4 5.9

2/7/90 29.7 5.7

3/7/90 37.4 5.6

4/7/90 33.2 5.4

The large attenuation of light in the benthic layer may be an
explanation for the relatively small differences in total
gross production between individual days. Photo-inhibition in
the top of the benthic layer is c¢ompensated by a higher
production in a lower region, =0 the average production
approaches a maximum at high light intensities.

DISCUSSION AND CONCLUSIONS

The use of a tracer gas to measure exchange over the water-air
interface is a well applicable method for small water bodies,.
A disadvantage is that the length of an experiment compels to
average the input variables wind and temperature over longer
periods. This can hamper the determination of a system
specific wind-reaeration relation, because differences between
the averaged wind velocities in different experiments will be
relatively small. Still a fairly good correlation was found
{r’=0.89, n=4). The reaeration at low wind velocities has been
assumed constant with a K, of 0.006 hr'. This may over- or
underestimate K;, but the sensitivity of the model for the
reaeration coefficient at low wind velocities is small anyway.
Furthermore, the wind direction and the resulting fetch length
have not been taken into account, but may influence the
reaeration coefficient.

In a shallow water with a 1large surface to volume ratio
reaeration has been shown to be an important term in the
oxygen balance, even when the oxygen concentrations are close
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to equilibrium. The oxygen demand by the sand was only of
minor importance.

The benthic layer of algae was responsible for 70 % of the
gross primary production. A better availability of nutrients
near the sediment surface causes better growth conditions.
Therefore a major part of the total biomass is located in the
benthic layer.

During periods of high irradiance, the deeper parts of the
layer become photosynthetically active while the productivity
in the upper parts may be lowered by photo-inhibition. Photo-
inhibition has been taken into account by wusing the
productivity-light function according to Steele (1962). It has
been shown by Harris & Piccinin (1977) that photo-inhibition
is induced only after a longer period of exposure to high
light conditions. In their experiments short-term
photosynthesis measurements (10-20 minutes) did not reveal
photo-inhibition, while long-term measurements (4 hrs) did.
Because of vertical turbulence and the generation of Langmuir
cells by wind action and the resulting periodic vertical
novenent of phytoplankton in the water column, the residence
time in the upper layer with oversaturating light conditions
may often be too short to induce photo-inhibition. In case of
benthic algae however no significant vertical mixing exists.
Due to adaptation to lower average light intensities, photo-
inhibition at high light irradiance is likely to occur in the
top of the benthic laver.

The use of light and dark bottles may lead to underestimation
of photosynthesis by phytoplankton due to induction of photo-
inhibition by fixation at a low depth. This applies especially
for systems with low productivity which require longer
incubation perieds. In this case however primary production by
phytoplankton was low compared to that by benthic algae, and
the contribution to the oxygen balance is relatively small.
Irregularities in the simulated DO course on the middle of day
182 and 185 (see figure 4.6) coincide with high wind
velocities. Therefore they may be caused by overestimation of

107




Chapter 4

the reaeration rate at high wind speeds, and not by simulated
photo-inhibition.

I, has been assigned a constant value throughout one day, and
is related to the total irradiance of the actual day. Thereby
in