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5.1 AN OVERVIEW: THE AQUATIC NITROGEN CYCLE

The rising nitrogen concentrations in streams and rivers and accelerated eutrophication of
lakes and reservoirs have focused attention on the pathways and cycling of nitrogen in the
aquatic system. Nitrogen is important because it controls the productivity of freshwater
ecosystems, and together with phosphorus, is a rate-limiting nutrient in freshwater
eutrophication.

Two factors are often taken to suggest that nitrogen is unlikely to be the controlling element
in the eutrophication of freshwaters. First, nitrogen concentrations in most freshwaters are
usually higher than phosphorus. Average nutrient concentrations are commonly of the order
16:1 N:P (Ryding and Rast, 1989). Second, cyanobacteria are able to fix nitrogen from the
atmosphere and are not, therefore, responsive to limitations in the nitrogen supply from, for
example, catchment sources. Such assumptions are an oversimplification of the processes
and pathways of nitrogen cycling in aquatic systems, and do not account for factors such
as the seasonal fluctuation in nutrient supply to any freshwater body from its catchment, and
the ability of freshwater biota to utilise and release nitrogen and phosphorus. In this chapter,
the sources, pathways and transformations of nitrogen in freshwater ecosystems will be
examined, and the mechanisms by which nitrogen is involved in the eutrophication of lake
systems will be identified.

Nitrogen (N) in freshwaters takes several forms, and their dynamic interrelationships can
be described as the aquatic nitrogen cycle. The dominant combined N species in waters
(excluding molecular N,) are dissolved inorganic N (NH,*, NO,”, NO;7), dissolved
organic N, and particulate N, which is usually organic but can contain inorganic N. Organic
nitrogen usually exists either as an integral part of protein molecules or in the partial breakdown
of these molecules (for example, peptides, urea and amino acids). Ammoniacal N is usually
present in freshwaters as a result of the biological decomposition of organic N.

Figure 5.1 illustrates the magnitude of the flow pathways of each nitrogen fraction within
the terrestrial and aquatic systems. The importance of the terrestrial nitrogen fraction as a
source of N for the aquatic system is clear. Up to 40% of the total nitrogen flux reaches
the aquatic system through direct surface runoff or subsurface flow from the catchment (see
Chapter 3). Consequently, the patterns of use, particularly land use, and processes of nitrogen
release in the terrestrial system must, to a large extent, determine the magnitude of input
to the aquatic system and the nature of the response.
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Figure 5.1 The nitrogen cycle (redrawn from Henderson-Sellers and Markland, 1987)

Figure 5.2 illustrates the nitrogen speciation in aquatic systems. The aquatic N cycle is
similar in form to the terrestrial cycle, the key difference being the size of the biomass pool.
In the aquatic nitrogen cycle, the biomass pool may be only one-thirtieth of the terrestrial
pool (Henderson-Sellers and Markland, 1987). However, energy utilisation is more efficient
so that net primary productivity may be double that of terrestrial ecosystems. Furthermore,
the utilisation and turnover of nitrogen in aquatic systems in more rapid than that of terrestrial
systems.

Five possible nitrogen-cycling reactions are shown in Figure 5.2. These are: fixation,
pitrification, assimilation, denitrification and mineralisation or ammonification. Immobilisation
may occur where there is Jimited O, but this process is usually seasonal and depends on
biomass availability. Whether these reactions occur or not is largely determined by the energy
required or lost during the reaction process (see Table 5.1). Actual energetics in the aquatic
system must consider: ‘

(1) The rate of reaction;

(2) Organic matter availability;

(3) Partial reactions which, when taken together may constitute a thermodynamically viable
process;

(4) The energy source; and

(5) The oxidation state of the environment.
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Figure 5.2 The aquatic nitrogen cycle

A further constraint on the likelihood of nitrogen transformation in aquatic systems is the
supply of nitrogen. The total N in a freshwater system is less important than the rate of supply
when N is a limiting factor. This can often occur in lakes in summer months (Stewart er
al., 19§2; Van Viymen, 1980; Heathwaite, 1989). In general, all aquatic systems have some
constraints on nitrogen cycling, primarily as a result of some degree of anaerobiosis. To some
e{cter-xt this can be balanced by, for example, ammonium which, in the absence of cation
pmdmg siFes, is more available in aquatic than in terrestrial systems. Light penetration is
1mpor-tant in aquatic systems and may differentially affect micro-organisms and photosynthetic
organisms. For example, nitrite-oxidising species are more light sensitive than ammonium-
o?udlsmg .species; these differences will affect activity profiles in the water column and cause
diurnal nitrogen cycling fluctuations. Table 5.2 summarises some of the factors affecting
N cyf;ling in freshwaters and these processes are examined in more detail below. The focus
in primarily on lake systems, although the processes described do occur in streams and rivers
but are usually at different rates.

5.1.1 NITROGEN FIXATION

- Nitrogen fixation is a bacterially mediated, exergonic reduction process which converts

molecular N to ammonia:
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8H+ + N2 4+ 8™ — 2NH3 + Hz

i i ' N ha™
On an annual basis, total nitrogen fixation in aquatic systems }'arel_y exces;its; 2(?\ ,ﬁ,) ha
(Royal Society 1983). In general, N fixation requires adenosin triphosp
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There is still much uncertainty over the relative importance of nitrogen fixation in comp:

is evidence to
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i 76), for example, suggested tha
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a{most 10% of the total nitrogen load in a eutrophic North American lake

5.1.2 ASSIMILATION OF NITROGEN IN FRESHWATERS

i i in Bletham
The importance of plankton assimilation of nitrate in freshwaters was demonstrated in

Table 5.1 Nitrogen cycle reactions: standard free energy changes

Reaction Free energy Process
change (kJ mol )

. - Anaerobic NO, respiration
NOB: Z N02+ z;i% i(c)) _}é; Anaerobic NO, redllxction
No- = Nl:f* +348 NO, + NO, reduction
1}11(33 : II:I]O“' 4480 N fixation
I%IHZJ‘ — NOZ“ —229 to ~338 Nz'trosomonas
NO;”" — NO;~ —65to —88 Nitrobacter

+ Net energy gain; — netl energy loss (after Sprent, 1987).

Table 5.2 Factors affecting the nitrogen cycle in freshwater lakes

P Factors
rocess

itro; i acteria at lake surface
Nitrogen fixation . Cyanobactera a . )
g Photosynthetic bacteria at anoxic zone
N Fixation when soluble N concentration low

i isati More important in lake sediments _ .
Mineralisafion R:pid mi?'tcralisation when plankton biomass dominates lake (low C:N)
Nitrification Autotrophic so NH," and O, dependent

a N
ion in si i : -3 symmer: open water
Seasonal variation in site: Spring and autumn; at SWE™ s p

(O, depletion at interface)

Dentrification Seasonal, affected by NO; supply

Generally occurs at SWI _ '
Assimilation Phytoplankton; varies witk} NO; concentration

NH,* can be assimilated if available 4 i sufficient O;
Immobilisation Seasonal, depends on biomass, N rapidly mineraiise

ag\W] = sediment—water interface (modified from Sprent, 1987).
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Tarn in the English Lake District (Preston, Stewart and Reynolds, 1980; Stewart e al., 1982),
The authors found that added '*N-enriched sodium nitrate was removed from the water
column within 14 days. The added N accumulated in the resulting Microcystis bloom. These
results suggest that nitrogen stripping by primary producers may be an important mechanism
for the removal of nitrate from freshwaters, although this depends on the ultimate fate of
the nitrogen once it reaches the lake sediments because N may be available for re-release.
Heathwaite and O’Sullivan (1991), for example, showed that lake sediments can store a large
authigenic nitrogen fraction. The authors were able to correlate a significant peak in authigenic
nitrogen in the sediments of Slapton Ley in south-west Devon, with the high nitrate load
from the catchment linked to autumn rainfall following the 1976 drought.

5.1.3 AMMONIFICATION OR MINERALIZATION

Ammonium production occurs both in the water column of rivers and lakes and in their
sediments. Microbial decomposition converts organic nitrogen to ammoniacal form. This
process is oxygen-demanding and regenerates available nitrogen for re-assimilation by primary
producers. Ammonification can result in rapid nitrogen cycling between the sediment and
the water column. The rate of release of N from decomposing organic matter can be an
important factor in determining nutrient limitation in freshwaters. Where N release is relatively
slow, as in the example given in Table 5.3, the process of assimilation can become N-limited.

Ammonia in freshwaters can exist as the ammonium cation (NH, ") or as the un-ionised
ammonia molecule (NH;). High temperatures and high pH (> pH 8) encourage the
conversion of ammonium to ammonia. Ammonia (NH;) is more toxic than ammonium, and
acute toxicity can occur at low concentrations. Fortunately, high concentrations of ammonia
are usually only associated with wastewater discharges where biological treatment is minimum.
Freshwater plants and invertebrates are more resistant to ammonia than fish. Acute toxicity
data for fish suggest that lethal concentrations (96-h LCsq) of ammonia range from 0.3 mg 1™
for rainbow trout to 3.2 mg ™! for mosquito fish (Ellis, 1989).

5.1.4 NITRIFICATION

Nitrification is a two-stage oxidation process mediated by the chemoautotrophic genera

Table 5.3 Inorganic N and P release in solution from decomposing plankton (after Vaccaro, 1965)

Days Inorganic N PO,-P Atomic N:P

g 0 24.8

! 12.3° 24.5
. 39.3° 26.0
30 431 16
48 54.0° 0.4
e 57.6° 30.6
87 58.0° 1

PR WDW- G
— B ND 00 W=

All results in pug 17",
INH,-N.
*NO,-N,
CNO:;_N'
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NO,™ to NO37). In this exothermic
from the oxidation of NH,;" to NO,™
(— 18 keal mole™"). The net
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Nitrosomonas (NHz to NO;™) and Nitrobacter (
reaction, more energy for biosynthesis is obtained
(—84 keal mole™") than the subsequent oxidation to NO3~

reaction is:
NH,* + 20, — NO;~ + H,0 + 207

The oxidation of ammonia to nitrite by Nitrosomonas is usually rate-limiting, so nitrite is
hwaters. Nitrate, the end-product, is highly

rarely present in appreciable concentrations in fres

oxidised, soluble and biologically available. )
in some aquatic gystems, create anoxic

Nitrification is oxygen-demanding and can, 1
conditions. This is because Nitrosomonas and Nitrobacter are strict aerobes, requiring
to function efficiently. The conversion of

minimum oxygen concentrations around 2 mg 1™
1 mg NH; to NO;~ theoretically requires 4.56 mg 0,. However, as this reaction is
may be used as the carbon source and the amount of free oxygen finally
per mg

autotrophic, CO»
n the stoichiometric requirement at around 4.33 mg oxygen

used may be less tha
ammonia.

The nitrifying bacteria are also pH and temperature S
8.4—8.6 (Wild, Sawyer and McMahon, 1971) and req
Nitrosomonas has a wider temperature tolerance than Nitrobacter, and the growth rate constant
for these bacteria increases by approximately 10% per degree Celsius up to about 25°C.

This temperature limitation suggests that optimum rates of pitrification in British rivers and

lakes will be rare (Ellis, 1989). There is also evidence to suggest that the action of nitrifying
(Krenkel and Novotny, 1980). For

bacteria at pH 7 may be reduced by as much as 50%
these reasons, nitrification in surface waters and lakes has traditionally received little attention

because the population of nitrifying organisms will often be Jow and the reaction rate is also

low compared with carbonaceous oxidation by heterotrophs. However, nitification is important

where retention times are long and temperatures high (for example, in shallow lakes in summer

months). Furthermore, the discharge of nitrifying wastewater effluent to rivers and lakes

will shift the balance in favour of increased nitrification.
A high rate of nitrification s essential for efficient N cycling in freshwaters, particularly

as nitrate is an important substrate for denitrification (see Figure 5.2). Chemoautrophic
nitrifying bacteria are usually dominant in freshwaters and their activity is generally highest
at the sediment—water interface where ammonium-N generation is maximum (Stewart et al.,
1982). However, in eutrophic waters in particular, nitrate generated internally through
nitrification is often relatively unimportant in comparison with the nitrate load received from
the drainage basin. An example for Balgavies Loch, Scotland (Stewart e? al., 1982), suggested
that nitrification accounted for only 299 of the nitrate load entering the loch in inflowing
waters. However, N production in situ cannot be entirely ignored as an important component
of the aquatic nitrogen cycle because nitrification is often high during summer when water
temperatures are high. During this period, catchment inputs are often minimum and algal
utilisation of nitrogen is maximum. Nitrification during this period could be critical to the

efficient cycling -of nitrogen within the aquatic system.

usceptible, with an optimum pH of
uiring a temperature above 15°C.

5.1.5 DENITRIFICATION

Loss of pitrate from river and lake systems can 0¢
nitrate reduction. Denitrification is quantitative

cur through denitrification or dissimilatory
ly more important, particularly in lake
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lake sediments as a net source of biologically- available N was small, Liao and Lean (1978)
concluded that the flux of nitrogen to.and from the lake sediments was a significant component
of the nitrogen cycle. This conclusion was based on nitrogen budgets for the lake, which
showed that the catchment nitrate loading together with Ny fixation were approximately equal
to the net change in the total combined N in the lake water column. This suggests that
denitrification at the sediment— water interface is not important. However, most of the nitrogen
entering the lake system from the catchment was lost over the year, which implies that
denitrification must be important at least for some periods of the year. The results suggest
that an accurate interpretation of nitrogen cycling in lakes must be seasonally based and must
incorporate the role of the lake-sediment N in the nitrogen budget. The authors also suggest
that lake ecosystems are capable of compensating for low- or high-catchment nitrogen loads.
Contrary to the finding of Liao and Lean (1978), for Alderfen Broad in the Norfolk Broads,
Phillips (1977) suggested that sediment was an important nitrogen source in summer because
changes in the nutrient budget of the Broad could not be accounted for by changes in the
nutrient load of the inflowing streams. Reductions of NO3-N in the Broad in spring are

thought to be the result of removal by benthic algae and planktonic material.

5.2 SOURCES OF NITROGEN IN FRESHWATERS

Nitrogen in freshwaters is derived from three key sources:

(1) Rainfall and dry deposition;
(2) Domestic sewage and industrial effluents;
(3) Agricultural land.

While geochemical and topographical catchment factors will establish a regional potential
for the nitrogen content of receiving waters, human impact can result in greater nutrient export
than can natural factors. Agricultural and industrial activities usually result in additions to
the nitrogen cycle either as inorganic and organic fertilisers or as atmospheric pollutants.

A further source is domestic sewage discharge.

5.2.1 THE EVIDENCE FOR NITROGEN INCREASES IN SURFACE WATERS
AND LAKES '

Any examination of nitrogen sources in freshwaters, which invariably include increased inputs
as a result of human activity, must start by examining the evidence for increased nitrogen

concentrations in surface waters and lakes. The WHO guidelines for nitrate in drinking water

are:

(1) Recommended concentration: < 30 mg 17! NO;~
(< 113 mg 17! NO;-N)

(2) Acceptable concentration: 50—100 mg I”' NO;~

(3) Not-recommended: > 100 mg I”' NO;~

The 1980 EC Directive is more stringent, with a guide level of 25 mg 17! NO;~ and a
maximum acceptable concentration of 50 mg 17! NO;~ for water intended for human
consumption. Current EC legislation will extend these human health considerations 10

enviropmental limits. There is no current human health legislation for ammonium int
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| 108 Figure 5.5 illustrates the seasonal fluctuation in stream nitrate concentration through the
year for four subcatchments of the Slapton Ley catchment in south-west Devon, UK. The
nitrate load is closely linked to the rainfall:runoff relationship for each subcatchment. The
g variation in the stream nitrate load for the different subcatchments may be accounted for by

o variations in catchment topography and land use (Heathwaite, Burt and Trudgill, 1989). Similar
o seasonal trends in stream and river nitrate concentrations have been reported by Casey and
)
K
@O
2
™~
@
Q@

Clarke (1979) for the river Frome. Dermine and Lamberts (1987) also report seasonal variation
= in nitrate concentration in the Belgian Meuse which they attribute to variations in river
i < discharge. At low discharge (less than 150 m® s7') nitrate leaching from catchment soils
| E increased river nitrate concentration. At higher discharges, nitrate dilution by surface runoff
i /A from the catchment lowered river nitrate concentrations. Such patterns are obviously dependent
§ '% on the runoff characteristics of the catchment and antecedent soil moisture conditions (see
| < [ also Chapter 10),
@ g Models of river nutrient loads are available for the prediction of future nitrate trends in
s E '% rivers — for example, the Thames Catchment Model (Onstad and Blake, 1980). This simple
Q E model has three components: .
B ‘f-‘-': (1) The annual mean nitrate concentration in the Thames based on the long-term nitrate record
! g ‘é’ (1928 +); ‘
@ 2 (2) The catchment input based on precipitation, land use, nitrogen mineralisation rates and
: L~ A fertiliser application rates, denitrification and volatilisation estimates, and removal of
? g 5 nitrogen in crops; ‘
- 9 R (3) A transfer component, relating (1) to (2).
‘ < Similar models are being developed for other catchments with long-term records (e.g. Johnes
g’; and O’Sullivan, 1989; Heathwaite and Burt, 1991).
e
o2 5.2.3 LAKES: CONCENTRATIONS AND TRENDS
g Upland lakes and reservoirs in the UK are often naturally oligotrophic; here concentrations
- ; of nitrate seldom exceed 2 mg 1=! (Royal Society, 1983). The dissolved organic nitrogen
> fraction in these lakes is normally greater than the dissolved inorganic nitrogen fraction, and
| I O

primary productivity is low. The main source of organic nitrogen is catchment runoff.
In eutrophic lakes, the proportion of inorganic to organic nitrogen dissolved in the water
column usually increases, largely as a result of high nitrogen export from the catchment.
High inorganic nitrogen inputs to lakes have been recorded from heavily fertilised agricultural
catchments (Stewart et al., 1982; Foy, Smith and Stevens, 1982; Heathwaite and Burt, 1991),

and where urban effluent is discharged into the lake (Smith, 1977; Foy, Smith and Stevens
1982; Stewart er al., 1982).

The fractionation of the total N pool in lakes generally follows the pattern recorded by
Stewart et al. (1982) in Balgavies Loch, Scotland. They found that the major N pools were
dissolved inorganic N, dissolved organic N and particulate organic N. Keeney (1973) suggests
the following nitrogen concentration ranges for lake waters: nitrate 0—4 mg 1™', ammonium
0—5 mg 17! (higher concentrations are recorded in anoxic bottom waters and sediment
interstitial waters); nitrite 0—0.0]1 mg 1! (higher in sediment interstitial waters); dissolved
organic N 0—2.5 mg 1™!. Organic N often accounts for over 50% of total dissolved mtrogen
in lake waters, although this is dependent on the nutrient status of the lake.

e L T
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Figure 5.4 The 20-year nitrate record for the Slapton Wood catchment,
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When evaluating nitrogen cycling in lakes (and surface waters), it is important to consider
seasonal fluctuations in the catchment nitrogen load and the rate of nitrogen cycling within
the lake. Stewart et al. (1982), for example, found that the dissolved organic N pool showed
little seasonal variation, whereas the dissolved inorganic pool, dominated by nitrate, shows
the strong seasonal variation that has also been recorded in river systems (see, for example,
Burt et al., 1988; Heathwaite and Burt, 1991).

The processes and patterns of N cycling in lakes is, to a large extent, determined by the
morphology of the lake and the influence of its catchment. The characteristics of lakes vary
markedly from deep, oligotrophic lakes such as Loch Morar in Scotland (Maitland, 1981)
to relatively shallow and commonly more eutrophic lakes such as Lough Neagh in Northern
Ireland (Foy, Smith and Stevens, 1982) and Slapton Ley (O’Sullivan et al., 1991) in south-
west Devon. Peterson and Stewart (in Royal Society, 1983) found that the total nitrogen
concentration in lakes of varying nutrient enrichment ranged from 0.51 mg 1! for Craiglush,
an oligotrophic Scottish lake, to 6.86 mg 17 for hypertrophic Forfar loch. The dissolved
organic nitrogen fraction formed approximately 30% of total N in the oligotrophic lake and
nearly 90% of total N in the hypertrophic lake, demonstrating the importance of catchment
sources in nutrient-rich lakes.

Nitrogen cycling in reservoirs has also been shown to vary with catchment characteristics
and upland or lowland location. In Welsh upland reservoirs, for example, nitrate concentrations
are low enough to make regular monitoring unnecessary (Scott, 1975). However, in lowland
reservoirs, the increase in nitrate concentration in rivers has also led to a rise in the nitrate
concentration of a number of reservoirs (for example, Grafham Water Reservolr, a water
supply for Anglian Water, UK (Wilkinson and Greene, 1982)). Similarly, the average annual
concentration of nitrate in Farmoor Reservoir which draws water from the river Thames near
Oxford has risen from 2 mg N 1! in 1961 to 6 mg N 17" in 1980. Denitrification in
reservoirs is an important process by which this increased catchment nitrogen load entering
reservoirs is reduced (Wilkinson in Royal Society, 1983).

5.3 MODIFICATION OF THE NITROGEN CYCLE BY HUMAN
ACTIVITY

5.3.1 THE EFFECT OF LAND USE ON NITROGEN IN FRESHWATERS

Nutrient export from agricultural land, and the ultimate expression of this export in the trophic
status of a waterbody, is determined both by physical parameters (for example, precipitation
intensity and duration, relief, geology) and land-use modification, particularly where inorganic
or organic fertilisers are added or the land is grazed (see Chapters 10 and 12). The catchment
factors affecting the trophic status of a lake system are summarised in Figure 5.6, which
demonstrates how the terrestrial and aquatic components of the drainage basin are linked
by the transfer of sediment and solutes from land to water. Note that neither external catchment
controls nor in-lake nutrient concentrations exclusively control lake productivity. The physical
and biotic structure of the waterbody (for example, lake depth and flushing rate) are also
important. Nitrogen input to 2 waterbody is also affected by the degree of biological activity
in the catchment, particularly microbial and plant activity: biological nitrification and
denitrification affect the nitrogen flux in the catchment.

Land use, together with the efficiency of chemical cycling and hydrological processes in
the catchment, are key parameters determining the quantity of nitrogen exported from the
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Table 5.4 Nitrogen contribution
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Figure 5.8 The estimated total nitrogen load from urban areas as a function of precipitation and the
proportion of impermeable surfaces (redrawn from Ryding and Rast, 1989)
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However, the

Table 5.5 Potential catchment autrient loads (modified from Ryding and Rast, 1989)

Annual population®
equivalent
BOD TN TP

Type of load

1 1 1

One person; no treatment o7 re 03
One person; septic tank o4 b Ay
One person; primary treatment 0 o o4
One person; secondary treatment o 03 o
One person; tertiary treatment " . "

i it;® di ure amendment . .
One livestock unit; diffuse loss, man , : o
One livestock unit; 6 months permanent grass, 6 months dry fged 0.5
Cropped agricultural land;® no organic manure, inOrganic fertiliser B 0 05
applied
: i i — N,2gP.
4One ulation equivalent — 54 g BOD,_ 13 g N,
n():e ll)i(\’/lfestock amit = 1 cattle/horse, 6 pigs. 14 sheep, 150 poultrzl. €0 ke ha! vegetables.
cpssumes N fertiliser applied at rate: 30 kg ha~! cereal, 40 kg ha™" roots, g

NITROGEN CYCLING IN SURFACE WATERS AND LAKES » 117

5.3.3 NITROGEN EXPORT FROM NON-POINT AGRICULTURAL SOURCES

Although point sources of nitrogen can be important, on a national scale, non-point or diffuse

nitrogen sources are thought to dominate nitrogen transport pathways form terrestrial to aquatic
systems (Royal Society, 1983).

5.3.3.1 Livestock and animal wastes

Livestock waste can be a valuable soil amendment because its high organic content gives
it slow nutrient release characteristics and enhanced soil moisture-retention capacity. The
main limitation on its value as a nitrogen fertiliser is its uneven spatial distribution together
with the relatively high losses through ammonia volatilisation, particularly in warm weather.
A further problem relates to trampling (‘poaching’) of the land surface by livestock. This
can significantly reduce the infiltration capacity of the upper soil layers which can lead to
high ammonium losses in surface runoff (Heathwaite, Burt and Trudgill, 1990).

The intensification of livestock production, achieved by increasing the input of allochthonous
nutrients, such as artificial feed, increases the potential nitrogen load from livestock wastes.
For example, the number of sheep and poultry on agricultural holdings in England and
Wales doubled from 1950 to 1980. Over the same period the number of pigs trebled. Only
cattle show relatively small increases (18% rise) (MAFF Agricultural statistics). Greater
allochthonous inputs to the system are likely to mean greater nutrient export from the system.
This is either in the form of livestock waste from intensive animal rearing units or as slurry
and farmyard manure (see Table 5.5). Loehr (1974) suggests that the nitrogen load for land
receiving manure is around 4—13 kg N ha~! a~!, whereas an intensive animal rearing unit
may have a potential nitrogen load as high as 1600 kg N ha=! 2™l

Nitrogen waste from animal-rearing units is at least a point source of nutrient input to the
aquatic system, and so theoretically is relatively easily controlled. Application of organic
manures to land creates a non-point or diffuse source of nitrogen enrichment, the effect of
which depends largely on timing of application and antecedent soil characteristics. Slurry
application requires at least a threefold dilution for spray application to the land, which in
turn creates a high runoff and nitrogen leaching potential. Unfortunately the availability of
livestock waste is high in early spring following winter bousing. Surface application in this
period is likely to result in high runoff because the soil moisture content will be high (for
further discussion see Chapter 11).

Cattle manures and slurries typically contain 1.5% N, whereas poultry manure contains
up to 10% N (Royal Society, 1983). UK studies suggest that approximately 50% of the nitrogen
load from catile and 100% of the nitrogen load from sheep was directly voided onto the land
(Royal Society, 1983). In England and Wales, the total nitrogen load voided in faeces and
urine (739 Kt; 1978 figures) approaches that of inorganic fertilisers (924 Kit). It has been
calculated that on the east coast of Scotland approximately 75% of the nitrogen present in
organic manures applied to the land between November and December is lost to the aquatic
system by the following March (Gostick, 1982). Organic wastes exert a high biological,
chemical and nitrifying oxygen demand on the aquatic system. Furthermore, a high
concentration of ammonia is toxic to many organisms (Ellis, 1989).
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5.3.3.2 Inorganic fertilisers | o o
One of the key problems with the application of poth inorganic and organic mirogen fertiliser

o - ly
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i ications als _
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(()Foste%, éripps and Smith-Carington, 1982; Burns :.md Gre;n:oic;, 1::3;0 - urces of
Nitrate leaching from agricultural land in autumn 13 one 0 tde' e)é mon DO erelier
tream nitrogen (see Figure 5.5 and Chapter 9). Nxtrogf:n may be eriv e e tive
e, lied earlier in the year or from mineralisation of soil orgamc . The N
YeSldueS oo ;each fraction depends on factors such as crop cover, s_oﬂ texture, topograp y
e ronimit to the stream, fertiliser treatment and rainfall intensity an§ dgratlon. For a
- Pl'ot’f gz?grem UK soils, ,Macdonald et al. (1989) suggest that I_ninerahsatxon o'f orgar:iz
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nitrogen in autumn.

5.4 NITROGEN PATHWAYS

itrification
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zsiaticpsystem is possible. Leaching is primarily a pitrate transfer process via sa oy
v»c'later movement. Nitrogen loss through 1eaching. from the terr.estr\al Isy?(t)e:;r;tlz rii  lan
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larger soil ammonium fraction may exist. Furt_hermore, as the posll ath);v e e tion
ion tends to be adsorbed onto soil particles, its key hydrological p: y

i i W
with surface runoff and erosion, rather than in subsurface flo

5.4.]1 NITROGEN TRANSFER FROM HILLSLOPE TO STREAM

I t surface waters and lakes, the catchment nitrate !oad d01.ninates the total N poolt f‘or]
. mtosf the year with the exception of the summer period. This means that the t;rrelsgg;.
:}l::er?l exerzls an important control on N cycling in freshwat:.rsh(itt?xvlv:vritngr c;n.(,l Spriné
Heathwaite, Burt and Trudgill, 1989). Nitrate loa@mg is usually hig lest 10 e

. summer and early autumn. High nitrogen co_ncentratlc?ns in early e
ancclasluoltvsg tsci?l \S:ater recharge in autumn and the increase in nitrogen rmnerahsano? :x :m )
when soil drying is followed by rewetting. In Slapton Ley in south-west Devon, for ple,
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Table 5.6 The effect of increased nitrate load on freshwater
lakes (after Stewart er al., 1982)

Factor Blelham Balgavies
Nitrate load 46 507
Primary productivity : 146 136
Denitrification 38 151
Dissimilation to ammonium 7 151

All figures in kg N ha™!,

the total annual nitrate load is 260 tonnes from a 46 km? arable and grassland catchment.
Over 85% of this annual nitrate load is delivered between November and February. Other
nitrogen sources for this eutrophic lake are negligible in comparison with the nitrate load
of the inflowing waters (Heathwaite and Burt, 1991). Hill (1974) similarly found that up
to 80% of the annual nitrate load of rivers in the Lee drainage basin, UK, was carried during
the winter period.

In surface water and lakes, provided other nutrient and environmental factors are not limiting,
primary productivity may increase as a result of increased nitrate load (Table 5.6). If other
nutrients are limiting (which is commonly the case with, for example, phosphorus),
denitrification and dissimilatory nitrate reduction may increase. Control of excess nitrate
usually focuses, therefore, on optimising denitrification (Stewart et al., 1982), ofien by adding
a suitable carbon substrate for the denitrifying organisms. Dissimilatory nitrate reduction
does not reduce the nitrate load.

The main routes for nitrogen transfer from hillslope to steam are:

(1) Nitrate leaching to surface waters or groundwater;

(2) Input of animal excreta at watering sites;

(3) Surface runoff of excreta from farmyards or grazed land;
(4) Leakage of silage effluent;

(5) Soil erosion.

Leaching is the dominant process of nitrogen transfer from hillslope to stream owing to the
high solubility of nitrate; subsurface flow is therefore the major hydrological pathway. The
greatest leaching losses of nitrate from soils occur in winter months when residual nitrogen
is leached below the root zone (Wild and Cameron, 1980). Depending on local stratigraphy,
mobilised nitrate will enter either the surface water or the groundwater zone. A downwards
migration rate in the porous sandstones and Chalk limestones of southern England has been
estimated at 1 m a~'. At this rate it would take 20—30 years for surface-applied nitrate to
reach the water table. Therefore the doubling of nitrogen fertiliser applications in the UK
in the 1960s has yet to manifest itself in some surface waters.

5.4.2 INSTREAM NITROGEN TRANSFORMATIONS

Once nitrogen enters the aquatic system, instream nitrogen transformations, as a result of
both physical and chemical discontinuities in the stream, will occur. Instream nitrogen
transformations are primarily concerned with the metabolic processes of the stream flora and
can involve aquatic macrophytes, stream bank macrophytes, epilithic algae, micro-heterotrophs
and denitrifying bacteria. Cooper and Cooke (1984), for example, found that aquatic
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macrophytes accounted for 73—100% of stream biotic nitrate uptake; Howard-Williams and
Downes (1984) suggest that uptake by stream bank macrophytes may be of the order of
09-15gN m~2 day .

Stream biota are involved not only in nitrogen uptake but also in nitrogen-transformation
processes such as nitrification and denitrification, which remove N from the stream water
by transferring it to the biota, atmosphere or stream sediments. Denitrification in wetlands
is thought to be particularly important (Swank and Caskey, 1982; Hill and Sanmugadas, 1985).
Sloey, Spamgler and Fetter (1978) recorded denitrification rates up to 3.5 kg N ha~! day™
for US wetlands during the growing season. Denitrification rates in New Zealand pastoral
streams were less than 1 kg N ha~! day~' (Howard-Williams and Downes, 1984) but were
found, in some streams, tO match maximum macrophyte uptake rates. Swank and Caskey
(1982) suggest that rates of denitrification are positively correlated with total nitrogen and
organic matter and negatively correlated with stream sediment nitrate concentrations. However,
in order for denitrification to be a significant factor in removing N from wetlands, N, must
be able to escape to the atmosphere before it is fixed as nitraie. Aerated water overlying
anaerobic sediments will restrict N, escape, $O flow in wetland systems is eritical in the
denitrification process.

Howard-Williams et al. (1982, 1988) attribute nitrate losses in New Zealand streams to
macrophyte uptake. They found that in macrophyte-dominated streams, nitrate was reduced
to concentrations below 5 mg =3 and increases in dissolved organic nitrogen were negligible
(Howard—Williams, Pickmere and Davies, 1088). Modification of stream nitrate concentrations
varied seasonally, with high retention of dissolved nitrogen by macrophytes in summer. Similar
seasonal trends were recorded by Hill (1979, 1988) and by Haycock (1991). However, Cooper
and Cooke (1984) concluded that instream nitrogen removal occurred throughout the year.

Richey, McDowell and Likens (1985), working in the Hubbard Brook Experimental Forest,
New Hampshire, did not detect nitrogen depletion where ammonium and urea were added
to a stream. This, they suggest, was due to nitrogen cycling by detritus and bryophytes on
the streambed, with uptake of ammonium being followed by release of nitrate, so there was
no net loss of nitrogen. Wyer and Hill (1984) also found that nitrification and ammonification
occurred simultaneously with nitrate reduction in laboratory experiments. In streams receiving
NH,-N, nitrifying bacteria are important in the conversion to NO;-N and subsequent
potential losses through denitrification.

There are a number of important controls on the rate of denitrification: these include
temperature, the availability of organic matter as a metabolisable energy source, the nitrate
concentration in stream water overlying stream sediments and the stream flow regime and
water residence time (Terry and Nelson, 1975). Hill {1988) found that nitrate removal
efficiency in streams was low where the stream nitrate load was high. This was thought to
be the result of shorter residence times and a higher ratio of water volume to stream sediment
areas, although increased flow should increase the oxygen diffusion rate and exchange of
nitrogen between organisms and water. Casey and Farr (1982) studied the effect of artificially

increased flow on a chalk stream in Dorset. They suggest that, regardless of allochthonous
inputs, nitrate concentrations in rivers may increase at high discharge because of the reduction
in benthic denitrification at high flow. Pinay et al. (1990) use the concept of nutrient spiralling
to explain the strong interactions between a stream and its riparian zone, where they suggest
that major exchanges of matter and energy take place. Nutrient spiralling is related to the
mean distance travelled by a nutrient atom during its cycle and the number of times that nutrient
atom is utilised in a section of stream or river. Interactions in the terrestrial—aquatic zone
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5.4.3 NITROGEN PATHWAYS IN LAKES AND RESERVOIRS
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Figure 5.10 Hypothetical seasonal variation in NH,-N concentration in Jakes of different trophic status
(modified from Henderson-Sellers and Markland, 1987)

(a) Seasonal variation in the contribution of different N fractions
to the total N concentration of a sutrophic lake.
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Figure 5.11 Seasonal variation in the contribution of nitrogen fractions to eutrophic Rescobie Loch,
Scotland (after Peterson and Stewart, unpublished)

period. This is a consequence of the pattern of algal bloom and algal decay which is

characteristic of eutrophic waters.

Figure 5.11(a) indicates the contribution of different nitrogen species to nitrogen cycling
in eutrophic Rescobie Loch (Peterson and Stewart in Royal Society, 1983). It clearly illustrates
the reduced contribution from dissolved inorganic nitrogen in summer which is partially
balanced by the larger contribution from dissolved organic and particulate nitrogen derived
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from lake biota. Figure 5.11(b) illustrates the dissolved inorganic NITTOEEIL L1abLLLL as v

L it
same period. Nitrate dominates this fraction for most of the ye:zu;l,1 cxlcel:(pt wh:er; ::izté:ezc;'zzl y
. i i in the lake wa .
i hieh in summer, when the concentration gf ammonium in —
: ’kIl‘lhg;l [;gttern of chemical transformations in eutrophic Slapton Ley, south westb[;e;/r?rtlc,)
between mid-July and mid-September are shown in Figure ? 12. qu;sgree; gga; 74 0
i in i until Dece .

t in Slapton Ley in early May and remain in the w:dter column unty nabae.
Z?gec:l?)minantp in early summer and there is a shift to Microcystis aeruginosa, Cf)ifosp‘i;clzen:r
naegelianum and Gloeotrichia echinulara in autumn (Benson»]‘iv’ams etal., 1?67, ;m g':)nm ,
1980). High primary productivity indicated by chlorophyll a concentrations zi ovc‘-:h " ‘ag,
m~? and cyanophyte blooms are evidence of eutrophication in Slapttz;l Le\}; 1 Ch or<()§)9 gro)

i 3 Ley are reported by Van Vlymen i
trations up to 330 mg m™ in Slapton Ley y Va :
co}ll'(l:l?algal bloofn represented by peak chlorophyll “a’ concentrations ;n lSleptcml?er (Flft;gt;ei
i - because it coincides with the maximum
5.12) appears to have been nitrogen-funded '
nitro)gerll)lzzonccntrations in the lake. Biologically available ph;;phorus pft:akts? b:sf(())rfe dtlt;: (:xll\ig:;
i i bloom itself. The concentratio
blooms, but concentrations are low during the e 1 "
i ic ni i TON 1! in summer, suggest that Slapton Ley,
organic nitrogen, which fall below 0.01 mg TU o
1frcl)r sgome periods, is a nitrogen-limited lake. This observation 18 suppon(?d by Yan Ylymen
(1980). More recent data for the same lake showed that, althou_gh inorganic r{;troier;
concen-trations fell in summer, the total nitrogen concentration remained relatively constan
and appeared to be maintained by a supply of organic nitrog
of nitrogen is less biologically available, nitrogen may stil

trogen. However, because this form
1 be limiting in this lake.

Lake ixi Rooted
water Mixing plants
(currents,
benthic organisms)
Active Diffusion
sedimant >~ 206 Soluble Uptake E"Cha"%ij:‘b"f
combined N p| ammeni
pool <+ Exchange
Mineralization, desorption Sorbed
, : nic N
jmmobilization, sorption orgal

—Pp
v
Historic Seepage waler
sediment

Figure 5.13 Nitrogen cycling at the sediment—water interface (after Keeney, 1973)

5.4.3.2 Nitrogen in lake sediments

Nitrogen reaches lake sediments by sedimentation, nitrogen fixation and nitrate immobilisation
(Figure 5.13). Lake sediments typically contain 50—200 kg N per 10 cm sediment depth
per hectare (Keeney, 1973), and are thought to act both as a sink and a source of nitrogen,
depending on the N status of interstitial or overlying waters.

Readily available nitrogen in lake sediments is held in the ammonium and organic nitrogen
forms present in interstitial water, and the ammonjum nitrogen on the exchange complex.
Diffusion and sediment mixing can release nitrogen in these forms to the water column,
although, in general, denitrification is the key process. Chen and Keeney (1974), for example,
showed that denitrification was a significant N sink in Wisconsin lakes. In sediment core
experiments they found that 15—26% added *N-labelled NO;-N was immobilised to organic
N and NH,-N, the remainder being accounted for by denitrification. Chen, Keeney and
MclIntosh (1983) studying Lake Michigan, concluded that only 1.2% of the annual catchment
nitrogen load was present in the active sediment layer of the lake. They suggested that
nitrification and subsequent denitrification at the sediment—water interface was a major
nitrogen sink. These nitrogen-cycling processes were, however, thought to be minor relative
to the high catchment nitrogen load reaching the lake. Their study concluded that non-point
nitrogen sources would be sufficient to maintain eutrophic conditions in the lake even if point
sources of nitrogen were reduced.

5.5 THE ROLE OF NITROGEN IN FRESHWATER EUTROPHICATION

One of the key products of eutrophication is excess algal growth. Hayes and Greene (1984),
for UK reservoirs, suggested that algal growth becomes a problem where inorganic N
concentrations greater than 1.5 mg 17! and inorganic P in excess of 0.02 mg 1”! are recorded.
Although nitrogen is acknowledged as one of the key contributory nutrients in the
eutrophication of freshwaters (see Table 5.7), most of the focus is on phosphorus inputs and
phosphorus control. There are a number of reasons for this. First, nitrogen is usually derived
from non-point sources, so control is difficult. Second, cyanobacteria can fix atmospheric
nitrogen rendering control ineffective in some lakes, and third, phosphorus is generally viewed
as the ‘limiting’ (and therefore controling) nutrient. For British lakes and reservoirs, however,
there is good correlation between chlorophyll ‘@’ concentration and nitrate (Figure 5.14),
and hence a good link between lake nitrogen concentration and trophic status.

Table 5.7 Lake loading level (g m™2 a™') for total N and total P (after Vollenweider, 1975)

Mean depth Permissible loading Dangerous loading

(m) Nitrogen Phosphorus Nitrogen Phosphorus

5 1.0 0.07 2.0 0.13

10 1.5 0.10 3.0 0.20

50 4.0 0.25 8.0 0.15

100 6.0 0.40 12.0 0.80

150 7.5 0.50 15.0 1.00

200 9.0 0.60 18.0 2.00
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5.5.1 THE TROPHIC STATUS OF FRESHWATER SYSTEMS

Lakes and reservoirs can be broadly described as ranging from oligotrophic (nutrient-poor)

1o eutrophic (nutrient-rich). The terms have no absolute meaning, but are valuable in reflecting

icati i ies
the nutrient status of a waterbody. Eutrophication generally refers to standing waterbod

i f water
rather than streams or rivers, where the rate of throughput of nutrients and the rate 0

movement are assumed to be too rapid for conditions characteristic of eutrophication to

develop. shwaters is usually based on establishing boundary

The identification of trophic status in fre g el
i -oria. Total phosphorus, chlorophyll ‘a’ an
values for a number of water quality criteria p o gh T o determinant oo

i Lth

depth are commonly used (Table 5.8). Nitrogen, a . . ‘ of t
pjgductivity of a waterbody, is normally excluded owing to the difficulty in establishing
effective control strategies based on nitrogen.
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Table 5.8 Water quality parameters and trophic status

Trophic category Total phos;i)horus Chloroph_ylll ‘a’ Secchi depth
(ug177) (wg 1) (m)
Oligotrophic <10 <2.5 >6.0
Mesotrophic 10-35 2.5-8.0 6.0-3.0
Eutrophic 35—-100 8.0~25.0 3.0-15

Using the OECD boundary values given in Table 5.8 (OECD, 1982), a waterbody falls
into one of the three main trophic categories where no more than one of the parameters deviates
from its geometric mean value by 72 standard deviations. Collingwood (1977) concluded
that 15, 11 and 4 lakes in England, Wales and Scotland, respectively, fall into the eutrophic
category on the basis of their maximum chlorophyll ‘a’ concentrations alone.

5.5.2 THE CONCEPT OF LIMITING NUTRIENTS: HOW IMPORTANT IS
NITROGEN?

The whole-lake experiments in Canada (Schindler and Fee 1974; Schindler, 1977) confirmed
the importance of phosphorus and nitrogen in lake primary productivity, previously only
investigated in laboratory studies. Nitrogen is often seen as the nutrient determining lake
productivity, whereas phosphorus is the nutrient limiting growth.

Phytoplankton biomass (indicated by chlorophyll concentration) in a waterbody appears
to be proportional to its nutrient load up to a point, beyond which other factors such as carbon
or dissolved oxygen concentration exert primary control (Sridharan and Lee, 1977; Lee, Jones
and Rast, 1980). The concept of limiting nutrients in waterbodies relies on the fact that both
absolute and relative quantities of essential nutrients regulate primary productivity (mainly
algal biomass) in the waterbody. Therefore it is assumed that the ratio at which nutrients
are taken up and used by algae reflect the relative composition of these nutrients in their
cellular material. On this basis, the ratio 106C: 16N: 1P has become widely cited as the standard
reference value for assessing the limiting nutrient in waterbodies (Ryding and Rast, 1989),
Carbon is rarely limiting in freshwaters. The assumption is that control of the nitrogen or
phosphorus load entering the waterbody from its catchment, or manipulation of the ratio of
N:P within the waterbody, should control algal growth.

The limiting nutrient concept is based on the photosynthesis reaction. Conceptually; the
reaction can be expressed as follows:

CO, + NO;~ + PO, + H0 + H' (+ trace elements: sunlight)

 photosynthesis
algal protoplasm + O,
respiration

This equation suggests that several variables are involved in the reaction, so theoretically
control of any one variable may offer control of eutrophication in waterbodies. Most attention
has been focused on control of the external nutrient supply, partly because of the relative
complexity of algal processes and partly because some macro-nutrients, particularly
phosphorus, offer a relatively simple means of limiting nutrient control.
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Table 5.9 Approximate levels of nitrogen and phosphorus limitati
from OECD, 1982)

on using N:P ratios (modified

Total N by wt  Total P moles  Inorganic N by wt Inorganic P moles Limiting nutrient

<10 22 <35 10 N
10-17 5~12 N/P
>17 37.6 >12 26.5 P

There is no sharp boundary between phosphorus and nitrogen limitation (Table 5.9). Low

N:P ratios favour pitrogen-fixing blue-green algae which are undesirable from a water quality

perspective (Schindler, 1977). Sewage effluents, which contain a low N-P ratio because of
the high concentration of soluble reactive phosphorus (SRP) released (4N:1P by weight),

can shift a waterbody from phosphorus to nitrogen Jimitation. The N:P ratio in sewage is

much lower than that of agricultural runoff, which is commonly between 30:1 and 50:1.

However, seasonal variation in both the supply and uptake of these nutrients in aquatic systems
£ N:P in surface waters and lakes

complicates this simplistic pattern. Furthermore, the ratio o
is not always reflected in the biota. Moss et al. (unpublished), for example, recorded a ratio
of N:P of 26:1 by weight (64:1 by atoms) for the river Brue in the Norfolk Broads. These
values are much higher than the optimum quoted for algal growth (Golteman and Kouwe,
1980). Despite these results, nitrate was often undetectable in the Brue in summer, and severe
nitrogen depletion was reported in phytoplankton cells.

The ‘biologically’ available fraction of nitrogen and phosphorus in the lake epilimnion,
rather than total nitrogen and phosphorus concentrations, are critical in funding algal blooms
(Table 5.9). The biologically available fractions are: dissolved or soluble reactive phosphorus
(SRP) and ammonium-N plus nitrate-N. A biologically available phosphorus concentration
less than 5. ug 17! and a biologically available nitrogen concentration less than 20 pg 17 are
usually taken to suggest phosphorus and nitrogen limitation, respectively (Ryding and Rast,
1989).

As the trophic status of a waterbody increases, the mineral nitrogen component becomes

relatively more dominant. The inorganic N fraction forms approximately 60% of total N at

total N concentrations less than 500 mg m~ and increases to 70% at total N concentrations
greater than 5000 mg m~> (OECD, 1982). This trend effectively means that increasing
trophic status corresponds with an increase in the ‘biologically available’ nitrogen fraction
in a lake. ’

Calculation of the atomic ratio of nitrogen to phosphorus in the waterbody and comparison
with the algal uptake ratio of 16N: 1P is an indication of the potential growth-limiting nutrient
in the waterbody. If biologically available N and P are measured in concentration units of
mg I”' the 16N:1P. atomic reference value then corresponds to a mass ratio of 7.2N:1P.
Therefore, if the N:P ratio is less than 7N:1P, nitrogen is potentially limiting because the
more rapid removal of nitrogen would limit biotic growth; if the ratio is greater than 7N: 1P,
phosphorus is limiting. In Swedish waterbodies, Fosberg and Ryding (1980) used a ratio
of less than 5N: 1P to denote nitrogen limitation and greater than 12N *1P to indicate phosphorus
limitation.

A major restriction on applying the concept of limiting nutrients t00 liberally to freshwaters
is that although it is robust under steady-state conditions, it fails where the waterbody is under

transient conditions (for example, where a waterbody receives intermittent inputs of phosphorus
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5.5.3 MODELLING EUTROPHICATION

5.5.3.1 Catchment-driven (nutrient load) models

The key objecti i i

o, pim 3u] ;\I/; gi t:,li g:,rm Qf model is contro! of eutrophication by estimating the nutrient

ioad, pardcularly from - tr-lpomt sources, reaching a lake from its catchment. The basis for

e Toadings. wher e); : e subcatchngem scale. Simple models are based on steady-state

putrien, 1oac unévauable n:o're realistic models attempt some subdivision of biclogically

e and Shooehoms :::, l:;::n;) f;)hr;n;usai?csznalt variations in dissolved and solid-phase

: 10 stem m, i
The simplest empirical models for estimating tl};e nutriei)t, lil:c;) t?)eal[\;rczal::zcll*?)?);iy are usuall

y

of the form:
A=ay+aX +aX + ... +am'm

where A = average annual nutrient load to waterbody (kg a~h)
‘X catchment area (ha) for land use 1, 2...m ,
a = export coefficients (kg ha™). ,

The export coefficients (a) are ideally based on i i

catchme i ; . on intensive water quality sampling i
obtainednlg; :’(‘)‘l?aznsmglz ll?r;domlnant land use! In practice, expogt coe}éﬁciex'ﬁls.ll;%cltsi?ﬁll
scographic ranges Egs gu flS ed information on nutrient export from land uses covering widz
Yohnos, 1990).&% Sdin ge,antzlr l:xample, Rast and Lee, 1983; Johnes and O’Sullivan, 1989;
viewed primarily as a meth ; st (1989) suggest that nutrient export coefficients should be

Coote. MacDonald and DeOH of obtaining rqugh estimates of annual nutrient loads.
of water quality data for dissol e?ian (1979) applied the simple model given above to two years
Catchment parameters fsg e\(fi and total nitrogen from ten Canadian agricultural watersheds
o coil tomem l;geut fland use, fertlhse.r and manure application, soil erosion sl()pe.
prevention can then be f of control mechanisms such as fertiliser reduction or erosion
nitrogen load. The mai esl _lmateq in terms ‘of the potential decrease in the average annual
specific as weil . beinam mnt_atnon of nutrient export models is that they are lisually site-
will be reflected in t f Saﬂ;ﬂlt}g—@eaﬁc. That is, the sampling interval and sampling season
watcrbdics sonuires ¢ elre 1_ab111ty of the results. Finer resolution of nutrient loading to
s soi] omaBi valuation o.f water and associated nutrient fluxes from the land surf;
profile. The complexity of these models depends on the required time resolll;t?(():s
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and the extent to which biochemical processes are incorporated. The general relationships are:
Dy = derkrTDk:
where Dy, = dissolved nutrient loss (kg) in surface runoff or baseflow from area k in time £,
dy = dissolved nutrient concentration in surface runoff or baseflow (kg m=),

Q. = surface runoff or baseflow (m3),
TD,, = fraction of dissolved nutrients reaching the waterbody from area k.

The total nitrogen load to a waterbody in time ? is computed from the sum of nitrogen losses
from each catchment source. Non-point nutrient Sources can be evaluated on the basis of
runoff (Qy) or by including a term for erosion (Xj,). Baseflow nitrogen will be primarily
in the dissolved inorganic nitrogen fraction. Assuming the groundwater nitrogen concentration
is relatively stable, the dissolved nitrogen load can be expressed as:

Dk = dekr

where dy, = dissolved nutrient concentration in groundwater from area k (kg m),
0, = baseflow (m?).

Haith and Tubbs (1981) and Haith (1982) describe a number of mechanisms for estimating
non-point nutrient loads from agricultural land in the north-east United States. They found
that the main limitation of the form of model given above is the transport factor (TDi) which
is not easily quantified. For dissolved nutrients it is often assumed that TD,, = 1 and that
the delivery of solid-phase nutrients is equal to the sediment delivery ratio of the catchment

(Haith and Tubbs, 1981).

5.5.3.2 Waterbody-driven (mass-balance) models

Based on nutrient mass balance calculations, these models are used to estimate the ‘biological’
response of a lake 10 nutrient load reductions normally using simple statistical (usually
correlation or regression). parameters. Empirical waterbody models such as those of
Vollenweider (1968, 1975, 1976; Rast and Lee, 1978; Ryding, 1980) are valuable in lake-
eutrophication control because they are simple and are not data-demanding. In Vollenweider’s
1976 model, for example, lake total phosphorus concentrations is computed from the annual
areal phosphorus loading (mg m~2 a~), the annual areal water Joading (m® a '), hydraulic
residence time and mean lake depth. Such models are limited, however, because they do
not give any indication of the processes involved or the magnitude of the yarious transport
mechanisms responsible for delivering nutrients from land to water. Errors in predicting
phosphorus concentrations, for example, can be at least £30% (Ryding and Rast, 1989).

Waterbody-driven models are usually biased towards prediction of lake phosphorus
concentrations. Nitrogen cycling, owing to the complexities of accounting for diffuse inputs
and the possibility that nitrogen is not limiting, is not usually considered. Extensions of the
basic model exist for other water quality parameters such as, chlorophyll ‘@’ (Dillon and
Rigler, 1974; Smith and Shapiro, 1981), Secchi depth (Rast and Lee, 1978) and dissolved
oxygen (Ryding, 1980; Vollenweider and Janus, 1982).

Baker, Brezonik and Kratzer (1985) developed a simple nitrogen-loading model based on
the OECD-Vollenweider model (OECD, 1982) for Florida lakes which are commonly nitrogen
— rather than phosphorus — Jimited, owing to excess P supply from phosphate-rich catchment
soils. Canfield et al. (1983, 1984) again for Florida lake systems suggested the following
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model for algal biomass prediction: -
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eutrophication process. To be fully effective, dynamic models need to incorporate at least
some of the accepted linkages outlined in Figure 5.15. The emphasis is usually on the biological
rather than the chemical component of the cycle, although DeRooij (1980) describes a dynamic
model based on chemical processes in lakes.

5.5.4 NITROGEN AND THE CONTROL OF EUTROPHICATION

As discussed earlier, the main non-point sources of nitrogen are urban and agricultural runoff.
Urban control mechanisms include creation of permeable surfaces in urban areas and
construction of storage and detention ponds. Neither mechanism is particularly useful for
nitrogen control, primarily because nitrate is highly soluble and readily leached from such
devices. Agricultural control mechanisms include construction and control of manure storage
facilities, attention to timing of manure and inorganic fertiliser application and the use of
slow-release fertilisers. An auxiliary measure for the reduction of agricultural nitrogen transfer
is the establishment of ‘protection zones’ or vegetative buffer strips which restrict fertiliser
application close to. waterbodies (see also Chapter 12). Other mechanisms of nitrogen control
include the use of nitrification inhibitors such as ‘N-serve’ to reduce nitrate leaching losses.
N-serve inhibits Nitrosomonas but its volatile nature means that it is difficult to incorporate
into the soil.

Riparian forest ‘ecotones’ are acknowledged as forming natural filters against diffuse
nitrogen input from agricultural land (Peterjohn and Correll, 1984; Jacobs and Gilliam, 1985).
Lowrance, Todd and Asmussen (1984) found that a riparian forest ‘ecotone’ in Georgia, USA,
retained 68 % of the diffuse nitrogen load as a result of denitrification. Chauvet and Décamp
(1989) found that the nitrate concentration in groundwater varied with land use in the Garonne
river catchment, France. In order of increasing nitrate concentration the authors found:
woodland < pasture < orchard < fallow < cereals < market gardening < urban. However,
nitrate appeared to be eliminated from groundwater before it reached the river affer it had
passed through the floodplain. Pinay (1986) and Pinay and Décamp (1988) examined the
process of nitrate elimination from groundwater with flow towards the river system. They
concluded that denitrification was responsible for allochthonous nitrate removal (Figure 5.16).
Howard-Williams, Pickmere and Davies (1988) concluded that the riparian vegetation of stream
channels and steam banks, together with the associated bacterial communities, were able to
remove dissolved inorganic nitrogen from the stream water. The rate of removal depends
on factors such as stream morphometry, discharge and season. The authors state that headwater
streams are valuable for the removal of diffuse nitrogen inflow. They suggest that the grazing
and watering of livestock in riparian zones should be minimised in order to maximise the
nitrogen removal potential of these zones. Further discussion of riparian buffer zones is given
in Chapter 12.

A simplified approach for selecting the appropriate eutrophication-control measure where
nitrogen enrichment is a possible source of eutrophication is shown in Figure 5.17. The
approach relies largely on external nutrient control and focuses on the nutrient status of the
waterbody. Note that the starting point for control is nitrogen (rather than phosphorus), and
some mechanisms of nitrogen control are shown in Table 5.10. Note also that it is implicit
in the diagram that nitrogen will not be the limiting nutrient and that phosphorus will be the
key nutrient in the control of eutrophication. In many eutrophic freshwaters it is not so
important that phosphorus is the specific algal growth-limiting factor at a given time but rather
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removal (after Pinay and Décamps, 1988) ¢ importance of denitrification in N

that it is made limiting by reducing external catchments 1 in~

(PLUARG. 1987: Rdroe. 1980 ;gOECD’ g, s loads or by in-lake control measures
The control of point sources of nitrogen usually focuses on sewage works discharges. One

approach is to incorporate selected stages of the nitrogen cycle into the treatrment process

(fpr example, adding lime to raise the pH and volatise ammonia). However, much nitrogen

still remains in the resulting sludge which must be disposed of. Optimisation of denitrification

in sewage treatment requires addition of a carbon source (for example, methanol and the
creation of an anoxic environment).

Table 5.10 Methods for reducing nitrogen losses from agricultural 1 i i
) and difi
States Environmental Protection Agency, 1980) ® ¢ (modiied from United

Control practice Description

Eliminate excess use of fertiliser Cut in N leaching; cut in fertiliser cost,

no effect on yield
Leaching control d

(1) Timing of .N application Reduction in N leaching through efficient use; inconvenient
(2) Crop rotations Reduction in N input and erosion; not compa{ible with many
) farm enterprises
(3) Animal wastes as fertilisers Creates non-point (slow-spreading) N source from point
) source
“4) Plough.mg green legume crops  Reduces N fertiliser input; not always feasible
(5) Use winter cover crops Uses nitrate, reduces percolation, reduces erosion

Control of nutrients in runoff

(1) Incorporate surface applications Decreases N in runoff; no yield effects;
not always possible

(2) Control surface applications Use when incorporation not feasible

(3) Use legumes in grasslands Replaces N fertiliser; limited applicability;
difficult to manage
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Table 5.11 Water use and trophic status

to-stream pathway . Instream nitrogen transformations are also viewed as critical in modifying
the nitrogen load once it enters the aquatic system. In both these pathways, denitrification
is the critical process governing the extent of nitrogen ‘loss’ from the system.
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" % Table 5.11 indicates the variation in lake trophic status according to water use. Oligotrophic
- @ § lake waters are desirable for drinking water because nitrate is potentially toxic to humans
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The role of nitrogen in the eutrophication of freshwaters has also been examined. It is noted
that the control of nutrients to limit eutrophication normally focuses on phosphorus. However,
it is not always the case that phosphorus is the limiting nutrient, and hence the controlling
factor, in freshwater eutrophication. The relative importance of nitrogen and phosphorus as
limiting nutrients will vary seasonally. This is particularly true of nitrogen, which is primarily
dependent on catchment sources. Phosphorus is less dependent on this source and, furthermore,
has a secondary source of phosphorus in lake sediments. This difference in N and P sources
means that there is a high potential for nitrogen limitation in eutrophic waters when the
catchment supply of nitrogen is low, that is, in summer months. The extent to which nitrogen
actually becomes limiting also depends on the algal composition of lake waters. It is possible
that nitrogen-fixation by blue-green algae may reduce nitrogen limitation. However, it is just
as feasible that the initial dominance of blue-green algal blooms in many eutrophic waters
is itself triggered by a limited nitrogen supply, which blue-greens can adapt to and exploit.
More research on the role of nitrogen in freshwater eutrophication is needed if control measures

are to be effective.
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