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Abstract

This paper describes nitrogen losses from, and the characteristics of, 35 selected catchments (12 to 2000 ha) in the Nordic and Baltic
countries. Average annual losses of N in 1994—1997 ranged from 5 to 75 kg ha™'. Generally, the lowest losses were observed in the Baltic
countries and the highest in Norway. The N losses were also characterised by significant within-country and interannual variations, particularly
in the Norwegian catchments. An important finding of the study is that the average nutrient losses varied greatly among the catchments
studied. The main explanations for this variability were water runoff, fertiliser use (especially the amount of manure), soil type and erosion
(including stream bank erosion). However, there were several exceptions, and it was difficult to find general relationships between the
individual factors. For example, there was poor correlation between nitrogen losses and surpluses. Therefore, the results suggest that the
observed variability in N losses cannot have been due solely to differences in farm management practices, although the studied catchments do
include a wide range of nutrient application levels, animal densities and other relevant elements. There is considerable spatial variation in the
physical properties (soil, climate, hydrology, and topography) and the agricultural management of the basins, and the interaction between and
relative effects of these factors has an important impact on erosion and nutrient losses. In particular, hydrological processes may have a
marked effect on N losses measured in the catchment stream water. The results indicate that significant differences in hydrological pathways
(e.g. the relationship between fast- and slow-flow processes) lead to major regional differences in N inputs to surface waters and therefore
also in the response to changes in field management practices. Agricultural practices such as crop rotation systems, nutrient inputs and soil
conservation measures obviously play a significant role in the site-specific effects, although they cannot explain the large regional differences
observed in this study. The interactions between agricultural practices and basic catchment characteristics, including hydrological processes,
determine the final losses of nitrogen to surface waters, hence it is necessary to understand these interactions to manage diffuse losses of
agricultural nutrients efficiently.
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Introduction

Nutrient losses from agriculture are considered to be
responsible for the major input of nutrients to surface waters
and maritime areas in almost all the Nordic and Baltic
countries (Stélnacke, 1996; Liddne et al., 2002). Although
both the predominant nutrient transformation processes in

agricultural soils and the main transport processes for
nutrient losses are well documented, it is hard to predict
the level of nutrient losses from agricultural landscapes
and how different measures may influence these losses.
The large spatial and temporal variability in nutrient losses,
water discharge, weather conditions and farming practices
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also make it very difficult to distinguish between differences
due to natural causes and those from agricultural activities.

National programmes for monitoring nutrient losses from
agricultural soils have a relatively short history in the
Nordic-Baltic region (Qygarden and Botterweg, 1998). For
example, such programmes were established in 1988 in
Sweden (Gustfason, 1988), in 1989 in Denmark (Andersen
et al., 1999), and as late as 1992 in Norway (Bechmann et
al., 1999). Finland has the longest tradition of monitoring
agricultural losses, which was begun in 1962 in four
agricultural streams.

The results of these programmes have been presented
mainly in national reports, and there has been no
coordination or more formal cooperation on the regional
level, nor any common recounting or analysis of monitoring
data. Accordingly, Nordic-Baltic collaboration is clearly
needed with regard to monitoring and reporting agricultural
soil and nutrient losses. Here, possible explanations for
differences in nitrogen losses between the catchments
studied and countries are discussed, as well as environmental
effects related to soils, climate, hydrology and management
practices.

Database and methods

To limit the volume of the data, an appropriate number of
representative catchments (maximum of 10) was selected
for each country, based on the following criteria:

e they were to represent the major crops and soil types;

e they were to represent the main variability in climate;

e data were to be available on soil types, land use, yield
statistics and fertiliser use.

Preference was also given to catchments with long time
series of monitoring data. Furthermore, it was decided that
catchments should not be too small (e.g. homogeneous
fields) or too large (maximum 25 km?).

In all, 35 catchments were selected: seven in Norway, six
in Denmark, ten in Sweden, four in Finland, three each in
Latvia and Lithuania, and two in Estonia (Fig. 1). The
selected catchments range in size from 12 to 2000 ha (Table
1), and the proportion of agricultural land is typically around
60-80%. Annual precipitation varies between the
catchments, from 500-600 mm in the Baltic countries,
SE Sweden and Finland, up to more than 1000 mm in the

Fig. 1. Map showing the catchments studied. The numbers refer to the catchments
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Table 1.

left refer to the sampling locations marked on the map in Fig. 1. Soil type according to USDA classification.

Regional variations in diffuse nitrogen losses from agriculture in the Nordic and Baltic regions

General physiographic characteristics, livestock density, and cereal yields in the catchments studied. The numbers to the

No. Catchment Tot Agric. Dominating production Precip. Temp Soil type Livestock Cereal
Area area’ density vields
ha % mm/yr °C LU ha T ha'!

NorRwAy

1 Mordre 680 65 Cereals 665 4.3  Silt, silty clay loam 0.1 4298

2 Skuterud 450 61 Cereals 785 5.3  Silty clay loam 0.3 5135

3 Kolstad 310 68 Cereals 585 3.6 Loam 0.8 4199

4 Vasshaglona 70 61 Cereals, vegetables & 1230 6.9  Sand, loam 1.1 3354

potatoes

5  Time 110 85 Grass & pasture 1154 7.4  Loamy sand 2.1

6  Naurstad 146 35 Grass & pasture 1020 4.5  Peat on loamy sand 0.8

7  Hotran 2000 58 Cereals 842 53  Silty loam, silty 1.0

clay loam

DENMARK

8  Hojvads Rende 980 83 Cereals 614" 7.3' Loamy sand 0.23 8452

9  Odder Bzk 1140 98 Grass & pasture 7941 7.3'  Sand 1.53 6274

10 Horndrup Bak 550 82 Cereals 875" 7.4' Loamy sand 1.04 6476

11 Lillebaek 470 89 Cereals 704! 7.3'  Loamy sand 0.81 7725

12 Barslund Bak 1310 65 Grass & pasture 969! 72! Sand 0.45 4979

13 Bolbro Bek 820 929 Grass & pasture 993! 7.3' Sand 1.08 5895

SWEDEN

14 Vemmenhog 902 95 Cereals & sugar beets 662 7.2 Loam 0.1 7033

15 Forslov 790 77 Cereals, grass& potatoes 694 7.6 Clay loam, clay 0.6 4975

16  Gullbrannabicken 650 93 Cereals & grass 773 7.2 Sandy clay loam 0.3 5900

17  Draftinge 193 61 Grass & pasture 864 6.2  Sandy loam 1.6 4200

18  Barlingbo 490 89 Cereals & sugar beets 514 6.8 Loam 0.2 4700

19 Jérnsbicken 1000 71 Cereals & grass 732 5.9  Silty loam 0.2 4625

20  Uveredsbécken 776 91 Cereals 571 6.2 Silty clay 0.1 6000

21 Marstad 1681 89 Cereals 477 6.0  Sandy loam 0.3 4800

22 Gisseloa 564 68 Cereals 591 63 Clay 0.1 4525

23 Frogirde 760 53 Cereals 561 5.9  Silty clay 0.1 3800

FiNnLAND

24 Hovi 12 100 Cereals 619" 39! Heavy clay 0 3850

25 Loytdneenoja 564 77 Cereals 558" 4.0 Clay & sand ~0

26  Savijoki 1540 39 Cereals 662' 49! Clay & Moraine ~0

27 Haapajyrd 609 58 Cereals 513" 3.2'  Acid sulphate, clay and peat ~0

EstoNnia

28 Répu 2550 77 Cereals & grass 730 4.8 Loam 0.64 3260

29 Tonga 970 85 Grass & pasture 676 5.8 Clay <0.1

Larvia

30 Berze 370 98 Cereals & sugarbeets 569°  6.0° Silty clay loam 0.03 3292

31 Vienziemite 590 78 Grass 730°  4.7° Sandy loam 0.12 2550

32 Mellupite 960 68 Cereals 654° 5.8° Loam 0.19 2590

LiTHUuANIA

33 Lyzena 166 55 Grass 580 5.4  Sandy loam 0.02

34 Graisupis 1360 68 Cereals 501 6 Sandy loam 0.27 4000

35 Vardas 750 73 Cereals 550 5.7  Sandy loam 0.72 2000

! Refers to mean for the period 1961— 1990

2 Grassland and pasture are included in category “agricultural land”

3 Normal year data (1948—-1996)
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catchments in south-west and northern Norway. Cereal crops
dominate in 25 of the 35 catchments, whereas grassland or
pasture is predominant in nine of the catchments (three in
Denmark, two in Estonia, and one each in Norway, Sweden,
Latvia and Lithuania). Vasshaglona in Norway was the only
catchment with a high percentage of potatoes and vegetables
(50-60% of the total area) combined with cereals.

The values representing losses are given in kg ha™
agricultural land. They are based on the measured nutrient
loads at the outlets of catchments (primary surface water
recipients) but were corrected for the contribution from non-
agricultural land by using standard loss coefficients for these
land categories. The presented data on losses should
therefore not be interpreted as the gross losses from
agricultural soils (i.e. root zone losses). The time period
covered was 1993-1997.

The relationship between nutrient inputs and outputs in
agriculture reflects the efficiency of nutrient utilisation and
is therefore often looked upon as an important environmental
indicator for the agricultural sector. A soil surface balance
was calculated for the catchments studied, based on
differences in nutrient (mineral and organic fertiliser)
application on farmland, atmospheric deposition and fixation
of nitrogen, and the amount of nutrients removed with crops
and crop residues (if not incorporated into the soil). This
was done using the following formula:

nutrient balances = mineral fertilisers + nutrients in
manure applied + atmospheric deposition + nitrogen
fixation — nutrients removed in crop

This soil surface nutrient balance reflects the sum of the
losses to water and air and the net changes in soil nutrient
pools. The values used here were based mainly on reporting
of fertiliser use and crop yields (and standard values for the
N content of the yield) by the farmers themselves. Nutrient
balances were calculated only for catchments in which crop
yields could be registered rather accurately (i.e. catchments
dominated by cereal crops), and for the primarily grass and
pasture land catchments for which reliable yield estimates
were available.

Results and discussion

VARIATIONS IN THE MAGNITUDE OF MEAN
ANNUAL NITROGEN LOSSES

Large variations were observed in the mean annual losses
of N during the period 1993—1997. The overall range in N
losses was 5-75 kg ha™' (Fig. 2) but 24 out of 35 catchments
showed annual losses ranging from 10 to 30 kg ha'.
Generally, the largest losses of N were observed in the
Norwegian catchments.

The largest average N losses, 75 kg ha™'yr™, occurred in
the Norwegian catchment Vasshaglona, which is
characterised by intensive arable crops (e.g. vegetables) on
sandy soils, high precipitation and relatively high livestock
density. In general, the lowest N losses, 5-9 kg ha™!, were
observed in the catchments in Estonia, which mainly
represent pasture land with very low fertiliser application
and low water runoff.
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Fig. 3. Mean annual water runoff in 35 agricultural catchments in the Nordic and Baltic countries.

The observed losses of N vary substantially between the
catchments within each country (Fig. 1). In general, such
within-country variations are apparently largest for Norway
and smallest for Finland. A probable reason for the high
variability in the Norwegian catchments is the wide range
of climatic and hydrometeorological conditions in those
areas, as illustrated by a specific runoff ranging from less
than 200 mm to more than 1200 mm (Fig. 3).

INTERANNUAL AND SEASONAL VARIABILITY IN
NITROGEN LOSSES
There was also large interannual variability in nitrogen losses
within each catchment, particularly in some of the
catchments in Norway (Fig. 4). The lowest interannual
variability in the catchments occured in the Baltic countries
and Finland, and there was hardly any variation in nitrogen
losses from the stream Meordrebekken in Norway during
the five-year period studied (average 17 kg ha™'yr™). This
was due to the large amount of water available in the silty
soil in the catchment, which promotes relatively high and
stable yields with little interannual variability, despite
considerable interannual variation in precipitation and
temperature during the growing season. Yield failures, e.g.
due to lack of plant available water, may cause exceptionally
high N losses during the subsequent autumn and winter
season (Vagstad et al., 1997).

Average seasonal variations in water runoff are shown in
Fig. 5. The seasons are designated winter/early spring

(January—March), spring/early growing season (April—
June), growing season (July—September) and autumn/early
winter (October—December). Water runoff (and nutrient
losses, not shown) tended to be highest during the winter
and early spring. Furthermore, the catchments in the Baltic
countries and Finland, as well as some of those in Norway,
showed relatively high runoff and nutrient losses (usually
40%) during the period April-June, most likely due to the
rather late spring flow in those areas compared to the other
catchments. Notably, the runoff and nutrient losses were
extremely high (> 60%) in April-June in one of the Estonian
catchments. In all catchments, the runoff and nutrient losses
were relatively low (5-20% of the total annual rates) in July—
September.

FERTILISER APPLICATION AND NITROGEN
BALANCES

There was a wide range of nutrient application levels in the
selected catchments during the period studied, with average
amounts varying from 8 to 290 kg N ha™' and from 1.5 to 38
kg P ha™ agricultural land in mineral fertilisers and manure
(Table 2). The lowest levels were observed in the Baltic
catchments, where nutrient inputs have generally been very
low since the dissolution of the Soviet Union. On the whole,
catchments with high livestock densities received more total
nitrogen than those with less livestock (Tables 1 and 2),
although large differences in fertiliser applications were
observed in catchments with high animal density and
otherwise similar characteristics. For example, 258 kg N
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Table 2. Nutrient budgets for the catchments studied (kg ha™ yr™)
Catchment Inorg. Manure N depos. N fix. N N Inorg. Manure P re- P surplus
fertiliser N total removed surplus  Fertiliser P moved
N P
NorwAy
Mordre 117.6 15.0 6.0 0.0 81.4 57.2 19.2 5.0 15.0 9.2
Skuterud 139.4 14.8 6.0 0.0 110.6 49.6 21.2 3.0 19.6 4.6
Kolstad 119.4 36.8 6.0 0.0 90.4 71.8 16.4 7.8 154 9.2
Vasshaglona 141.8 22.8 10.0 0.0 30.2 8.4
Time 144.0 146.0 12.0 0.0 6.8 26.6
Naurstad 90.3 73.0 6.0 0.0 10.5 13.3
Hotran 8.0 0.0
DENMARK
Hejvads Rende 120.5 23.1 19.0 7.0 126.2 43.4 18.4 4.8 21.0 2.2
Odder Bek 93.1 165.0 19.0 27.0 142.9 161.2 6.3 27.0 20.5 12.9
Horndrup Bk 94.0 108.5 19.0 13.0 117.8 116.7 4.8 24.8 19.4 10.2
Lillebak 117.2 71.4 19.0 13.0 133.9 86.7 9.9 16.5 23.1 3.3
Barslund Bzk 130.0 47.3 19.0 14.0 116.6 93.6 20.8 6.1 17.7 9.2
Bolbro Bak 91.2 142.5 19.0 28.0 138.4 142.3 4.6 27.5 20.4 11.8
SWEDEN
Vemmenhog 128.6 13.2 10.0 2.8 109.7 44.9 11.7 4.9 21.0 -4.4
Forslov 98.6 32.9 10.0 83 73.4 76.4 11.9 14.5 14.7 11.7
Gullbrannabicken 80.3 18.2 12.0 9.0 105.2 143 6.1 6.0 18.5 -6.4
Draftinge 55.0 44.0 7.0 14.0 1.0 16.0
Barlingbo 98.6 12.7 6.0 2.8 81.5 38.6 10.5 3.5 14.6 -0.6
Jarnsbacken 107.3 19.8 8.0 10.0 87.5 57.6 14.4 6.7 15.6 5.5
Uveredsbicken 134.0 0.0 6.0 3.0 99.0 44.0 23.0 0.0 19.0 4.0
Marstad 104.8 7.2 5.0 3.3 92.6 27.7 14.3 3.8 17.5 0.6
Gisseloa 90.3 0.0 5.0 3.3 80.9 17.6 6.4 0.0 15.1 -8.7
Frogirde 97.5 2.3 4.0 4.0 78.4 29.4 14.9 0.0 15.0 0.3
FiNnLAND
Hovi 87.2 0 6 4 67.0 30.2 15.9 0 11.8 4.1
Loytdneenoja
Savijoki
Haapajyrd
Estonia
Répu 441 17.5 8 2 441 27.5 3.3 5.1 8.1 0.3
Tonga
Larvia
Berze 35.8 1.4 59.5 =223 8 0.3 11.5 -3.2
Vienziemite 0.4 7.1 1.5 6.0 0.01 1.4 0.16 1.3
Mellupite 16.7 12.6 30.9 -1.6 1.3 2.1 52 -1.8
Lithuania
Lyzena
Graisupis 70.0 9.0 28.0 51 3.5 4.5 -1.0
Vardas 59.0 19.0 21.7 56.3 7.0 1.0 -6.0
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ha' was used in the Odder Bk catchment in Denmark,
whereas only 100 kg N ha™ was applied in Draftinge in
Sweden (Table 2), which is similar to the Odder Bek area
in regard to livestock density (1.5-1.6 LU ha™! agricultural
land), crop distribution (i.e. cereals), and precipitation (800—
860 mm). Differences in fertiliser application were also
substantial in catchments with low animal density and
otherwise similar characteristics. For instance, the Kolstad
catchment in Norway and the Vardas in Lithuania were
similar with respect to livestock density (0.7-0.8 LU), crop
distribution (cereals), and precipitation (550—600 mm), but
156 kg N ha™! was applied in the former area and only 78 kg
N ha! in the latter (Table 2).

During the entire measurement period, there was great
variability in average N and P soil surface balances, ranging
from deficits in some of the Baltic (N and P) and Swedish
(P) catchments to large surpluses of 50—-160 kg N ha™'and
9—13 kg P ha™'in most of the Danish and some Norwegian
catchments. The nitrogen surplus was largest (range 140—
165 kg ha™) in the catchments with the greatest livestock
density (> 1.5 LU ha™) and substantially lower (usually
<50 kg ha') in catchments with livestock density less than
0.5 LU ha™. The phosphorus surplus was also largest in the
catchments with the most livestock. This suggests that large
nutrient surpluses are mainly associated with livestock
production.

FACTORS AFFECTING VARIABILITY IN THE
MAGNITUDE OF NITROGEN LOSSES BETWEEN
CATCHMENTS

There was great variability in nitrogen losses, despite
similarities in soils, climatic conditions, and farming
systems. In general, N losses were low in all of the Baltic
and some of the Danish and Swedish catchments, but high
in the Norwegian catchments.

The results call for a discussion of the various factors
that might explain the variability in nitrogen losses. The
following issues are presented here:

® nitrogen losses vs. water runoff;
® nitrogen losses vs. nitrogen fertilisers and surpluses;
e hydrological pathways of nitrogen losses.

In general, losses of nitrogen correspond with variations in
runoff (Stidlnacke and Grimvall, 1999). However, no such
straightforward correlations were found when all catchments
were included in the analysis, although a slight positive
relationship between nitrogen losses and runoff was
observed (Fig. 6). Nevertheless, the nitrogen losses varied
considerably between the catchments exhibiting moderate
runoff (250-350 mm). Substantial variation in nitrogen
losses occurred for the two catchments with the highest
runoff (> 1000 mm yr™), Naurstad and Vasshaglona in
Norway, but that was probably due the fact that these two
areas have different types of soils and crops.
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Fig. 6. Scatter charts of mean annual nitrogen losses vs. mean annual water runoff in agricultural catchments in the Nordic and Baltic countries.
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Large losses of nutrients from agricultural soils are often
caused by intensive use of fertilisers, especially in situations
when fertiliser use exceeds the nutrient requirements of the
crops. This has been clearly demonstrated in plot
experiments (e.g. Brink, 1983; Andersson, 1986; Neill,
1989; Liang ef al., 1991), and catchment studies (Dillon
and Kirchner, 1975; Hill, 1981; Rekolainen, 1989; Zakova
et al., 1993). A slight positive correlation was observed
between nitrogen losses and application of nitrogen in
manure and mineral fertilisers (R>=0.14; Fig. 7). However,
this relationship might be somewhat misleading, because
all the lowest N losses occurred in the Baltic countries, where
the application of N was exceptionally low. Considering
only the catchments with more standard application rates,
the correlation was much weaker, and there were large
differences in N losses at same application rates.
Accordingly, a better explanation for N losses in this context
might be the nutrient surpluses that arise when more
substantial amounts of N fertilisers are applied to increase
yields.

The nutrient surplus values given in Table 2 represent soil
surface balances that were calculated by subtracting the
nutrient outputs from the inputs; the outputs being crop
yields, and the inputs fertilisers, manure, and atmospheric
deposition and fixation. Leaching, runoff and gaseous losses
were not included in the outputs, but were instead considered
to be eventual residuals (surpluses or deficits). Nutrient
surpluses are often used as environmental indicators, for
instance, when determining the risk of water pollution.
Bechmann et al. (1998) studied Norwegian agricultural

100
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R2 =0.14
Fig. 7. Scatter charts of mean annual losses vs. mean annual

application of N in mineral fertilisers and livestock manure for
agricultural catchments in the Nordic and Baltic countries.

catchments and found a rather weak correlation between
nutrient surpluses and nutrient losses in individual years.

These investigators also discovered that the level of annual
nutrient losses was influenced primarily by variations in
weather conditions, and that annual nutrient surpluses were
strongly affected by variations in yield which, in turn, were
largely the result of the weather conditions during the
growing season. These results are supported by findings that,
on average for the entire monitoring period, showed a poor
correlation between nutrient losses and surpluses (Fig. 8).
The relationship between N losses and surpluses was slightly
positive in the Swedish catchments but negative in the
Danish catchments. The weak correlations between
surpluses and losses may have been due to the fact that the
former were measured in the soil surface and the latter in
the primary surface-water recipient. In other words, since
processes such as mineralisation, immobilisation and
denitrification affect the nutrient transportation from the root
zone to surface water, it is not likely that there will be a
strong correlation between surpluses and losses (see the
following section). In addition, the soil has a large capacity
to adsorb P, and a high soil P status may reflect a long history
of surpluses. Thus, if all surpluses are long-term in nature,
only long-term measurements are likely to reveal these
correlations.

The nutrient loss values presented here were based on
measurements made at the catchment outlets (in primary
surface-water recipients). In many cases, the losses of
nutrients from agricultural land via the root zone may be
significantly higher than the load analysed at a catchment
outlet (Andersen et al., 1999). Depending on the
hydrological pathways along which nutrients are
transported, retention processes may reduce the
concentrations of these substances significantly before they
reach the surface-water recipient. That definitely applies to
N (nitrate) when groundwater flow is a major pathway, as
illustrated by the results of Grant et al. (1997) showing that,
in Denmark, N losses from the root zone in sandy soils were
124 kg ha™', whereas the losses at the catchment outlet were
only 12 kg ha™'. In the same study, the losses of N from
loamy soil were estimated to 68 kg ha™', but the losses at
the catchment outlet were only 25 kg ha—"', which is,
nonetheless, a higher level than released from the sandy
catchments. This variation in losses between sandy and
loamy soils is related to the hydrological pathways along
which the nutrients are transported. In Denmark, loamy soils
are less permeable and are therefore usually artificially
drained, hence a relatively larger proportion of excess
precipitation quickly reaches streams in the form of overland
flow or interflow (i.e. flow from drain pipes and from upper
groundwater). By comparison, streams in sandy Danish
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Fig. 8. Scatter charts of mean annual losses vs. mean annual surpluses of N (upper) and P (lower) for agricultural catchments in the Nordic
and Baltic countries.

catchments are fed mainly with groundwater, and they have
a large denitrification potential due to oxidation of organic
matter or pyrite (FeS,) that occurs during transport of the
groundwater.

The amount of quick flow can be ascertained by separating
the flow components (e.g. quick flow and base flow) of the
stream water hydrograph. The Base Flow Index (BFI) is a
calculation of the base flow in relation to total flow. More
precisely, it estimates the portion of water transported by
slow-flow processes, which in many cases may represent
groundwater discharge: the higher the BFI, the more

dominant the groundwater pathway. The BFI-calculations
performed here were essentially as proposed by the Institute
of Hydrology (1993).

Considering the results for Denmark, the BFI values were
high for the sandy catchments (77-95%) and lower for the
loamy catchments (58—60%), which clearly demonstrates
the involvement of different hydrological pathways.
However, a different picture was obtained when the
observed N losses were plotted against the calculated BFIs
for catchments in the other countries (Fig. 9): for Denmark,
the lowest N loads were observed at the highest BFI values,

Nitrogen load (kg /ha)

m Denmark

¢ Norway

A Sweden

X Finland

O Baltic states

BFI (%)

Fig. 9. Scatter chart of the mean annual nitrogen losses vs. base flow index (BFI) for agricultural catchments in the Nordic and Baltic countries.
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whereas the opposite was noted for Norway, and the
correlation between BFI and observed losses was very weak
for the other countries. Presumably, the method used to
calculate BFI gave values that were not precise and accurate
enough to differentiate or define similar hydrological
pathways in the various catchments. For example,
considering the Danish catchments, the index appeared to
separate groundwater flow from the relatively faster flow
processes (surface runoff and percolation through soil matrix
to drainage systems). By comparison, the conditions in the
Norwegian catchments are rather different, and groundwater
usually makes only a marginal contribution to the water
discharge. Under such circumstances, it is more likely that
the BFI values will discriminate between very fast flow
processes (surface runoff and preferential flow) and the
relatively slower flow processes (e.g. percolation via soil
matrix to drainage systems). This is most likely also the
reason why the regression analyses gave opposite results
for the Norwegian and Danish catchments. Nevertheless,
the findings clearly show that examination of the
hydrological pathways provides important information
about the magnitude of nitrogen losses. It may also provide
useful information for the asessement of measures to reduce
these losses and expected impacts on receiving water bodies.

Concluding remarks

One of the most remarkable findings is that the average
losses of nitrogen varied substantially in the catchments
studied (Fig. 2), despite similarities in soils, climate and
farming practices. Notwithstanding the complex nature of
this variability, differences in the hydrological processes
seem to have played an important role, particularly for the
discerned N losses.

The load of nitrogen that is discharged from the root zone
can be considered to represent the gross losses from
agriculture, if it is assumed that little denitrification and
ammonia volatilisation occur in the root zone. The amount
of nitrogen that actually reaches the surface water is
determined by the transport pathways from the soil profile
and root zone to the surface-water recipient. If a soil-water
system is characterised by fast-flow processes (as for most
Norwegian catchments), a relatively large portion of the
gross nutrient losses will be delivered to the surface water.
Thus, the net losses measured in stream water will be nearly
equivalent to the gross losses from the root zone which, of
course, means that the net losses will be high if there are
substantial gross losses of nutrient loads. In such a system,
areduction in gross losses from the root zone will probably
have a relatively rapid effect on the losses of nutrients to
surface water. Conversely, if a system is characterised by

slow-flow processes, smaller loads will be detected in the
receiving surface waters (due to increased losses through
denitrification in groundwater), which may result in
measured net losses in stream water that are much smaller
than gross losses from the root zone (e.g. as seen in some of
the Danish catchments). However, in this case, even
significant reductions in root-zone losses may be eliminated
by the time the water reaches the outlet stream of the
catchment. It may be difficult to quantify the effect of such
gross reductions, particularly if there is considerable inertia
or a time delay in the system.

Understanding the effects of hydrological processes on
nutrient losses is an important new dimension in nutrient
management strategies. Clearly, agricultural practices such
as crop rotation systems, nutrient inputs and soil
conservation measures had a significant impact on the site-
specific effects observed in this study, although they cannot
explain the large regional differences. It is the interaction
between agricultural practices and basic catchment
characteristics, including the hydrological processes, that
determines the final losses of nutrients to surface waters.

In addition, mineralisation during winter is important,
especially in the litter pool. For example, Gustafson (1988)
showed a strong correlation between the amount of nitrate
in the soil profile at the end of the growing season and the
litter mineralisation, and the amount of nitrate leached during
the winter period (R?=0.99). Catch-crops and winter crops
has also shown to be of importance for nutrient losses.
However, the effects from mineralisation, catch-crops and
nutrient status in soils were outside the scope of this study
but should be considered in a follow-up study.

Diffuse nutrient losses represent a particular challenge
for the pressure and impact analysis and the river basin
management plan linked to the Water Framework Directive.
The key issue of the directive is to maintain or improve the
status of surface and ground waters by controlling or
reducing the pressures on the water bodies. Targeted
measures to reduce nutrient losses from diffuse sources are
therefore essential to optimise the cost-efficiency of the river
basin management plan. This requires understanding of the
spatial and temporal patterns of the diffuse nutrient losses
and the related cause-effect relationships. In particular, the
hydrological processes are important for the linkage between
field-scale activities and water quality impacts.
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