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INTRODUCTION

Declining sulphur deposition in the UK will result
in nitrate becoming the major acid anion in many
acidified surface waters within the next decade,
potentially preventing recovery from acidification
(Curtis et al., 2005a). Furthermore, there is
increasing evidence that nitrogen (N) deposition
may be affecting the nutrient status of remote
upland waters that had previously been assumed
to be phosphorus limited (Wolfe et al., 2001;
Maberly et al., 2002; Sickman et al, 2003).
Modelling potential future increases in nitrate
leaching is therefore of critical importance for the
management of upland waters, which in the UK
fall mainly within moorland catchments.

The steady-state mass-balance model FAB (First-
order Acidity Balance model: Posch et al., 1997;
Henriksen & Posch, 2001) predicts future nitrate
leaching by reducing the complex terrestrial and
aquatic N cycles to the following long-term sinks
for N:

1. In-lake retention of N (lake catchments
only)

. permanent removal of N
biomass (grazing/harvesting)

. Denitrification (terrestrial); return of N to
the atmosphere in gaseous forms (e.g. N,O)

4. Permanent immobilisation of N in soil
organic matter.
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Table I: Description of the four experimental N budget catchments

SITE: Allt a’Mharcaidh Afon Gwy Scoat Tarn River Etherow
Region Cairngorms, Plynlimon, Lake District, South Pennines,
NE Scotland Mid-Wales NW England NW England

Vegetation & land use W et & dry heath; Acid grassland; Acid grassland; Calluna vulgaris
nature reserve sheep grazing sheep grazing moor with burning

TIN depn. (kgN ha " yr") 6.4 157 225 30.7

Precipitation (mm) 1210 2258 2217 1272

% depn. leached as NO 16 11.5 21.7 358

3. DENITRIFICATION

The potential importance of denitrification in 4
moorland catchments (Table 1) was i

These processes have been investigated in a
series of government (DEFRA) funded studies in
the UK. Most recently, N budgets were derived for
four study catchments covering a gradient of N
deposition and leaching, with an increasing
proportion of N deposition leached as nitrate
(Table 1) according to modelled N deposition
(1998-2001) and outflow fluxes derived from 2-
weekly water chemistry and flow measurements
(Curtis, 2003).

1. IN-LAKE RETENTION OF INORGANIC N

An earlier two year study of monthly water
chemistry in the major inflow streams and
outflows of 12 lakes (Fig. 1) across gradients of
total N deposition and calcium concentration (as a
measure of acid-sensitivity) found very little
difference  (<2% on average) in nitrate
concentrations between inflows and outflows
(Curtis et al., 1998). Concentrations rather than
fluxes are plotted, as flow data were not available.
However, inspection of time series plots shows
very little time lag between peaks in inflow
streams and lake outflows, generally < 2-3
months. Hence short retention times may account
for the very low in-lake retention of inorganic N.

Table II: Annual mean soil temperature, soilwater chemistry & N,O fluxes in field plots (kgN ha™ yr")

through a combination of in-situ monitoring and
laboratory-based soil incubations. Field rates of
denitrification were found to be very low (Table II),
with @ maximum flux in unamended soils (mean +
SD for 3 replicated plots per soil) of 0.24 kgN ha™
yr' at the River Etherow. The maximum flux from
a single plot peaked at 3.4 kgN ha™ yr' (Fig. 2)
but the annual mean value was only 0.68 kgN ha™
yr' due to zero fluxes for much of the year. In
field plots with added N mean fluxes were still
<0.5kgN ha™ yr'.

Laboratory incubations of soil cores from the
same plots at 5°C and 15°C with and without
added N showed that all soils were capable of
large denitrification  fluxes  under
conditions of temperature, wetness and N
availability but C limitation rapidly occurs. Such
optimal conditions rarely occur in the field, hence
the low annual mean fluxes observed in situ.
Denitrification is therefore a very minor sink for
deposited N at present and its importance is
unlikely to increase greatly due to the very
transient nature of optimal conditions that
facilitate larger fluxes.

IDENTIFYING NITRATE SOURCES

Since the first three N sinks considered are all

- G
Site Soil Soil type Teump. pH Conc (peql” ) N2O flux (kgN ha " yr™)
d code (°C) NH,  NO;  Untreated +NH,NO,
M1 Peaty ranker 4.4 34 1.4 0.0 0.00 +0.00
Allt a’ M2 Valley peat 55 3.7 1.4 0.0 0.00 +0.00
Mharcaidh M3 Peaty podsol 58 4.0 1.4 0.0 0.03 £0.05 0.49 +0.84
M4 Shallow peat 6.2 3.9 29 0.0 0.02 +0.03 0.34 +0.38
G1 Hilltop peat 73 3.4 5.0 0.0 0.02 £0.03 0.05 £0.04
Afon G2 Peaty gley - 3.6 29 0.0 0.05 +0.05 0.05 +0.05
Gwy G3 Podsol 8.4 4.1 21 0.0 0.01 +0.02 0.01 +0.02
G4 Valley peat 8.3 3.8 36 0.0 0.12 +0.21
Scoat S1 Podsol 6.5 3.9 2A] 8.6 0.00 +0.00
Tam S2 Peaty gley 6.6 3.8 21 10.7 0.01 £0.02
S3 Deep peat 6.9 3.9 21 29 0.05 £0.05
Deep peat
River E1 (bumt Calluna ) 72 3.0 20.0 92.1 0.24 £0.38 0.08 +0.08
Eth
erow gz Deeppeat 74 33 1900 29  002$003  0.0040.00
Sunburnt)
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Figure 2: Monthly denitrification flux (N,0: kgN s B escoe i
ha" yr') from plot E1D1 at the River Etherow B .
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in three potential mechanisms (Figure 6). Figure 3: Relationship between %

minor, the key to modelling nitrate leaching lies in
the ability of catchment plants and soils to retain
and immobilise deposited N,
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Figure 6: Sch of3p
leaching pathways. Source Curtis et al. (2005b)
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Although each is described separately, they are
inevitably linked. Mechanism 1 may be
considered as “hydrological nitrate” determined
primarily by the physical characteristics of soil and
vegetation. Mechanism 2, termed here “saturation
nitrate”, is present in excess of biological demand,
or at least transported through the soil-vegetation
system faster than it can be biologically utilised.
The ™N tracer work showed that these two
mechanisms could jointly account for observed
nitrate leaching. The third mechanism, nitrification,
may be controlled by soil C:N ratio but may not be
important at all sites (see Fig. 5).

While the above studies, plus work by Evans et al.
(2004) have provided circumstantial evidence for
the atmospheric source of leached nitrate, current
studies are using dual isotope methods (cf. Durka
et al., 1994; Spoelstra et al., 2001; Williard et al.,
2001) to directly determine whether leached
nitrate is atmospheric or produced microbially
within soils.

inorganic N leaching, total recovery of
N inputs and recovery in moss +
lichen. = total for all vegetation and
surface organic matter compartments,
= moss + lichen. Points represent the
mean value of 2-4 soils each with 3
replicates. Source: Curtis et al. (2005b)
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Figure 4: Schematic diagram of change
in moss + lichen properties with
increasing deposition. Source: Curtis et
al. (2005b)
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2. N REMOVAL IN BIOMASS

In moorland catchments of the UK, the two
potential routes for net N export in biomass are
grazing (mainly sheep or deer at low density) and
burning on grouse moors (INDITE, 1994). Both
provide only very minor routes for N export in the
catchments studied here.

Lake outflow .

Major inflow

Figure 1: Comparison of mean nitrate
concentration (peql”) in lake outflow and
major inflow streams

4. N IMMOBILISATION IN CATCHMENT SOILS

The fate of N deposition onto the same four
moorland catchments was assessed through the
experimental additions of a stable isotope tracer,
N labelled **NH,'*NO, (Curtis et al., 2005b).

The "N tracer experiment showed that 65-99% of
total inorganic N (TIN) inputs were retained by
vegetation uptake or immobilisation in soils over
one year of additions, leaving up to 35% of inputs
potentially available for leaching, assuming that
both denitrification and biomass removal
represent very minor sinks for deposited N.

In the tracer study, N uptake by mosses and
lichens appeared to exert the primary control on N
leaching (Figs. 3-4). The implication is that
leached nitrate is simply atmospheric deposition,
transported in runoff, that is not retained by plants
on the surface.

However, there are other possible mechanisms
controlling nitrate leaching which could not be
tested by the tracer work alone. For example, it
has been hypothesised that the microbial
production of nitrate may be linked to the C:N
ratio of forest soil organic matter (Gundersen et
al., 1998). This hypothesis was tested for
moorland soils at the four study catchments by
Curtis et al. (2004), who concluded that while
some sites may show a relationship between N
deposition, C:N ratio and nitrate leaching it is also
possible to get very high leaching from soils with
a high C:N ratio, as at the River Etherow (Fig. 5).
Further work by Evans et al. (in press) linked the
susceptibility of catchments to nitrate leaching
with the soil carbon pool.
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Figure 5: Relationship between inorganic N
leaching and C:N ratio of surface organic layer
averaged for all sampled soils (each with 3

replicates) in the 4 study catchments.

Journal of Applied Ecology 42,

phyte

Curtis, C.J., Emmett, B., Reynolds, B. and Shilland, J. (2004) Nitrate leaching from moorland soils: can soil C/N ratios indicate N saturation? Water, Air and Soil Pollution: Focus 4 (2-3), 359-369.
Curtis, C.J., Harriman, R., Allott, T.E.H. & Kernan, M. (1998) Water chemistry & critical load modelling at a network of moorland lake and reservoir sites in the British uplands: 2 Year Data Report (1996-97). ECRC Research Report No. 50, University

College London, 181pp.

Durka, W., Schulze, E.-D., Gebauer, G. and Voerkellus, S. (1994) Effects of forest decline on uptake and leaching of deposited nitrate determined from 15N and 180 measurements. Nature 372, 765-67.
Evans, C.D., Reynolds, B., Curtis, C.J., Crook, H.D., Norris, D. and Brittain, S.A. (2004) A conceptual model of spatially heterogeneous nitrogen leaching from a Welsh moorland catchment. Water, Air and Soil Pollution: Focus 4 (6), 97-105.
Evans, C D., Reyno\ds B., Jenkins, A., Helliwell, R.C., Curtis, C.J., Ferrier, R.C., Goodale, C.L., Emmett, B.A., Pilkington, M., Caporn, S.J.M., Carroll, J.A., Norris, D., Davies, J. and Coull, M.C. (in press) Evidence that soil carbon pool determines

o elevated nitrogen leaching. Ecosystems.

of
Gundersen, P., Callesen, |. and de Vries, W. (1998) Nitrate leaching in forest ecosystems is related to forest floor C/N ratios. Environmental Pollution 102, 403-407.
Henriksen, A. and Posch, M. (2001) Steady-state models for calculating critical loads of acidity for surface waters. Water, Air and Soil Pollution: Focus 1, 375-398.

INDITE (1994) Impacts of nitrogen deposition in terrestrial ecosystems. United Kingdom Review Group on Impacts of Nitrogen Deposition on Terrestrial

of the Envil

(INDITE), D

Maberly S.C., King L., Dent M.M., Jones R.I. & Gibson C.E. (2002) Nutrient limitation of phytoplankton and periphyton growth in upland lakes. Freshwater Biology 47, 2136-2152.

Posch, M., Kaméri,
21, 291-304.

Sickman, J.0., Melack, J.M. & Clow, D.W. (2003) Evidence for nutrient enrichment of high-elevation lakes in the Sierra Nevada, California. Limnology and Oceanography, 48, 1885-1892.

, Schiff, S.|

Spoelstra, . Elgood,

Williard, K. W N DeWa\Ie DR, Edwards P.J. and Sharpe, W.E. (2001) 180 isotopic separation of stream nitrate sources in mid-Appalachian forested watersheds. J. Hydrol. 252, 174-188.
Wolfe, A.P., Baron, J.S. and Cornett, R.J. (2001) Anthropogenic nitrogen deposition induces rapid ecological change in alpine lakes of the Colorado Front Range (USA). J. Paleolim. 25, 1-7.

e(CRC

London, UK.

J., Forsius, M., Henriksen, A. and Wilander, A. (1997) Environmental auditing. Exceedance of critical loads for lakes in Finland, Norway and Sweden: reduction requirements for acidifying sulphur and nitrogen deposition. Environ. Manag.

. Semkin, R.G. and Jeffries, D.S. (2001) Tracing the sources of exported nitrate in the Turkey Lakes watershed using 15N/14N and 180/160 isotopic ratios. Ecosystems 4, 536-544.

Centre for
Ecology & Hydrology

NATURAL ENVIRONMENT RESEARCH COUNCIL

o




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


