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Summary

1.

 

Anthropogenic nitrogen (N) deposition may have several impacts on upland moorland
ecosystems, including changes in vegetation composition, eutrophication and surface
water acidification through nitrate leaching, but few studies linking N deposition to
key biogeochemical processes have been published.

 

2.

 

A stable isotope tracer (

 

15

 

N) was used to determine the fate of  inorganic N inputs
to four moorland catchments across gradients of  N deposition and leaching, through
2-weekly additions to experimental plots on major soil types over 1 year.

 

3.

 

An apparent decline in total 

 

15

 

N recovery from soils and vegetation as the proportion
of leached N deposition increased was not significant at the 

 

P

 

 = 0·05 level, but a sig-
nificant relationship was found for recovery in mosses and lichens.

 

4.

 

Vegetation retained 31–68% of 

 

15

 

N inputs, and 

 

15

 

N recovery increased significantly
(

 

P =

 

 0·01) with biomass for all compartments except woody shrubs. Mosses and lichens
showed far greater 

 

15

 

N recovery per unit biomass than grasses or ericaceous shrubs.
There was no significant variation in the proportion of 

 

15

 

N recovered in higher plants
across the N deposition gradient (24–29%). In contrast, the proportion recovered in
mosses and lichens declined from 44% to 2% as deposition increased, mirroring a
decline in their biomass and showing a highly significant inverse relationship (

 

P =

 

 0·01)
with nitrate leaching.

 

5.

 

The proportion of 

 

15

 

N recovered in litter plus surface soils (33–39%) was remarkably
constant across the deposition gradient for a variety of soil types. However, significantly
declining recovery per unit biomass in litter (

 

P

 

 < 0·05) suggested progressive N satura-
tion of this sink and increasing importance of retention in underlying surface soils as
deposition increased.

 

6.

 

Synthesis and applications

 

. Past studies have demonstrated a decline in mosses and
lichens in response to increasing N deposition, but we show here for the first time that
reduced N retention might result together with increased nitrate leaching into surface
waters. The conservation of bryophyte and lichen flora on moorlands is therefore crit-
ical to prevent excessive nitrate leaching and associated surface water acidification and
eutrophication. Ensuring management practices such as grazing or burning are at an
intensity that does not further degrade the bryophyte and lichen communities may help
minimize the impact of N deposition on freshwaters, but the only effective means to
reduce the risk of N leaching is a reduction in N emissions.
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Introduction

 

In upland areas of the UK, the atmospheric deposition
of reduced and oxidized forms of nitrogen (N) derived
from anthropogenic sources may have several adverse
impacts on semi-natural moorland ecosystems. Terres-
trial effects may include vegetation change through
increased foliar N concentrations (Pitcairn, Fowler &
Grace 1995; Pitcairn 

 

et al

 

. 2001) and changes in species
composition and diversity (Bobbink 1998; Bobbink,
Hornung & Roelofs 1998; Leith 

 

et al

 

. 2001), with bry-
ophytes being particularly sensitive (Woodin, Press &
Lee 1985; Lee, Baxter & Emes 1990; Carroll 

 

et al

 

. 2000).
For a recent review see NEGTAP (2001). Impacts are
not restricted to terrestrial ecosystems; aquatic effects
may also occur. For example, increased nitrate (NO

 

3
–

 

)
leaching can contribute to the acidification of upland
surface waters (Allott 

 

et al

 

. 1995; Curtis 

 

et al

 

. in press),
while eutrophication effects have been observed in
mountain lakes in the USA (Sickman, Melack & Clow
2003; Burns 2004). Hence the fate of  N deposition
inputs, whether retained in catchment vegetation and
soils, returned to the atmosphere via denitrification, or
leached into surface waters, may affect many aspects of
the structure and function of upland ecosystems.

Recognition of the potential problems associated
with N deposition has led to the development of vari-
ous static and dynamic models to predict the fate of
deposited N compounds within ecosystems and catch-
ments. Such models are often linked to critical loads for
vegetation and surface waters (MERLIN, Cosby 

 

et al

 

.
1997; FAB, Posch 

 

et al

 

. 1997; INCA, Whitehead,
Wilson & Butterfield 1998; MAGIC, Cosby 

 

et al

 

. 2001).
For many of these models, a key uncertainty is associ-
ated with the dynamics of N retention through vegetation
uptake and immobilization in organic soil components.

The immediate fate of N inputs can be determined
from a variety of techniques. These can provide informa-
tion on the degree to which N retention is biolo-
gically mediated in the terrestrial system. This study
investigated the short-term fate of inorganic N inputs
to four moorland catchments using a stable isotope
tracer (

 

15

 

N).
The purpose of the study was to determine the fate of

 

15

 

N-labelled N inputs over a period of 1 year of addi-
tions at four sites selected from the UK Acid Waters
Monitoring Network (Monteith & Evans 2000). The
sites represented gradients of total N deposition and
leaching losses of inorganic N, measured as part of a
wider N budget study (Curtis & Simpson 2001). The
experiment was designed to test the hypothesis that the
efficiency of vegetation and soil in retaining deposited
N would be reduced in high N deposition areas because
of reduced uptake requirements by plants and reduced
microbial immobilization in soils. The tracer experi-
ment quantified the proportion of N inputs lost from
the soil–plant system in the short term (1 year; Fig. 1).
Information on the degree to which net nitrification
may change under increasing deposition loads as the

carbon : nitrogen ratio of soil organic matter decreases
is reported elsewhere (Curtis 

 

et al

 

. 2004).

 

Methods

 

N budget data were summarized for the four experi-
mental catchments (Table 1). Within each site, sample
plots were established on the main soil types, giving a total
of 13 soils from within the four catchments (Table 1).
The Allt a’Mharcaidh site comprised wet and dry
heath, with grasses, shrubs, mosses and 

 

Sphagnum

 

 spe-
cies. The Afon Gwy and Scoat Tarn catchments were
dominated by acid grasslands, although shrubs also
occurred on the peaty hilltops at the Afon Gwy. The
Afon Gwy and Scoat Tarn catchments were subject to
low intensity grazing by sheep 

 

Ovis aries

 

 (L.) while red
deer 

 

Cervus elaphus

 

 (L.) grazed in the Allt a’Mharcaidh.
The study area at the River Etherow was dominated by

 

Calluna vulgaris

 

 (L.) Hull and was managed as a grouse
moor by burning.

Apparent retention of deposited N in catchment
soils and vegetation ranged from more than 98% at the
Allt a’Mharcaidh to 64% at the River Etherow (Table 1).
Nitrate leaching fluxes increased with total inorganic N
(TIN) deposition across the four catchments.

On each of the 13 soil study areas within the four N
budget catchments, three replicated experimental plots
were established. The rectangular plots were 1 m wide
and 3 m long, with the long axis along the line of slope
of the ground. Following 

 

15

 

N additions to the whole

Fig. 1. Schematic diagram of three potential nitrate leaching
pathways: (1) ‘hydrological’ nitrate, which bypasses biological
retention mechanisms in the soil–vegetation system via
saturation overland flow and/or pipe/macropore flow; (2)
‘saturation’ nitrate, which is present in excess of biological
demand and leaches through the soil profile unchanged;
(3) nitrate produced within the soil profile by microbial
nitrification, which may have derived originally from anthro-
pogenic N deposition and may be determined by changes in
the soil carbon : nitrogen ratio in response to elevated N
deposition (Curtis et al. 2004). The 15N addition experiment
provides an estimate of the sum of (1) and (2).
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plot, a 0·5 

 

×

 

 0·5-m quadrat was defined at the centre of
each plot for destructive sampling of soils and vegeta-
tion. Current 

 

δ

 

15

 

N values (natural abundance) in soil
and vegetation compartments were assessed at three
replicated quadrats close to the tracer experiment plots.
These were destructively sampled prior to the additions
experiment, using the same methods for sampling and
analysis as those described for post-

 

15

 

N additions
samples below.

 

  

 

15

 

    
 

 

A very small dosage of labelled 

 

15

 

NH

 

4
15

 

NO

 

3

 

 solution
(30 atom% 

 

15

 

N), equivalent to 

 

c

 

. 1·5 kg N ha

 

−

 

1

 

 year

 

−

 

1

 

,
was added to minimize the effect of N enrichment. This
dosage compares with current deposition inputs of
6·4–30·7 kg N ha

 

−

 

1

 

 year

 

−

 

1

 

 for the four study catchments
(Table 1). As a significant wetting effect could confound
the results, the volume of  solution applied was also
minimized. The 

 

15

 

N dose was applied fortnightly
throughout the year (26 applications). Each dose com-
prised 1 L of  

 

15

 

NH

 

4
15

 

NO

 

3

 

 solution at a concentration
of 49·81 mg L

 

−

 

1

 

 finely sprinkled evenly across the plot,
followed by 0·5 L of de-ionized water to help rinse in
the labelled N. Rinsing was intended to prevent the
build up of  label on the vegetation surfaces, where
evaporation could lead to high concentrations of label.
The total wetting effect was equivalent to 13 mm of
rainfall. The total addition of 

 

15

 

N to the quadrat was

12·05 mg 

 

15

 

N. This figure excludes the contribution of
‘natural abundance’ 

 

15

 

N in deposition, which was
estimated assuming a natural abundance value of 

 

δ

 

15

 

N =
0‰ in TIN (Table 1). Published values for 

 

δ

 

15

 

N of
ammonium and NO

 

3
–

 

 in precipitation fall within the
range 

 

−

 

20 to +10‰ (Peterson & Fry 1987). Given the
deposition fluxes of TIN at the four sites, the maximum
error in calculated recovery of 

 

15

 

N associated with this
assumption would be only 0·4% (at the River Etherow)
if  the actual 

 

δ

 

15

 

N value for deposition was 

 

±

 

20‰.

 

 

 

At the end of the experimental year, quadrats were destruc-
tively sampled for soil and vegetation compartments.

Within each quadrat, above-ground vegetation was
removed at the soil surface using pruning shears. The
wet weight of the total bulk sample was measured, and
a random subsample of  around 25% was taken for
sorting and analysis. For all sites, heather (

 

Calluna

 

 and

 

Erica

 

 spp.) samples were sorted into green ‘year’s growth’
shoots (removed with scissors) and dead/woody mater-
ial. Other vegetation was sorted into remaining shrubs
(e.g. 

 

Vaccinium

 

 spp.), live and dead grass, combined
mosses and lichens (with no separation of  live and
dead) and litter. All samples were weighed wet prior
to drying at 40 

 

°

 

C for at least 48 h, and dry weight was
recorded. Large, dried samples of  vegetation were
coarsely ground using a Fritsch mill fitted with a 2-mm
sieve. The vegetation samples were then subsampled

Table 1. Experimental catchment details and percentage total inorganic N (TIN) retention according to input–output budgets.
Precipitation and deposition fluxes are based on 5-km grid modelled annual mean data for 1998–2001 (CLAG Deposition Fluxes
1997). TIN deposition comprises wet (orographically enhanced) plus dry deposition of oxidized (NOx) and reduced (NHy) N.
Nitrate leaching fluxes (Nleach) are based on mean surface water concentrations and site-specific flow data for the period October
1999–October 2000. Fluxes are expressed in kg N ha−1 year−1. Total 15N input to each quadrat from tracer additions and
deposition (assuming 15N = 0‰) is expressed in mg. Experimental soil types each include three replicated sample plots at the
specified altitude
 

 

Site 
Precipitation (mm) and
TIN deposition fluxes 

15N input, nitrate leaching flux
and TIN retention 

Experimental soil 
types (n = 13) Altitude (m a.s.l.)

Allt a’Mharcaidh, Cairngorms, north-east Scotland, NH 881 045
Precipitation 1210 15N input 12·68 M1, peaty ranker 700
NOx deposition 3·7 Nleach flux 0·1 M2, valley peat 570
NHy deposition 2·8 % TIN retention 98·4 M3, peaty podsol 495
TIN deposition 6·4 M4, shallow peat 490

Afon Gwy, Plynlimon, mid-Wales, SN 824 854
Precipitation 2258 15N input 13·59 G1, hilltop peat 570
NOx deposition 7·3 Nleach flux 1·8 G2, peaty gley 550
NHy deposition 8·4 % TIN retention 88·5 G3, podsol 480
TIN deposition 15.7 G4, valley peat 390

Scoat Tarn, Lake District, north-west England, NY 159 104
Precipitation 2217 15N input 14·26 S1, podsol 750
NOx deposition 10·0 Nleach flux 4·9 S2, peaty gley 650
NHy deposition 12.5 % TIN retention 78·3 S3, deep peat 590
TIN deposition 22·5

River Etherow, S. Pennines, north-west England, SK 116 996
Precipitation 1272 15N input 15·06 E1, deep peat (burnt Calluna) 455
NOx deposition 15·7 Nleach flux 11·0 E2, deep peat (unburnt Calluna) 445
NHy deposition 15·0 % TIN retention 64·2
TIN deposition 30·7
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and a further 1–2 g were finely ground using a liquid N-
cooled freezer mill (SPEX model 6700, Glen Creston
Ltd, Middlesex, UK).

Two adjacent 10 

 

×

 

 10-cm squares of turf (surface
organic and root layer) were removed from the centre
of the quadrat using a knife. This layer was generally 2–
10 cm in thickness, and was distinct from the organic
and mineral soils below. The paired turf samples were
halved and amalgamated into two samples with a half
from each original sample. One amalgamated sample
was weighed wet prior to drying (the surface organic
layer). The second amalgamated sample was washed
and sieved with de-ionized water to extract a root-only
sample. All samples were then dried at 40 

 

°

 

C for at least
48 h. Samples were coarse- and freezer-milled as for the
vegetation above.

Gouge augers (5-cm diameter) were used to obtain
soil cores from beneath the turf samples down to the
bottom of the upper organic horizon (generally 15–20-cm
depth). Soil samples were dried at 40 

 

°

 

C for at least 48 h.
Organic soils were coarse- and freezer-milled as for the
vegetation and turf samples, but if  containing stones
they were first coarse milled through a 2-mm sieve
(rather than using the Fritsch mill) to remove larger
stony fragments. Loss-on-ignition (LOI) at 375 

 

°

 

C was
used to estimate bulk density according to the equations
of Harrison & Bocock (1981).

Samples were sent to the NERC Stable Isotope
Research Facility at CEH Merlewood (Grange-
Over-Sands, UK) for isotopic analysis. Between 5 and
50 mg of sample (depending on approximate N con-
tent) were weighed into tin capsules using a Sartorius
M3P microbalance before analysis. Total N and 

 

δ

 

15

 

N
were determined using a system comprising a Carlo-
Erba NA1500 elemental analyser coupled to a modified
Dennis Leigh Technology Isotope Ratio Mass Spectro-
meter (Provac Services, Crewe, UK).

 

   
  

 

In order to determine the total mass of 

 

15

 

N retained per
unit area, N pool sizes were quantified within each of
the sampled compartments.

Dry weights were multiplied up from each subsampled
vegetation compartment to give figures for the whole
quadrat. Given the great spatial variability in vegeta-
tion cover between quadrats and within plots, there
was no basis for assuming that a quadrat was more rep-
resentative of its associated plot than any other quadrat
on the replicate plots. Therefore, for the purposes of
calculating component biomass within plots, mean dry
weight values were used from the three replicated sam-
ples. However, individual sample %N and 

 

δ

 

15

 

N figures
were used in each plot so that standard deviations in
these variables could be calculated for each soil type
(Tietema 

 

et al

 

. 1998).
The turf layer and root samples were treated in the

same way as the vegetation samples for the calculation

of N pool sizes. As the surface organic material was not
analysed separately, the associated N pool was calcu-
lated as the difference between that in the whole turf
layer sample and that in the roots.

Organic horizon thickness, bulk density and %N
were used to calculate soil compartment N pool sizes.
Mean bulk density (g cm

 

−

 

3

 

) values for the three corre-
sponding replicated soil samples from the natural
abundance study (prior to 

 

15

 

N addition) were assumed
to be representative for each of the post-

 

15

 

N addition
samples. Horizon thickness for each individual sample
was measured when sampling and assumed to be
representative for the quadrat.

 

  

 

15

 

   
    

 

Atom% 

 

15

 

N values were used to calculate tracer recovery
(Hauck & Bremner 1976; Nadelhoffer & Fry 1994):

 

m

 

lab

 

 = 

 

m

 

i

 

(Af − Ai) / (Alab − Af) eqn 1

where mlab is the mass of label, mi the initial mass of the
N pool, and Ai, Af and Alab are the initial, final and label
atom% 15N values.

In some cases, post-15N addition samples were
obtained for compartments for which no natural abund-
ance data were available, but assumptions could be
made about the natural abundance of  15N with very
small associated errors in relative terms for the cal-
culation of  tracer recovery. While most natural
abundance figures for any compartment were in the range
−10 to +10‰, increases in 15N abundance following
tracer additions were generally hundreds of parts per
thousand (see the Appendix). Where natural abund-
ance data were unavailable it was therefore decided to
use the mean δ15N of other samples of the same com-
partment from that site or, if  none was available, a
natural abundance of 0‰ was assumed. The maximum
error introduced by this assumption if  the natural
abundance figure is out by 10‰ is almost always less
than 5% and often less than 1%.

As tracer additions and (estimated) deposition
inputs of 15N to the sampled quadrat were known, the
mass of 15N retained in each sampled compartment for
each plot could be expressed as a percentage of inputs.
This was assumed to be the same fate as that of deposi-
tion inputs over the experimental year.

 

Individual replicates were combined to create a mean
value for each soil type within each individual catch-
ment, resulting in four values for the Allt a’Mharcaidh
and Afon Gwy, three for Scoat Tarn and two for the
River Etherow. Site differences were then tested using
analysis of variance () in a general linear model
for 15N recovery in each vegetation compartment and
soil horizon. Significance was set at the 5% level and,
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where significance was observed, between-site compar-
isons were carried out using a Tukey’s test. All statistical
analyses were carried out using MINITAB v.14 (Minitab
Inc., State College, PA). Arc sine transformations
of percentage data were carried out prior to statistical
analyses. A regression approach was used to determine
relationships between percentage recovery or biomass
and N deposition, and residuals checked for normality.

Results

The biomass data in the Appendix show that there were
large differences between sites, both in terms of  the
dominant vegetation types and in overall biomass per
unit area. Recovery of 15N inputs in total vegetation
(i.e. the sum of green heather, woody heather, moss plus
lichen, live grass, dead grass and root compartments),
litter plus surface organic layer and upper organic soil
compartments is illustrated in Fig. 2, where mean
values (±1 SD) for each of  the 13 soil types across the
four catchments are plotted. There is a general decline
in overall 15N recovery from left to right, along the gradi-
ent of  increasing N deposition between sites, which
appears to be primarily the result of a decline in recovery
in total vegetation. For two sets of samples (M1, M4),
the overall mean recovery exceeded 100%, but by less
than 1 SD of  the mean. For the G2 plots at the Afon
Gwy, the mean recovery exceeded 100% by more than
1 SD, but one of the three replicated vegetation samples
was lost.

To explore the relationships between recovery in
each of the vegetation compartments and the site char-
acteristics at each plot, an exploratory principal com-
ponents analysis (PCA) was undertaken using 

version 4.5 (ter Braak & Smilauer 2002). The PCA
showed that total recovery, represented by the primary
axis of variation, was highly correlated with recovery in
moss plus lichen but was uncorrelated with any of the

other vegetation compartments, suggesting that re-
covery in moss plus lichen is the main driver of differences
in total recovery. The secondary axis showed an inverse
correlation between N retention in the surface organic
and litter compartments.

The soil types shown in Table 1 were aggregated into
mineral and peat soils and this classification was super-
imposed onto the PCA biplot (results not shown),
revealing that the four plots with the highest recovery
were all mineral soils whereas the plots with the lowest
recovery were all on peat soils. There was, however,
considerable overlap between the two classes in terms
of differentiating between high and low recovery levels.

Regression analysis indicated that biomass was a sig-
nificant and effective predictor of recovery for moss
plus lichen, live grass and green shrub components,
but for woody shrub components the relationship was
much weaker and not significant (Fig. 3). The slopes of
the regression lines indicated that the moss plus lichen
compartment was the most efficient at retaining 15N per
unit biomass.

When retention efficiency per gram dry weight of
compartment biomass was plotted for selected com-
partments averaged by site, between-site differences
in retention efficiency independent of biomass were
apparent (Fig. 4). In moss plus lichen, live grass and
green shrub compartments there was an apparent
increase in retention efficiency per unit mass of vegeta-
tion along the gradient of  increasing deposition, but
then a sharp decline in the River Etherow samples;
 indicated that differences between sites were
not significant. For litter a rather different pattern was
observed, with significant differences between sites and
a significant decline in retention efficiency as deposition
increased (Fig. 4d). Recovery per unit mass of  litter,
presumably a result of  N immobilization, was more
than twice as high at the Allt a’Mharcaidh than at the
River Etherow.

There was no obvious pattern in 15N recovery within
the surface organic layer compartment across the

Fig. 2. Relative importance of total vegetation, litter plus
surface organic layer and upper organic soil N sinks, measured
as percentage retention of 15N inputs (tracer plus deposition).
Vertical bars represent ±1 SD of the mean total value for all
summed sinks. Sites are ordered by increasing modelled total
N deposition. Soils within sites are ordered by decreasing
altitude.

Fig. 3. Recovery of 15N additions within vegetation compart-
ments (%) against compartment biomass. Diamonds, green
shrub (n = 8); squares, woody shrub (n = 7); crosses, moss plus
lichen (n = 13); triangles, live grass (n = 12). All regressions
are significant at the P < 0·01 level except woody shrub.
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deposition gradient represented by the four sites. The
variability in mass (see the Appendix) illustrated the
variability in soil type. Recovery in the surface organic
layer appeared to be more related to recovery in the
overlying litter, with a significant inverse linear rela-
tionship (Fig. 5). The data suggest that, as retention
decreases in the litter layer, there is more scope for
leaching of inorganic N into the underlying surface
organic layer, where the recovery of  15N increases
accordingly. However, recovery in the combined litter
and surface organic layers showed no clear pattern
between soils or sites (Fig. 2).

The data suggest that there is a small degree of 15N
recovery in the upper organic soil, generally in the range

0–4% of inputs (see the Appendix; Fig. 2), but they
must be interpreted with caution. When the δ15N values
following tracer additions were compared with natural
abundance values prior to the experiment (see the
Appendix), there was no significant difference in δ15N
except for soil M1 at the Allt a’Mharcaidh. It must
therefore be assumed that while some minor degree of
15N tracer recovery is likely at these sites, the changes
are so small as to be well within the potential measure-
ment errors associated with soil pools. For this reason,
the following considerations of total recovery of 15N
exclude the very small proportion in soils below the
surface organic and litter layer.

   

The combined litter and surface organic layer sinks
retain from around a quarter to more than a half  of
15N inputs, and while the high standard deviations
indicate great spatial variability within any set of three
replicated plots, they undoubtedly provide a very sig-
nificant potential sink for N deposition. Comparing
recovery rates in the different soils, there were no
consistent differences between recovery in surface
organic and litter layers overlaying organic and
mineral soils or soils in the upper and lower reaches of
the catchments.

Given the high recovery of  15N in vegetation and
the strong relationships with biomass, between-site
differences in both biomass and 15N recovery were
compared for moss plus lichen, higher plants, litter
plus surface organic layer and total (excluding soil)
compartments using both  and regression tech-
niques. Analysis of variance showed that between-site
differences in biomass (Fig. 6a) were significant (P <
0·05) for all compartments except higher plants (P =
0·055). For 15N recovery (Fig. 6b) the only significant
differences were for moss plus lichen (F = 6·73, P =
0·011), although for total vegetation differences were
almost significant (F = 3·61, P = 0·059, n = 4; data not
shown).

Fig. 4. Retention efficiency of selected vegetation and litter
compartments expressed as recovery of  15N additions (%)
per g dry weight compartment biomass. Recovery per unit
biomass is plotted against sites ordered by increasing total
modelled N deposition.  indicates no significant difference
between sites except for litter (F = 15·2, P = 0·030). Regression
analysis indicates a significant relationship between retention
efficiency and deposition (site) only for litter (R2 = 90·2,
P = 0·033).

Fig. 5. Relationship between recovery of 15N inputs in surface
organic layer and recovery in litter. Each point represents the
mean value of up to three replicated samples per soil type.
Regression analysis showed that recovery in the overlying
litter layer was a weak but significant predictor of recovery in
the surface organic layer.
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Regression analysis revealed significant relation-
ships between biomass of moss plus lichen and total N
deposition (R2 = 0·933, P = 0·023), while the biomass
of other compartments was not related to deposition.
Regressions of 15N recovery and total N deposition were
significant for moss plus lichen (R2 = 0·972, P = 0·009)
and total vegetation (data not shown; R2 = 0·933,
P = 0·023, n = 4). While deposition appeared to be a
reasonably good predictor of total 15N recovery (soils
excluded; R2 = 0·817), the relationship was not quite
significant (P = 0·063). The data did, however, support
the suggestion in the exploratory PCA that recovery in
moss plus lichen was the major driver of differences in
total recovery.

Total recovery also appeared to be a good predictor
of the proportion of TIN deposition that was lost by
leaching into surface waters (Fig. 7) but the regression
was not quite significant (P = 0·051). However, 15N
recovery in moss plus lichen was a much better predic-
tor of TIN leaching and the regression was significant
(R2 = 0·971, P = 0·010).

Discussion

  15    
 

A very large proportion of the 15N tracer applied to the
experimental plots was recovered after 1 year of addi-
tions and, by interpolation, most deposition inputs of
inorganic N were retained within the soil–plant system
over this time scale. Overall, between 65% and 99% of
the applied 15N was recovered from the upper soil–
vegetation system, indicating that most N deposition is
intercepted in this part of  the system and enters the
terrestrial N cycle. Thus, up to 35% of applied 15N was
available for immediate leaching as inorganic N
(Table 2). Very little of the applied 15N was recovered in
the soils below the surface organic layer (i.e. below 5-
cm depth).

    

Uptake of 15N by most vegetation compartments was
positively related to vegetation biomass (Fig. 3), while
the efficiency of vegetation per unit biomass at retain-
ing N appeared to increase with N deposition up to a
threshold, beyond which it declined sharply (e.g. at the
River Etherow site; Fig. 4).

Mosses and lichens were most efficient at retaining
incoming N (Carroll et al. 2000; Heijmans et al. 2002).
Lee, Baxter & Emes (1990) described ombrotrophic
Sphagnum species as an almost perfect sink for atmos-
pheric N inputs under unpolluted conditions. How-
ever, the ability of bryophytes to filter out N deposition
inputs is impaired at high loads as tissue N content
reaches a critical level (Carroll et al. 2000). Nordbakken,
Ohlson & Högberg (2003) described the failure of the

Fig. 6. Relationship between (a) compartment biomass and
(b) recovery of 15N inputs with total N deposition (i.e. by site).
Figures for each site are averaged across sampled soil types
(arithmetic mean for two to four soils of three replicated
samples with no spatial weighting by areal soil coverage; n = 4
sites). Diamonds, total for all compartments excluding soil;
squares, moss plus lichen; crosses, higher plants; triangles,
litter plus surface organic layer.

Fig. 7. Relationship between percentage inorganic N leaching
(from input–output measurements), total recovery of 15N
inputs (% excluding soils) and recovery in moss plus lichen.
Diamonds, total for all compartments excluding soil; squares,
moss plus lichen. Each point represents the mean value of two
to four soils with up to three replicated samples per soil type.
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‘living Sphagnum filter’ in boreal and ombrotrophic
bogs as TIN deposition exceeded 18–20 kg N ha−1

year−1. Work in acid moorland systems suggests that
deposition above 10–20 kg N ha−1 year−1 may adversely
affect some mosses (Jones, Oxley & Ashenden 2002),
with excessive N inputs causing a decline in the cover
and stem density of bryophytes (Carroll et al. 2000). N
deposition may also increase the height and dominance
of shrubs, with reduced light penetration excluding plants
in the ground layer (Lee & Caporn 1998). Declines in
montane Racomitrium heaths and lichens have also
been attributed to N deposition (Bobbink, Hornung &
Roelofs 1998), while Woolgrove & Woodin (1996) sug-
gested that N-induced damage to snowbed bryophyte
cover could lead to an increase in the extent of  bare
ground.

Data from the present study also strongly suggest a
decline in cover of moss plus lichen in response to ele-
vated N deposition, which may be largely responsible
for an associated increase in the proportion of inor-
ganic N leached (Figs 6b and 7). However, the relation-
ship is not straightforward, as the efficiency of moss
plus lichen per unit biomass in retaining N initially
increases even though biomass declines (Fig. 4). As
deposition increases, moss plus lichen biomass falls
more sharply than the initial increase in retention
efficiency. As the biomass decline slows, retention effi-
ciency peaks and then declines very steeply (Fig. 8).

The net effect is a large, linear decrease in the propor-
tion of inputs retained by moss plus lichen, in this study
from 44% to 2% of  inputs. In absolute terms this
decrease is very closely matched by a decrease in total
retention from 99% to 65% (Fig. 7) but in relative terms
the reduction in total retention is only around one-
third of that in moss plus lichen (Fig. 8). The increase
in the proportion of TIN inputs leached almost exactly
mirrors the decrease in retention in moss plus lichen.
Even after retention by moss plus lichen has decreased
almost to zero, total retention is still around two-thirds
of inputs. Other compartments (higher plants, litter,
surface organic layer and ultimately soils) are still able
to retain a high proportion of TIN inputs even after the
near-disappearance of mosses and lichens.

     

Short-term immobilization of N (corresponding to
retention in the upper organic soil plus litter and sur-
face organic compartments in Fig. 2) accounts for the
recovery of around 25–50% of N inputs across the four
study catchments, with the great majority of this N
immobilized in the litter and underlying surface
organic layer. Mechanisms may include both biotic
and abiotic processes (Aber 1992; Ågren & Bosatta
1996; Högberg 1997; Gundersen 1998).

The proportion of  15N recovered in the combined
litter and surface organic layers is relatively constant,
suggesting increased absolute retention of deposition,
while the relative importance of immobilization increases
as moss plus lichen uptake declines (see the Appendix).
However, consideration of  just the litter layer, when
values on all soil types are averaged across each catch-
ment, reveals an apparent decline in immobilization
efficiency with increasing deposition (Fig. 4). This may
be the result of progressive saturation of the N sinks
within the soil layers.

   

This study did not consider the potential role of
organic N in total N budgets for these moorland catch-
ments. No data were available for the contribution of
organic N to total N deposition, although it may com-
prise a large proportion of both deposition inputs and
leaching outputs in some systems (Michalzik et al.

Table 2. Fraction of unrecovered 15N inputs (%, SE) assumed to have been leached into surface waters, and leaching of inorganic
N as a percentage of deposition inputs for the four study catchments. Total values excluding soils are shown because of non-
significant difference in δ15N between pre- and post-addition subsurface soil samples
 

 

Site

% unrecovered 15N tracer 

% leaching of N depositionTotal (all sinks) Total excluding soils

Allt a’Mharcaidh (0) (14·4) 0·8 (10·4) 1·6
Afon Gwy 1·9 (11·3) 3·3 (11·2) 11·5
Scoat Tarn 26·2 (5·4) 27·6 (5·3) 21·7
River Etherow 33·7 (6·8) 35·5 (5·5) 35·8

Fig. 8. Change in moss plus lichen properties with increasing
deposition. Curves are fitted to actual data points. Units are
standardized to percentage of the maximum value. Note that
the total percentage retention declines to a much smaller
degree than retention in moss plus lichen because of the
proportional scale.
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2001; Neff et al. 2002; Perakis & Hedin 2002; Phoenix
et al. 2003). While organic N deposition will contribute
to the total N pool from which microbial nitrate may
ultimately be generated, there is little published
evidence for persistent enhanced organic N leaching in
response to N deposition in these soils (Emmett et al.
1998). Furthermore, while organic N leaching makes
up a significant proportion of total N exports at some
of these sites (Curtis 2003), this study focused on inor-
ganic N and its potential contribution to acidification
and eutrophication of surface waters.

  

This study was based on the assumption that, at least
prior to N saturation, terrestrial moorland ecosystems
are generally N limited rather than phosphorus (P)
limited. However, in some peats and grassland (both acid
and calcareous) soils, P limitation has been described
and may be enhanced by anthropogenic N deposition,
potentially providing a competitive advantage to plants
able to use recalcitrant organic forms of  P (Turner,
Baxter & Whitton 2002; Turner et al. 2003).

   15

Despite the very high recovery of  15N in soils and
vegetation, there is still a significant proportion un-
accounted for in some soil plots at all sites (Fig. 2), as not
all possible sinks for N were sampled. Gaseous losses
of 15N via denitrification were not measured, but are
thought to be relatively insignificant in the four study
catchments (Curtis 2003). Recovery in deeper soils
could not be quantified; the very low rates of  15N re-
covery in most soils could be explained by the interception
of  inputs by vegetation uptake and microbial immo-
bilization in the surface organic layer (cf. Kristensen &
McCarty 1999). For those sites where these components
of the system retain almost 100% of inputs, it is not
known what the potential for immobilization may be
lower down the soil profile, as very little of  the tracer
penetrated this far. However, even at the River Etherow
site, where around one-third of  15N inputs were un-
recovered from the vegetation, litter and surface organic
layer, no changes in δ15N in deeper soils were detected.
This evidence, taken together with the strong inverse
relationship between TIN leaching as a proportion of
inputs and total 15N recovery (particularly in moss plus
lichen), indicates that the most likely fate of the missing
15N is in drainage waters. Considering the uncertainties
in input–output flux measurements and 15N recovery
methods, these relationships are surprisingly strong
(Fig. 7).

    
   

The short-term recovery of such large proportions of
inorganic N inputs in vegetation and the active surface

organic layer indicate changes in terrestrial ecosystem
structure and function in response to elevated N deposi-
tion, in particular the loss of  moss and lichen cover.
This has implications for the conservation of species
that are adapted to low inorganic N availability. Fur-
thermore, effects on aquatic ecosystems must to a large
degree be mediated by processes in the terrestrial catch-
ment ecosystems, and direct uptake of atmospheric N
by mosses and lichens is particularly important in this
regard. Options for the management of vegetation to
maintain an efficient sink for incoming N appear to be
severely limited, as the mosses and lichens that are the
most efficient sink for N are highly sensitive to atmos-
pheric pollutants and may be one of the first ecosystem
components to be damaged. Site protection may there-
fore require action at much larger regional, national or
even global scales, with specifically targeted policies for
pollutant emission controls. Plot-scale studies such as
this one provide process and effect information for the
scientists and policymakers responsible for the design
and implementation of  such controls (Dalton &
Brand-Hardy 2003).

Biological models of  terrestrial N retention are
required if  the impacts of N in both terrestrial and
freshwater systems are to be predicted. The policy-
orientated models used to determine critical loads for
N and acidity must continue to take account of terres-
trial retention processes, but greater understanding of
the links between short-term and long-term (steady-state)
rates of vegetation uptake and microbial immobiliza-
tion are required. The importance of vegetation uptake
in mediating nitrate leaching may help to explain why
models focusing only on soil profile controls on N
leaching cannot reproduce observed leaching patterns.
The soil carbon : nitrogen ratio may control leaching
through the soil profile over the very long-term (Curtis
et al. 2004), but effects as a result of vegetation responses
to N deposition may be observed much earlier.



This study provides evidence that the efficiency of
retention of incoming N within moorland ecosystems
declines across an N deposition gradient, suggesting
that N saturation of  these ecosystems is in progress.
Furthermore, changes in the relative importance of ter-
restrial sinks from vegetation to soil, apparently related
to a loss of  the moss and lichen component, and
reduced efficiency of  N retention by vegetation in
polluted sites, indicates a change in the internal N cycle.
Ultimately, reductions in N emissions remain the most
effective solution to minimizing impacts in the terres-
trial ecosystem.
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