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Abstract: 

This study investigated potential ammonia impacts on a sand dune nature reserve 600 m 

upwind of an intensive poultry unit. Ammonia concentrations and total nitrogen deposition 

were measured over a calendar year. A series of ammonia and nitrogen exposure experiments 

using dune grassland species were conducted in controlled manipulations and in the field. 

Ammonia emissions from the intensive poultry unit were detected up to 2.8 km upwind, 

contributing to exceedance of critical levels of ammonia 800 m upwind and exceedance of 

critical loads of nitrogen 2.8 km upwind. Emissions contributed 30% of the total N load in 

parts of the upwind conservation site. In the nitrogen exposure experiments, plants showed 

elevated tissue nitrogen contents, and responded to ammonia concentrations and nitrogen 

deposition loads observed in the conservation site by increasing biomass. Estimated long-

term impacts suggest an increase in the soil carbon pool of 9% over a 50-year timescale. 
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Capsule: 

Ammonia from a poultry unit has upwind impacts, exceeding critical levels 800 m and 

critical loads 2.8 km upwind, and increasing biomass and tissue N of dune grassland species.  
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Introduction 

Ammonia (NH3) is a major source of atmospheric nitrogen (N) pollution which has negative 

consequences for ecosystems adapted to low levels of nitrogen. In Europe, while oxidised 

nitrogen emissions and deposition have declined since around the 1990s (Erisman et al., 

2001; Verstreng et al., 2008), emissions of ammonia have remained virtually the same, with 

the result that ammonia is increasingly the dominant source of atmospheric nitrogen pollution 

(Fowler et al., 2004; RoTAP, 2012).  

 

Both dry gaseous ammonia and wet deposited ammonium are damaging to natural systems. 

Experimental field-release of ammonia to a bog system has shown that ammonia is toxic to 

both vascular plants such as Calluna vulgaris and particularly lower plants such as Cladonia 

lichens (Sheppard et al., 2008, 2009). Lichen photosynthetic capacity is reduced at high 

ammonia concentrations (Paoli et al., 2010). Critical levels represent the thresholds defined 

for gaseous pollutant concentrations above which harmful effects are likely to occur, and 

critical levels for ammonia have been reduced to 3 µg m-3 for vascular plants and to the lower 

level of 1 µg m-3 to protect lichens and bryophytes (Cape et al., 2009). Ammonia is also 

damaging as a component of the total nitrogen deposition load, where the input of nitrogen 

causes both acidification and eutrophication effects. Ammonia effects on vegetation are 

documented in a number of reviews (e.g. Bobbink et al., 2010; Krupa, 2003) while nitrogen 

deposition as a whole causes declines in higher plant diversity (Sala et al., 2000; Stevens et 

al., 2004), increased susceptibility to secondary stresses (e.g. Power et al.,1998; Strengbom et 

al., 2002), and altered soil processes (Phoenix et al., 2012). 

 

Sand dunes are a highly biodiverse habitat (Grootjans et al., 2004; Howe et al., 2010) 

providing many ecosystem services to society (Everard et al., 2010; Ford et al., 2012; Jones 

et al., 2012). They are also sensitive to N deposition, showing loss of plant species diversity, 

altered soil processes and accumulated N in plant and soil pools under enhanced deposition 

(Jones et al., 2004, 2008; Plassmann et al., 2009). As in other habitats, many of these changes 

are driven by increased biomass of nitrophilous species, particularly graminoids (Remke et 

al., 2010; van den Berg et al., 2005). The current critical load for ‘Fixed dunes with 

herbaceous vegetation’ (“grey dunes”) is 8 – 15 kg N ha-1yr-1 (Bobbink and Hettelingh, 
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2011), and bryophytes and lichens comprise a major component of the vegetation cover 

(Plassmann et al., 2009).  

 

Ammonia gas is primarily a local pollutant, it is highly reactive and deposits readily to 

vegetation and other surfaces close to its source (Heij and Schneider, 1991) although, in its 

wet or aerosol NH4
+  form, it can be transported much greater distances. Intensive animal 

husbandry units such as poultry farms are major point sources of ammonia. Downwind 

impacts can be substantial, completely altering vegetation communities close to the farm, 

causing declines in moss abundance and replacement of sensitive lower plant species by more 

nitrophilous species at distances of up to 200 m from the farm (Pitcairn et al., 2002, 2009). It 

is estimated that roughly 4 % of the total ammonia emissions from a farm are deposited 

within 250 m and are largely responsible for the observed downwind effects (NEGTAP, 

2001). The remaining 96 % is assumed to contribute to short and medium range transport of 

N. Previous impact studies on ammonia point sources have concentrated on downwind 

effects with the assumption that concentrations upwind of the prevailing wind direction 

represent a clean background. Upwind effects are assumed to be insignificant and remain 

unquantified.  

 

The influence of less prevalent wind directions on the pollutant deposition upwind of point 

sources is a major knowledge gap. Therefore, this study aimed to quantify the upwind 

influence of a poultry unit on a Natura 2000 designated sand dune system in an area with low 

background nitrogen deposition, and explore the implications for exceedance of the relevant 

critical levels and loads. This was conducted by measuring ammonia concentrations and 

resulting N deposition at varying distances upwind of the poultry unit, and by using 

experimental exposure in a range of controlled environment and in situ studies to test the 

sensitivity of dune vegetation to gaseous ammonia and to N deposition. The following 

hypotheses were tested: 1) Can ammonia emissions from a poultry unit be detected upwind of 

the prevailing wind direction, and to what distance?  2) If so, are critical levels of ammonia 

and critical loads of N exceeded upwind?  3) Is ammonia from the local point source likely to 

be affecting plant species composition upwind? 

 

Methods 

Site description and history 
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Newborough Warren is one of the largest UK sand dune systems, located on the island of 

Anglesey, North Wales, UK (53:08N 4:21W). It is a Natura 2000 designated site, up to 2 km 

wide and approximately 1300 hectares in area. The site contains the full succession of 

habitats from strandline and mobile dunes to dune grassland and scrub, and includes wet and 

dry slacks. The dominant habitat at the site is Fixed dunes with herbaceous vegetation 

(Natura code 2130), the older parts of which show succession towards a de-calcified dune 

grassland containing acidophile species including Cladonia species and other lichens, which 

comprise special interest features of the site (Plassmann et al., 2010). Annual rainfall is 850 

mm (Curreli et al., 2013) and the prevailing wind direction is from the south west. 

 

The intensive poultry unit is located approximately 600 m north east of the Natura site. It 

comprises twelve barns with roof-top ventilation, with capacity for 160,000 – 180,000 birds. 

There are approximately six rearing cycles per year. Growing cycles run for 56 days, with a 

clearout period of 1 week in between growing cycles. Ammonia emissions are strongly 

cyclic, reflecting the birds’ growth pattern and management cycle. Continuous ammonia 

sampler data from other monitoring studies at the poultry unit ( NETCEN, 2006; Sheppard, 

2003) showed that emission peaks increase through the 56 day growing cycle, and are highest 

in the last two-thirds of the growing cycle and during the clearing period between cycles 

when the sheds are emptied and manure removed. The poultry unit was established in 1972 

with eight buildings, with a further four buildings constructed in 1978.  

 

This study reports on a twelve-month monitoring campaign of dry and wet N deposition 

upwind and around the poultry unit, combined with three experiments to test the sensitivity of 

sand dune  species to N. Gaseous ammonia concentrations were measured over a twelve-

month period, sampled at eight locations (Figure 1) using a combination of passive diffusion 

samplers (badge samplers) well suited to monitoring low ammonia concentrations (Tang et 

al., 2001) at locations upwind of the prevailing wind direction (i.e. to the south west of the 

poultry unit), and standard ammonia diffusion tubes (Gradko International Ltd, Winchester, 

UK) at the poultry unit and some additional locations experiencing high ammonia 

concentrations. Upwind sampling locations for gaseous ammonia were at sites labelled A to F 

(Figure 1), ranging in distance from 0 to 2800 m to the south west, i.e. upwind from the 

poultry unit. Locations A to C were at the poultry unit itself and locations to 300 m upwind 

but outside the Natura 2000 site. Locations D to F were further upwind from 800 to 2800 m, 
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within the Natura site boundary.  The other monitoring sites were located near potential local 

ammonia sources: a sewage treatment works 520 m to the north-west and improved grazing 

land at a small livestock farm 1500 m to the south-east. Triplicate badge samplers and 

triplicate diffusion tubes were exposed in batches lasting one calendar month over an 12-

month period, December to the following November. Field blanks and laboratory blanks were 

used to control for contamination. Missing data for sampling site B (months December and 

January) and site E (months December to April) were recreated using ratios of the mean 

ammonia concentrations of each site with means at the immediately adjacent monitoring 

locations for all periods without missing data. The gap filling was necessary in order to 

calculate annual means. Data from a separate study funded by the UK Environment Agency 

(NETCEN, 2006) are reported for comparison. In that study, gaseous ammonia 

concentrations were measured using triplicate diffusion tubes for a 7-month period, January 

to July at 17 locations at the farm, upwind and downwind, at distances of 850 m upwind to 

450 m downwind. All diffusion tube locations are shown in Figure 1.  

 

Estimating background ammonia concentrations 

It was assumed that months with low ammonia concentrations at the poultry unit (monthly 

mean < 20 µg m-3) (January, February, March and June) coincided broadly with the early 

phase of the growth cycle and could be used to estimate background ammonia concentrations 

at the Natura site. Wind directions during these sampling periods incorporated a range of 

directions, although winds were predominantly south-westerly. The calculated average 

ammonia concentration for site F, furthest from the poultry unit, for months with low 

ammonia concentrations was 0.60 µg m-3. This was assumed to represent the true local 

background in the absence of inputs from the poultry unit. This low background was also 

observed at sampling locations close to the farm when emissions from the unit were low. 

 

Other components of N deposition 

Other components were measured in order to calculate total N deposition. Gaseous nitrogen 

dioxide concentrations were sampled at one location only, within the farm, using diffusion 

tubes supplied and analysed by Gradko International Ltd, Winchester, UK, exposed monthly 

for a seven-month period from January to July. Nitrogen dioxide concentrations show a fairly 

standard seasonal pattern (Jones et al., 2005), and these data were used to calculate a mean 
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annual nitrogen dioxide concentration for the 12 month period. This estimate was in close 

agreement with modelled estimates from national maps (RoTAP, 2012). 

 

Wet deposited nitrogen was sampled in bulk precipitation at a location 650 m east-north-east 

of the farm at roughly 1 month intervals over a 12-month period. Total inorganic NH4 and 

NO3 concentrations in rainfall samples were measured using Ion Chromatography on a 

Dionex DX-120 instrument (Dionex, California, USA). Detection limits for NH4-N and NO3-

N were 0.02 ppm. Organic N was not measured, leading to a likely underestimate of the total 

N deposition in this study. Rainfall volume and wind direction data were obtained from a 

coastal meteorological station at RAF Valley 8 km north west of the site. Comparison of 

wind speed and direction data with on-site measurements taken over a shorter duration 

showed no significant differences between the two measurement locations. 

 

Estimating total nitrogen deposition load 

Ammonia deposition was estimated as the product of the measured ammonia concentration 

with a fixed deposition velocity of 22 mm s-1 established experimentally for sand dune 

vegetation in a separate study. That study interpreted continuous monitoring of ammonia 

concentrations in air before and after passing over transplanted turves of sand dune 

vegetation, along with other micro-meteorological measurements (Jones, 2006). Nitrogen 

dioxide concentrations were converted to fluxes using a deposition velocity of 1.13 mm s-1 

(Jones et al., 2004). Concentrations of inorganic N in bulk precipitation were converted to 

fluxes using rainfall volumes from RAF Valley. 

 

Experiments with sand dune vegetation mesocosms 

Mesocosms were constructed with seven sand dune grassland species comprising a mix of 

fast- and slow-growing species (Dactylis glomerata, Plantago lanceolata, Festuca rubra, 

Centaurea nigra, Achillea millefolia, Leontodon hispidus and Galium verum), planted in sand 

in 4 L pots, 20 cm diameter, containing two individuals of each species in random positions. 

The mesocosms were exposed to different levels of N in three experiments: as wet-deposited 

nitrogen; as ammonia, and as phytometers in a gradient study. Each experiment lasted 28 

weeks, with an interim vegetation cut at 5 cm above soil surface after 18 weeks. At the end of 

the experiments the vegetation was cut to ground level and biomass sorted to species, then 

dried at 105°C to constant weight. In the ammonia fumigation and the phytometer study, 
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tissue N content of each species was determined by grinding biomass to a fine powder before 

combustion on a Leco 2000 CHN analyser (LECO corporation, Michigan, USA). There was 

insufficient biomass to measure tissue N for G. verum. 

 

In the first experiment, mesocosms were exposed to four nitrogen deposition levels of 2, 10, 

20 and 55 kg N ha-1yr-1 in a misting tunnel facility with a background N deposition of 4 kg N 

ha-1yr-1 giving total doses of 6, 14, 24 and 59 kg N ha-1yr-1. The facility consisted of eight, 

fan-vented polytunnels, fitted with fine spray nozzles for automated delivery of nitrogen 

treatments as wet deposition (Jones, 2005). Nitrogen was applied as NH4NO3 in a fine spray, 

three times weekly. There were two replicate tunnels of each N treatment, with three sand 

dune mesocosms in each tunnel.  

 

In the second experiment, mesocosms were exposed in an ammonia fumigation experiment 

using replicated open-top chambers (N=2 for each ammonia treatment), with three 

mesocosms in each. Ammonia was supplied using open dishes of ammonia solution 

concentrations of 0 (control), 1, 5 and 10%. Gaseous ammonia concentrations in the open top 

chambers were measured using passive diffusion tubes at canopy level, exposed in triplicate 

over a monthly duration. These gave average (±s.d.) measured concentrations over the 

duration of the 28 week experiment of 0.4 (±0.2) (control), 4.3 (±0.1), 22.1 (±3.2) and 35.0 

(±0.5) µg m-3, giving deposition loads of 2, 24, 126 and 200 kg N ha-1yr-1 respectively, using 

a deposition velocity to sand dune vegetation of 22 mm s-1 (Jones, 2006).  

 

In the third experiment, mesocosms were exposed as phytometers placed in the field to assess 

effects of ammonia concentration in a gradient study of declining ammonia concentrations 

upwind of the prevailing wind direction from the poultry unit. Four replicate phytometers 

were exposed at each of the upwind ammonia sampling sites A to E. Phytometers at site B 

suffered an unknown growing problem during the early exposure period and were excluded 

from subsequent analysis. 

 

Potential impact of additional N on soil development 

Two approaches can be used to estimate impacts of additional N on soil chemistry and soil C 

pools. The first makes the assumption that C stocks remain more-or-less static and all 

additional N drives down the C:N ratio. The second assumes that C:N ratios remain constant, 
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therefore all additional N translated into plant growth essentially fixes the same proportion of 

C, and both C and N stocks in the soil increase (Emmett et al., 2010; Rowe et al., 2011). The 

latter assumption is the more common. Using this approach, we can calculate the theoretical 

input of carbon into sand dune soils in the Natura site as a result of extra N deposition 

resulting from the poultry unit. We assumed an average of 92.3 % retention of additional N 

into the soil pool, derived from a leachate study, where the remaining 8% is leached 0-1 kg 

NO3-N ha-1yr-1, and 2-3 kg dissolved organic N (DON) ha-1yr-1 (Jones, 2010), and a C:N 

mass ratio of 16.9 (data from Jones et al., 2004) to calculate the additional N and C added to 

the soil pool in the sand dune system over a 50-year period, assuming no change in ammonia 

emissions from the poultry unit over that period. 

 

Statistical analysis 

Statistical relationships between monthly measured ammonia concentrations at all passive 

sampler and diffusion tube monitoring sites and monthly concentrations measured at the farm 

were compared using Pearson correlations. Total biomass, individual species biomass, and 

species tissue N concentration data from replicate mesocosms were pooled for each N 

treatment before analysis. Statistical differences between treatments in N manipulation 

experiments, or distances from the farm were assessed by analysis of variance using 

Generalised Linear Models. All statistical analyses were carried out using Minitab v15. 

 

Results  

Ammonia profile 

Results from the badge-sampler measurements of ammonia concentrations upwind showed 

that the highest concentrations occur nearby the poultry unit, as expected (Figure 2). Annual 

mean concentrations declined rapidly upwind from 60.1 µg m-3 at the poultry unit to 6.3 µg 

m-3 at 300 m upwind, dropping to 1.2 µg m-3 at site D (800 m upwind, inside the Natura site 

boundary), and 0.9 µg m-3 at the furthest sampling site F (2800 m upwind, 1200 m inside the 

Natura site). Ammonia concentrations showed a similar pattern of decline both upwind and 

downwind. Wind direction data from RAF Valley showed that wind directions were 

predominantly from the south west quarter during the 12-month monitoring period, but wind 

came from the north east quarter for some of the time (mean daily windspeed exceeded 9 m s-

1 for a total of 16 days, with 2 days in December where mean daily windspeed exceeded 14 m 
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s-1). When winds did come from the north east quarter, this occurred during periods of both 

low and high emissions from the poultry unit. 

 

Monthly concentrations showed a sequence of peaks and troughs (Figure 3), with the highest 

monthly mean at the poultry unit (Site A) reaching 178 µg m-3 in September. Examination of 

the temporal profile showed that the monthly peaks at all sites upwind corresponded with 

peaks at the poultry unit, even at the maximum monitored distance of 2800 m upwind at Site 

F (Figure 3). Ammonia concentrations at all sites upwind were highly correlated with those at 

the poultry unit itself (all upwind locations: F > 25.6, p < 0.001).  

 

Peak monthly mean concentrations for the monitoring locations at other possible local 

sources of ammonia were considerably lower than at the poultry unit, with a maximum of 

3.23 µg m-3 at the sewage works (mean ± s.d. = 1.94±0.73 µg m-3) and 1.90 µg m-3 (mean ± 

s.d. = 1.42±0.25 µg m-3) at the livestock farm. Temporal patterns of emissions from these 

minor sources differed from that of the poultry unit, and ammonia concentrations were 

weakly (sewage works: F = 5.65, p = 0.036) or not at all (livestock farm: F = 0.29, p = 0.617) 

correlated with those at the poultry unit. Ammonia concentrations within the Natura site were 

only correlated with emissions from the poultry unit, they were not correlated with those 

from the sewage works or nearby livestock farm. This suggests that these small-scale sources 

locally influence the ammonia concentrations in their immediate vicinity, but did not 

influence the Natura site.  

 

Calculating additional ammonia concentrations from poultry unit 

Assuming a background ammonia concentration of 0.60 µg m-3 as an annual mean, and that 

all excess ammonia above this level derived from the poultry unit (see methods), excess 

ammonia concentrations were calculated. The annual mean ammonia concentration at Site D 

was 1.2 µg m-3 suggesting that the poultry unit contributed an additional 0.6 µg m-3 averaged 

over the year, causing exceedance of the critical level of 1 µg m-3  inside the Natura site. 

 

Calculating total nitrogen deposition load 

Deposition from dry gaseous ammonia concentrations at background levels was 3.43 kg N ha-

1yr-1, while deposition from dry gaseous nitrogen dioxide, and from wet inorganic N in bulk 

deposition were 0.67 and 3.60 kg N ha-1yr-1 respectively, giving a total background 
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deposition of 7.7 kg N ha-1yr-1. Deposition loads attributable to the excess ammonia 

concentration from the poultry unit were very high (Table 1), ranging from 33 to 340 kg N 

ha-1yr-1 within 300 m of the unit, and 3.40 kg N ha-1yr-1 at monitoring Site D inside the 

Natura site boundary. In total, the poultry unit contributed an additional 44 % on top of the 

background, bringing total deposition within the Natura site to 11.1 kg N ha-1yr-1, clearly 

exceeding the lower end of the critical load range for Fixed dunes with herbaceous vegetation 

(“grey dunes”) of 8 – 15 kg N ha-1yr-1. In the background deposition, reduced N comprises 65 

% of the total, including dry and wet deposition components (N from NH3 and NH4). With 

inputs of ammonia from the poultry unit, the proportion of reduced nitrogen rises to 76 % of 

the total at Site D. 

 

Impacts of nitrogen on growth of dune species 

Experimental exposure of sand dune species mixtures to nitrogen deposition in various forms 

showed significant effects of nitrogen on plant growth and tissue chemistry. When exposed to 

wet N deposition as NH4NO3, F. rubra showed a significant effect of added nitrogen, with 

higher biomass at deposition levels of 14 kg N ha-1yr-1 and above than at 6 kg N ha-1yr-1 

(Figure 4b), similar to levels of deposition observed at the Natura site. Growth of the other 

species showed no significant N effect. However, at all nitrogen levels, the biomass was 

dominated by two relatively nitrophilous species: D. glomerata and P. lanceolata, with F. 

rubra third and the four other forb species having much lower biomass. Total above-ground 

biomass showed no significant response to N (Figure 4a), due to high variability between 

replicates.  

 

In the ammonia fumigation experiment, the combined biomass of the two harvests (Figure 

5a) showed a significant increase between ammonia concentrations of 0.4 – 4.3 µg m-3 and 

again between concentrations 4.3 – 22 µg m-3, dose equivalents of 2 - 24 kg N ha-1yr-1 and 24 

- 126 kg N ha-1yr-1 respectively, again showing significant increases in biomass within the 

deposition range observed at the Natura site. Growth increases appeared to saturate above 22 

µg m-3. When biomass was analysed by species (Figure 5b), both P. lanceolata and F. rubra 

showed significant biomass increases between 0.4 – 4.3 µg m-3, while D. glomerata, and F. 

rubra showed a significant biomass increase from 4.3 – 22 µg m-3. The other species showed 

no significant effects of ammonia fumigation. All species showed significant increases in 
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tissue N concentration (Table 2) with each successive treatment, except D. glomerata which 

showed significant increases in tissue N at all but the lowest ammonia treatment. 

 

In the in situ phytometer experiment, the combined biomass from both harvests showed a 

decline with distance from the poultry unit (Figure 6a). Biomass was highest at site A at the 

poultry unit itself, then declined significantly to sites C (300 m distance) and D (800 m 

distance, inside the Natura site) which were not different from each other. Biomass then 

declined again at site E, further into the site. When analysed by species (Figure 6b), biomass 

of the dominant species D. glomerata, showed the same pattern as that of total biomass, i.e. a 

significant decline with distance from the poultry unit. Biomass of P. lanceolata was high but 

rather variable, being highest at sites A and D. Biomass of F. rubra and the other species 

showed no significant effect of distance from the poultry unit. Five of the six species showed 

significant changes in tissue N (Table 3): D. glomerata and A. millefolia showed a significant 

drop in tissue N at sites D and E inside the Natura site, compared with sites A and C. F. rubra 

and L. hispidus showed successive drops from A to C and again to D and E inside the Natura 

site. Tissue N in C. nigra did not differ between sites C, D and E, but was lower at these sites 

than at the poultry unit (site A). 

 

Estimated nitrogen accumulation in soils 

The additional N deposition attributed to the poultry unit of 3.4 kg N ha-1yr-1 at site D (Table 

1), is calculated to result in an additional 157 kg N ha-1 in the soil over a 50-year period 

which, assuming a constant C:N ratio will result in an additional 2652 kg C ha-1 over the 

same period. When compared with current carbon stocks in the soil of 29,100 kg C ha-1 (data 

from Jones et al., 2004), this represents a 9.1 % increase in the current soil C pool over the 50 

year period. 

 

Discussion 

This study has shown that emission peaks from an ammonia point source can be detected 

upwind to a distance of 2.8 km. The low background ammonia concentrations of 0.60 µg m-3 

are similar to concentrations of 0.62 µg m-3 measured at another west coast dune system 

(Jones et al., 2005), reflecting the relatively small area of improved agricultural land and low 

livestock densities along much of the west UK coast. This background is much lower than 

suggested by other UK studies. Often it is assumed that the lowest concentration measured, 
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usually upwind, represents the background (e.g. Cape et al., 2009). Alternatively, a reference 

background concentration is assumed based on monitoring network sites in rural locations 

(NETCEN, 2006). Both of these approaches may be inappropriate for defining background 

concentrations, due partly to local agricultural sources around rural sites (Dragosits et al., 

2002; Paoli et al., 2010), but also due to lack of appreciation of possible episodic upwind 

effects of large point sources of ammonia, which can be considerable as shown in this study. 

 

This study also shows that the elevated ammonia concentrations upwind can contribute to 

exceedance of the critical level of 1 µg m-3 for sensitive bryophytes and lichens, and to 

exceedance of the critical load for total N deposition at distances up to 800 m upwind. Due to 

the decline of ammonia with distance from source, deposition is highest within the parts of 

the Natura site nearest the poultry unit. These areas are also the most sensitive to both 

ammonia and N deposition because they comprise the older grassland and wetland 

communities on de-calcified soils, to which the lower part of the critical load range 8 - 11 kg 

N ha-1yr-1 should be applied (Bobbink and Hettelingh, 2011). The grasslands are lichen-rich, 

which are sensitive to direct toxicity effects. The vegetation and soils are particularly 

susceptible to eutrophication as the soils lie within the pH range of 4.5 – 6.5 (Jones et al., 

2004) where phosphorus availability should be at a maximum (Kooijman and Besse, 2002). 

 

The experimental manipulations presented here show that dune vegetation has the potential to 

respond to levels of total N deposition and to ammonia concentrations observed within the 

Natura site, but also that this growth response can occur under field conditions. Increases in 

graminoid biomass have been observed in other dune mesocosm experiments at loads of 20 

kg N ha-1yr-1 (van den Berg et al., 2005), but the experiments in this study showed significant 

growth effects below 14 kg N ha-1yr-1 in controlled wet deposition experiments and below 11 

kg N ha-1yr-1 deposition in the field phytometer study. These biomass changes at relatively 

low levels of N supply are likely to reflect the start of species composition shifts observed in 

a wide range of other semi-natural habitats at higher levels of N deposition (Heil and 

Diemont, 1983; Phoenix et al., 2012). Often these large-scale community shifts are triggered 

by other stresses such as drought and climatic effects, herbivory or pathogen attack (Heil and 

Diemont, 1993; Power et al.,1998; Strengbom et al., 2002). The increased tissue N 

concentrations in the ammonia fumigation experiment and the gradient study showed that all 
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species were utilising the ammonia as a nitrogen source. Elevated tissue N content may be a 

catalyst for some secondary effects such as increased herbivory. 

 

Ammonia from poultry units is known to cause changes in species composition and tissue 

chemistry in woodland flora, with nitrophiles replacing oligotrophic species (Pitcairn et al., 

2002; 2009), but this is the first time ammonia impacts have been indicated for dry dune 

species. However, there is mounting evidence of total N deposition impacts on dune 

grasslands: Positive relationships of N with biomass of dune vegetation in semi-fixed 

‘yellow-dune’ grassland have been reported from gradient studies in the UK (Jones et al., 

2004), but are harder to detect in established fixed ‘grey-dune’ grassland as these are often 

grazed by rabbits or livestock. Nonetheless, gradient studies have shown that species 

composition of these older dune grasslands was reduced by nitrogen deposition at loads 

between 10 and 20 kg N ha-1yr-1 (Jones et al., 2004), and at lower deposition loads in acidic 

dune systems in the Baltic (Remke et al., 2009). Although not tested in this study, effects on 

lichen communities at the ammonia concentrations recorded within the Natura site are also 

likely. Negative effects on lichens have been shown at ammonia concentrations of 1-2 µg m-3 

(Sutton et al., 2009) in the UK, and shifts in lichen community composition from oligotrophic 

to mesotrophic species occurred at deposition loads of 3 to 9 kg N ha-1yr-1 in the USA (Geiser 

et al., 2010).  

 

This study predicts long-term effects on soil N and C pools as a result of future N emissions 

from the poultry unit. Experimental studies have shown elevated N pools in dune vegetation, 

primarily in the moss biomass (Plassmann et al., 2009). Over longer timescales, as the moss 

layer decomposes, this nitrogen will subsequently enter the soil N pool, with implications for 

long-term rates of soil development (Jones et al., 2008). This will almost certainly lead to 

thicker organic soil layers, driving successional development and facilitating the dominance 

of competitive species at the expense of typical sand dune species. It is therefore likely that 

the poultry unit has already had an effect on vegetation and soils within the Natura site over 

the 38 years since 1972 that it has been operating. Due to complex topographical variation 

within the sand dune Natura site and gradients of soil age which co-vary with distance from 

the poultry unit, it is not possible to definitively detect changes in vegetation and soils within 

the site. However, this should not be taken as evidence of no impact, and there are indications 
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that lichen assemblages are less species rich in the de-calcified dune grasslands closest to the 

poultry unit (Woods, 2009). 

 

These findings have major implications for management of sites of conservation interest in 

close proximity to intensive animal units. Firstly, it should be not be assumed that an upwind 

location will avoid adverse impacts. Secondly, off-site mechanisms should be considered to 

reduce the local impact of existing point-source emissions by techniques such as shelter-belts 

which can capture up to 15 % of ammonia emissions (Loubet et al., 2009; Theobald et al., 

2001), in addition to measures to reduce emissions such as altered animal husbandry 

methods. Care should also be taken to avoid pollution swapping, i.e. the transfer of 

atmospheric pollution to soil or water eutrophication as a result of such mitigation measures. 

Modelling of ammonia concentration fields and wider landscape planning are useful tools to 

mitigate potential ammonia impacts on sensitive ecosystems (Cellier et al., 2012). 

 

Summary: 

In conclusion, this study has established that ammonia emissions from an intensive poultry 

unit can be detected up to 2.8 km upwind, and that these emissions contribute to exceedance 

of critical levels of ammonia and exceedance of critical loads of total N. Nitrogen exposure 

experiments show that plants take up the ammonia as a nutrient, and respond to both 

ammonia levels and nitrogen deposition loads at the ammonia concentrations observed in the 

Natura site by increasing biomass. Therefore the observed ammonia contribution from the 

poultry unit is likely to be affecting plant growth within the Natura site, and having long term 

effects on soils. 
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 Figure Legends 

 

Figure 1. Map showing study context, including sampling points for gaseous ammonia along 

upwind transect (A-F) and smaller point sources the sewage works (to the NW) and small 

livestock farm (to the SE). Annual wind rose shows 10-yr average wind direction and 

frequency (1994-2003) for RAF Valley, a nearby coastal meteorological station.  

 

Figure 2. Pattern of mean annual ammonia concentration (µg m-3) with distance upwind (-) 

and downwind (+) from the poultry unit (m), measured in two studies. Black squares - data 

from this study (12 months, December to the following November); open diamonds – bias-

corrected diffusion tube data from NETCEN (2006) for comparison (7 months, January to 

July). 

 

Figure 3. Temporal pattern of gaseous ammonia concentrations for sampling locations 

upwind of the poultry unit (a) at sites A to F, and (b) showing greater resolution for sites D to 

F within the Natura site boundary. See Figure 1 for location details. Thick horizontal line 

shows critical level (annual mean) of 1 µg m-3. 

 

Figure 4. Dry weight biomass in wet nitrogen deposition (NH4NO3) experiment using 

mesocosms of sand dune species, showing a) total biomass and b) biomass by species. 

Differing letters denote significant differences between treatments for F.  Rubra (p<0.05), all 

other spp. and total biomass non significant, (ANOVA, N=2). Bars represent ± 1 s.e. 

 

Figure 5. Dry weight biomass in ammonia fumigation experiment using mesocosms of sand 

dune species, showing a) total biomass and b) biomass by species. Differing letters (a, a, A, 

.a etc.) denote significant differences between treatments for total biomass (p<0.001) and for 

D. Glomerata (p<0.001), P. lanceolata (p<0.001), F. Rubra (p<0.001)  respectively, all other 

spp. non significant, (ANOVA, N=2). Bars represent ± 1 s.e. 

 

Figure 6. Dry weight biomass for the in situ ammonia gradient phytometer experiment using 

mesocosms of sand dune species at sites A, C, D, E (for distances upwind refer to Table 1), 

showing a) total biomass and b) biomass by species. Differing letters (a, a, A, .a etc.) denote 

significant differences between treatments for total biomass and for D. Glomerata (p<0.001), 
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P. lanceolata (p<0.01), C. nigra respectively (p<0.05), all other spp. non significant, 

(ANOVA, N=4). Bars represent ± 1 s.e. 
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Table 1. Nitrogen deposition (kg N ha-1yr-1) at locations upwind of the poultry unit. STW = 

Sewage Treatment Works. Background N deposition, excluding any dry ammonia 

contribution, comprises 4.27 kg N ha-1yr-1 from dry nitrogen dioxide deposition and bulk wet 

deposition of ammonium and nitrate (see Results). 

 

Location 

Distance 

upwind 

(m) 

N dep 

from 

dry NH3 

Total N 

dep incl. 

all N 

sources 

Excess N dep 

from poultry 

unit 

A 0 343.3 347.6 339.9 

B 100 84.3 88.6 80.9 

C 300 36.2 40.5 32.8 

D 800 6.8 11.1 3.4 

E 2000 4.0 8.3 0.6 

F 2800 5.4 9.7 1.9 

STW  11.1 15.4 Not estimated 
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Table 2. Tissue N concentrations (%) of six dune grassland species exposed to ammonia at 

four concentrations (equivalent N deposition in brackets) in open top chambers. For each 

species, different letters denote significant differences between treatments, (ANOVA, N=2). 

Standard error calculated using pooled variance across treatments. 

 

 NH3 treatment, µg m-3  
(kg N ha-1 yr-1) 0.4 (2) 4.3 (24) 22 (126) 35 (200) Pooled SE 
Dactylis glomerata 0.98 a 0.81 a 2.00 b 2.80 c 0.11 
Plantago lanceolata 0.76 a 1.21 b 1.78 c 2.55 d 0.05 
Festuca rubra 0.81 a 1.15 b 2.42 c 3.31 d 0.08 
Centaurea nigra 0.74 a 1.10 b 1.87 c 3.02 d 0.08 
Achillea millefolium 0.89 a 1.27 b 1.87 c 2.46 d 0.05 
Leontodon hispidus 1.06 a 1.49 b 2.38 c 3.53 d 0.14 
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Table 3. Tissue N concentrations (%) of six dune grassland species in phytometers placed at 

increasing distance (m) upwind of the poultry unit. For each species, different letters denote 

significant differences between treatments, (ANOVA, N=4). Standard error calculated using 

pooled variance across treatments. 

 

  
Site A 
(0 m) 

Site C 
(300 m) 

Site D 
(800 m) 

Site E 
(2000 m) Pooled SE 

Dactylis glomerata 1.42 a 1.26 a 0.87 b 0.97 b 0.11 
Plantago lanceolata 0.89 a 0.77 b 0.47 c 0.76 b 0.03 
Festuca rubra 1.73 a 1.16 b 0.79 c 0.79 c 0.07 
Centaurea nigra 1.30 a 0.97 b 0.81 c 0.77 c 0.09 
Achillea millefolium 1.39 a 1.36 a 0.79 b 0.77 b 0.08 
Leontodon hispidus 1.67 a 1.44 b 1.00 c 1.07 c 0.08 
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Figure 1.  
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Figure 2.  
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Figure 3. 
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Figure 4. 
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Figure 5.  
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Figure 6. 
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