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University of Sheffield 

1. Summary 
We have investigated the effects of 11 years of monthly applications of simulated 
atmospheric nitrogen (N) deposition on two of the most important types of species-rich 
limestone and acidic grasslands in the UK. Our experimental plots are located in the Peak 
District National Park, in an upland region that has experienced the highest cumulative 
50-year N deposition rates in the UK.  After a decade of simulated N deposition one set of 
experimental plots have been divided, one half of each now being in ‘recovery’ whilst the 
other half continues to receive treatment. Another set of plots established in 1990 have 
been in recovery since 2002. The N treatments are also combined with phosphorus 
fertilizer additions enabling the role of phosphorus availability in affecting responses to N 
deposition and ‘recovery’ to be determined.  
• The mineral N pools in both soils have rapidly declined in the ‘recovery’ plots  with 

no detectable enrichment in extractable mineral N in the limestione grassland after 3 
years. There are residual effects of the previous N loads on extractable mineral N in 
the acid grassland (particularly of ammonium), but these are very modest by 
comparison to the mineral N pools when the plots were being treated with 
experimental N additions.  Overall, the prospects for recovery of soil mineral-N  pools 
following reductions in N deposition are very encouraging.  

• Other  soil chemistry changes are likely to present a more severe constraint on habitat 
recovery.  The loss of base cations and associated acidification is very serious and 
unlikely to be readilly reversed by natural processes.  Using a novel extraction  
procedure that mimics the activities of root exudates we have detected a 30-65% 
depletion of ‘plant available’ pools of calcium and potassium in the most heavilly N 
enriched soils. 

• Consistent with the loss of bases is the evidence of decline in abundance of some of 
the most base-demanding species such as the calcicole grass Briza media and of many 
of the forbs characteristic of limestone grassland  such as Thymus polytrichus. In the 
acid grassland there has been a major decline in Conopodium majus and Anemone 
nemorosa.  In both grasslands the flowering of forbs has been even more severely 
reduced than their cover and we are monitoring flowering in order to detect early 
evidence of ‘recovery’ but no significant effect has been seen in the divided plots for 
the first 1-2 years after ceasing treatments. 

• Changes in floristic composition, seed production and soil chemistry caused by long-
term N saturation are likely to leave a long-lasting lagacy of habitat degradation in 
some of our most important types of semi-natural grasslands. 

 

2. Policy Relevance  
2.1  Grassland biodiversity loss- the scale of the problem  
Grasslands are the most extensive semi-natural plant communities in the UK countryside, 
with over 20% of our native higher plants being specifically associated with these habitats 
(Preston et al., 2002). Acidic and calcareous grasslands together cover an area in excess 
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of 1.23 million hectares of the UK and are of exceptional conservation and amenity value 
as a result of their floristic diversity. Acidic and calcareous grasslands contain over 300 of 
the 540 native plants specifically associated with grassland (Preston et al., 2002).  
Unprecedented decreases occurred in the area of semi-natural grassland communities in 
the UK from 1930-1988, with over 40% of the 179 native species whose distribution 
declined in this period being characteristic of calcareous, unimproved or acidic 
grassland/heathland (Rich & Woodruff, 1996).  Recent evidence suggests that nitrogen 
pollution is a major factor explaining loss of species from acid grassland that has not been 
ploughed or fertilized, with over 55% of the variation in species richness across 68 sites 
throughout the UK being explained by their local rates of N deposition (Stevens et al., 
2004).   

2.2  Nitrogen pollution- an ongoing threat to semi-natural grassland 
Although increasingly effective emissions controls have decreased NOx emissions by 
30% from 1990-2000 and are set to lower this further to less than half its 1990 value by 
2010 (Air Quality Expert Group 2004), emissions of reduced N (NHy) remain at 
historically high values.  Many grasslands are still experiencing N deposition rates in 
excess of their critical loads, particularly for ammonium as it is this form of N pollution 
that in national surveys has been shown to have greatest impact on grasslands (Smart et 
al., 2004).  Thus, despite major progress in emissions controls, N deposition continues to 
pose a significant threat to the long-term sustainability of species-rich semi-natural 
grasslands.  Even where N deposition has now fallen below the critical load for a 
grassland the long-term legacy of having greatly exceeded this load is likely to continue 
to compromise the quality of the habitat. 

2.3  Policy relevance of our experiments 
Our long-term (11-16 year) experimental plots in semi-natural acidic and limestone 
grasslands in the Derbyshire Dales National Nature Reserve are ideally placed to help 
address the policy issues concerning N pollutant impacts on semi-natural grasslands.  The 
plots are situated in one of the most heavily N polluted regions in UK, estimated to have 
received a total of over 200 g N m2 from 1900-2000 (Fowler et al., 2004), a value 
matched or exceeded on less than 10% of the total area of the UK.  The grasslands are 
examples of the two most widespread and important types of species-rich limestone and 
acid grasslands in the UK, and are the kinds that have experienced the highest sustained N 
loads. 

2.4  Key policy issues -pollutant impacts on semi-natural grassland 
Much of our semi-natural grasslands have exceeded their currently defined critical loads 
for N over several decades- and there is increasingly strong evidence that these grasslands 
have suffered very significant loss of diversity and habitat quality as a result (Carroll et 
al., 2003).  Two key policy issues arise from our increasing awareness of the nature and 
extent of N deposition impacts on species-rich grasslands. 
(a) The need for robust evidence of either continuing environmental damage or of 

recovery being constrained by current N deposition loads, to justify establishment of 
further cuts in emission targets- especially for ammonia.  

(b)  The need to establish whether recovery from the habitat damage due to N 
enrichment is constrained by long-lasting impacts that require active intervention 
(e.g. neutralisation of soil acidity and replenishment of base cations leached with 
nitrate; and re-seeding of species that have declined).  
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Our experimental studies of the long-term impacts of N deposition on plants and soil in 
the limestone and acidic grasslands at Wardlow Hay-Cop, and the responses of these 
habitats to reductions in simulated pollutant N inputs are directly addressing these key 
issues.  Our findings are required to inform future emissions control policies and to guide 
the development of management of semi-natural grassland ecosystems that were saturated 
with N in the latter half of the 20th Century and have now entered a new era with 
progressively decreasing rates of N deposition. 

3. Project Update 
Our studies aim to address the following four questions: 
1. Can the floristic and soil changes be reversed in grasslands that have exceeded 

critical N loads? 
2. How long will recovery take without active interventions? 
3. What are the effects of the accumulation of a soil N ‘reservoir’ on ecosystem 

functioning and cation and nitrate leaching? 
4. Will losses of cations from nitrogen saturated grassland soils have long-term 

irreversible effects? 

3.1 Eutrophication legacy in grassland recovering from N saturation? 
The original 1m2 plots established on both limestone and acid grassland in 1990 were 
treated for 11 years with N additions ranging from 0-14 g m2 y-1.  Since the end of August 
2002 these plots have been in ‘recovery’.  We have continued to monitor the 
concentration of ammonium and oxidised N (nitrate) extracted by KCl from the soil 
through the period February-June each year (Fig. 1) as the peak annual concentrations of 
both ammonium and nitrate occur during this period.   

 
Figure 1. The mean concentration of total inorganic N extracted from acid grassland 
soil with 2M KCl  (February-June) in the final year of an 11-year experiment on effects of 
simulated N deposition, and in the 4 years of ‘recovery’ that have followed.  The N 
treatments were 0, 3.5, 7 and 14g N m2 year-1 above ambient deposition   Vertical bars 
give SEM, n=4.  Points sharing the same letter are not significantly different (Tukey test, 
P>0.05). 



 16

 
Both grasslands have shown rapid recovery in their ‘available’ mineral N pools, 
particularly in the second year after ceasing the treatments (data shown for the acid 
grassland - Fig. 1).   Four years after ceasing N additions (April 2006), in the calcareous 
grassland there is now no evidence that the treatments continue to have lasting effects on 
the concentration of ammonium in the soil (Fig. 2).  This is encouraging evidence that the 
plant-available nitrogen pools in the particular kind of limestone grassland we have 
studied can ‘recover’ if N inputs decrease.  In the acid grassland, however, residual 
eutrophication effects are more persistent- significant N dose-related increases in soil 
ammonium are still found in the organic-rich Ah horizon in this grassland (Fig. 2) 
although the concentration is now less than half the April peak values (> 125 μg 
ammonium g-1 soil dry weight) that occurred in the last year of N treatment (2002) and 
the first year of ‘recovery’.    
 

 
Figure 2. The concentration of ammonium extracted with 2M KCl from calcareous 
and acid grassland (organic horizon) soil at Wardlow Hay-Cop, four years  (April 2006) 
after ceasing simulated pollutant N deposition inputs at rates of 0, 3.5, 7 and 14 g N m2 y-

1 for more than a decade.  Vertical bars are SEM, n = 4.  Bars sharing the same letter are 
not significantly different (Tukey test, P>0.05).  
 
There is also a trend in both grasslands for the total oxidised nitrogen concentration 
(primarily nitrate) to be higher in the formerly treated plots, although this is not 
significant due to the large variation between replicates relative to the magnitude of the 
values measured (Fig. 3).  In the calcareous grassland nitrate is a much more important 
component of the total extractable N pool with concentrations often an order of 
magnitude higher than in the acid grassland (Fig. 3).  The leaching of nitrate is a much 
more important process in the limestone grassland (Phoenix et al., 2003a) and may 
contribute significantly to the export of N from the soil, assisting the ‘recovery’ to back-
ground concentrations, but also posing a threat of nitrate pollution of drainage waters. 
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Figure 3. The concentration of total oxidized N (TON) extracted with 2M KCl from 
calcareous and acid grassland (organic horizon) soil at Wardlow Hay-Cop, four years  
(April 2006) after ceasing simulated pollutant N deposition inputs at rates of 0, 3.5, 7 and 
14 g N m2 y-1 for more than a decade.  Vertical bars are SEM, n = 4.   
 
Our analysis of exchangeable soil N pools provides encouraging evidence that semi-
natural grasslands that have experienced extreme N saturation can quickly recover 
towards the concentrations seen in soil receiving much lower N inputs.  The rapidity and 
extent of recovery we have seen indicates that soil N availability is unlikely to present a 
major constraint on floristic and overall habitat recovery. We must add one note of 
caution.  Our experimental plots are a small area in a large grazed field, which is likely to 
result in progressive export of N from our plots, whereas in grasslands that have 
experienced N enrichment at the landscape scale a greater proportional return of N will 
occur in dung and urine.  

3.2 Base cation depletion of N saturated grassland? 
We have used low molecular weight organic acids, of the kinds released by plant roots, as 
extractants to determine the extent of depletion of ‘plant available’ base cation pools in 
the grassland soils by the acidifying effects of simulated pollutant N.   Plant roots secrete 
low molecular weight carboxylic acids as a response to phosphorus and iron limitation, 
particularly in Ca rich soils, and as a mechanism to protect against aluminium and iron 
toxicity in acid mineral soils (Tyler & Ström, 1995). We have shown previously in these 
grasslands that P is the critical nutrient limiting plant growth, and that this limitation has 
been exacerbated by the N treatments (Phoenix et al., 2003b). Citric acid is particularly 
important for limestone grassland plants, whereas oxalic acid is more important for acid 
grassland species (Tyler & Ström, 1995).  The use of organic acid extracts has not only 
demonstrated significant base depletion from soils with the highest N loadings, but has 
confirmed that this base depletion affects the biologically important fraction of the cations 
that are mobilized by carboxylic acid secretions by roots (Fig. 4).  
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Figure 4.  
The concentration of 
potassium (K) extracted by 
a range of concentrations of 
citric acid and oxalic acid 
added to limestone 
grassland and acid 
grassland soil sampled 
from control plots or plots 
that received 10 years of 
simulated pollutant N 
deposition (1995-2005) at a 
rate of 14 g N m2 y-1 (140 
Kg N ha-1).  
 

The concentration of the organic acids strongly affects the proportion of the cation pool 
that is extracted. After initial trials (Fig. 4) we have routinely used organic acids at 2mM 
organic acids as this is within the concentration range that can occur in the rhizosphere 
and this concentration showed the greatest relative change in cation concentrations caused 
by the N deposition treatments.  

Extraction of the limestone grassland soil with 2mM citric acid has revealed a 28-30% 
decrease in ‘plant available’ calcium and a 30-36% decrease in magnesium extracted 
from the plots receiving 3.5 and 14 g N m2 y-1.  Extraction of the acid grassland soil with 
2mM oxalic acid has revealed no effects on calcium but 62-65% loss of ‘plant available’ 
potassium confirming the loss of potassium seen in both grasslands in the extractions with 
citric acid (Fig. 4).  

The loss of base cations from soil caused by pollutant N not only reduces the buffering 
capacity of the soil against further acidification, but as many of the cations are essential 
plant nutrients the soil fertility may decline, with adverse effects on species that are best 
adapted to more plentiful supplies of such elements.  These effects are likely to be long 
lasting and may be a serious constraint to recovery.  The extent to which base depletion 
has occurred in upland grassland in response to acid deposition and exceedence of N 
critical loads requires further investigation. We are currently investigating the extent of 
loss of buffering capacity. 
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3.3 Floristic changes- prospects for recovery on reducing N deposition? 
One of the most important impacts of N deposition is reduced flowering of forb species in 
both acid and calcareous grassland.  Many forbs show proportionally greater reductions in 
flowering than in cover in response to high N deposition- so that flowering is a 
particularly sensitive indicator of N impacts.  The flowering of forbs is a key component 
of the amenity value of semi-natural grasslands.  Reduced flowering seriously diminishes 
the biological and aesthetic value of species-rich grassland.    Due to the particular 
sensitivity of flower production to N deposition we have carried out detailed studies with 
the aim of being able to detect any early evidence of recovery on ceasing experimental N 
additions to the grasslands.  In the first year of the split ‘treatment’ and ‘recovery’ plots 
there was no evidence of recovery (Fig. 5).  

 

 
Figure 5. The effects of simulated N deposition on the number of inflorescences of 
Gentianella amarella and Thymus polytrichus in August 2005 in the limestone grassland 
plots one half of each have not received experimental N additions since the end of 2004.  
There is no significant effect of ‘recovery’ in either species, but there are significant 
effects of N treatment (ANOVA, P<0.05 in both cases). Vertical bars are SEM, n = 3.  

 

Analysis of flowering of Anemone nemorosa in May/June 2005 and 2006 has also shown 
highly significant effects of the N treatments reducing flower production, but even using 
pair-wise analysis comparing differences between the treated and untreated sides of the 
plots in the two years we have found no evidence of recovery. Conopodium majus has 
also suffered a severe decline in the acid grassland plots.  It shows no sign of recovery in 
the second year after ceasing treatments but its growth is greatly stimulated by P 
additions, and these alleviate the effects of N deposition.  This species appears to be 
highly phosphorus limited and the previously reported effects of n enrichment decreasing 
P availability to plants (Phoenix et al., 2003b) appears to be particularly important for this 
species. 

Further studies are planned this summer to monitor flower production and abundance of 
key species in the plots. 
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4. Collaboration with Dynamic Modelling Umbrella and Freshwater 
Umbrella 
Our first joint meeting with Dynamic Modelling and Freshwater Umbrella groups took 
place in October 2005 and identified opportunities for further collaboration.   The 
findings of our soil chemistry studies are of direct relevance to these groups and we 
anticipate our interactions will be strengthened.  Results from the current project were 
presented at the annual Umbrella project meeting in October 2005, and more recently at 
the CAPER conference.  

 
5. Key Findings 
• The plant-available N concentrations in the limestone grassland soil have recovered 

quickly from over a decade of N saturation.  However, this soil has suffered extensive 
depletion of bases- over 30% of the ‘plant available’ pool of Ca, Mg and K has been 
depleted.  These effects are likely to be highly persistent and are likely to impair 
recovery of species that have declined due to the N treatments. 

• The acid grassland has also experienced significant loss of case cations and continues 
to have elevated concentrations of mineral N in the N treated plots. 

• There is no evidence to date from the plots divided in 2004 that species whose 
flowering is severely reduced by N saturation are recovering after reducing N 
deposition to ambient levels for 1-2 years. 

• Recovery of grasslands from N saturation is likely to be slow and may require careful 
management interventions such as small additions of base cations or seeds to re-
establish plants that have declined.   
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