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 COMMISSIONED REPORT  

 Summary 
Botanical Benchmarks: application of single 

assessment site-based vegetation survey data 
in Habitats Regulations Assessment for 

regulatory decision-making 
 

Nitrogen has caused, and is continuing to cause, extensive changes in ecosystem 
functions and the ecological communities these ecosystems support in nutrient-poor 
habitats in the UK. This project aimed to develop indicators which could be 
calculated from readily-collected field survey data, and to benchmark those 
indicators against national datasets, to show the expected impact of additional N 
deposition from new point or diffuse sources of N.  
 
In this study, we considered a wide range of metrics all of which could be derived 
from botanical survey in the field. To avoid correlation among similar indicators, a 
subset was selected which were largely uncorrelated with each other, and required 
varying levels of botanical expertise and investment of time to collect the field data. 
The selected indicators were: 

- Graminoid cover as a proportion of total cover 

- Nitrophile-nitrophobe indicator 

- Species richness 

- Mean Ellenberg N 

Multiple vegetation survey datasets across the UK were collated and analysed in 
order to assess the response of each indicator against N deposition. The final 
datasets selected for use included broad (non-targeted) surveys such as 
Countryside Survey, the Scottish Birse & Robertson re-survey, the Scottish coastal 
resurvey; and targeted surveys which were primarily designed to detect impacts of N 
deposition, and which tried to minimise covarying factors such as climate. These 
included N gradient studies from the Defra-funded Terrestrial Umbrella (TU) 
consortium, wider acid grassland datasets, and CEH sand dune datasets. Multi-year 
average N deposition spanning the timeframe of the survey data (2002-2014) and 
historical S deposition data (1986-1988 average), both derived from the CBED 
model, and 30-year mean annual temperature and precipitation data (1981-2010) 
were also collated. 
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Four habitats were selected where surveys provided sufficient data for derivation of 
indicators. These were:  

- Acid grassland 
- Dry heaths 
- Wet heaths and bogs 
- Acidic dune grasslands 

 
Regression models were produced to explore relationships between the indicators 
and pollution (N and S) and climate variables. Equations were developed for roughly 
two thirds of the indicators; equations for the other indicators were not reported due 
to ambiguous relationships with N deposition. Not all indicators showed significant 
responses with N deposition in all habitats. In many cases, S deposition was highly 
correlated with N deposition, meaning that it was not possible to attribute the impacts 
to one pollutant over another. Statistical uncertainty is high in the parameters of the 
resulting equations due to variability in the source data unaccounted for in the 
regression model, which may encompass other drivers of vegetation change.  
 
Potential application of the equations was demonstrated using independent data 
from SEPA biomonitoring programmes, using multiple sites for each habitat. 
 
The equations are useful for three main purposes: 

- They provide an estimate for the effect size, direction and form (e.g. linear) of 

the relationship between each indicator and N deposition, from which an 

estimate (prediction) of the indicator can be derived for a typical site at the 

current level of N deposition, and at given values of temperature, rainfall and 

historical sulphur deposition. This prediction is benchmarked against the UK-

wide dataset used to generate the relationships. 

- Plotting current values of the indicators using measured data from the field 

allows comparison of the current status of the site against this UK 

benchmarked relationship. 

- The multiple indicators can be used to build up a ‘weight of evidence’ of the 

eutrophication status of the site. 

When applying the equations, it should be borne in mind that many factors determine 
the vegetation of an individual site and not all of these can realistically be included in 
models of this nature. There is inevitably a high level of uncertainty associated with 
these predictions. 
 
Suggested work to take these findings further includes: 
 

- Consideration of additional variables likely to be contributing to within-habitat 

variation in responses to N, such as soil parameters, current or historical 

management including grazing by managed livestock and wild grazers such 

as deer, where appropriate data is available 

- Benchmarking of additional indicators which include bryophytes and lichens 

- Application to other habitats not considered in this study, such as woodlands, 

calcareous grasslands, alpine communities, and additional dune habitats 
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(fixed dune grasslands, semi-fixed and disturbance communities, dune slack 

wetlands). 

- Integrating multiple lines of evidence, for example results from experimental 

manipulation sites 

- Incorporation of more of these indicators into dynamic process models, to 

predict the timescales over which change might be expected in response to 

additional N deposition, and impacts at individual sites. 

- Evaluation of the number of quadrats at a site required to adequately 

characterise indicator metrics, for different habitats 
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1 BACKGROUND 
Plant, bryophyte and lichen species are adapted to exist under a set of environmental 
conditions. As such, community composition data can provide an indication of extant 
environmental conditions and over time, environmental change. Indices derived from 
community-level data have been used to detect and quantify the effects of ammonia (NH3) 
and nitrogen (N) deposition. These include the Ellenberg indices (e.g. Henrys et al. 2011), 
grass-to-forb ratio (e.g. Stevens et al. 2008), nitrophile-nitrophobe indicator (Pitcairn et al. 
2006), as well as indices of nitrophyte and acidophyte tree lichens (Leith et al., 2005). Further 
assessment is required to determine the effectiveness of metrics derived from vegetation 
survey data in determining the effects of N pollution. If effective indicators can be established, 
they may be useful in estimating the effects of historical or current pollution on plant 
communities, and potentially of changes in pollution over time. 
 
Plants, bryophytes and lichens have been classified according to the position of their realised 
niche along an environmental gradient of nutrient availability (fertility), in work by Ellenberg 
(central European vascular plants), Hill (UK vascular plants), Siebel (bryophytes) and Wirth 
(lichens).  A review of published studies on the Ellenberg N index (Sutton et al 2004) concluded 
that, in general, the index is a useful tool for detecting floristic shifts consistent with increased 
nutrient availability and ecosystem eutrophication.  It is widely accepted that mean and cover-
weighted N scores are useful at detecting plant community response to ammonia and N 
deposition, when comparing against baseline historic data. However, some studies have 
shown limited or no significant relationship of Ellenberg N with N deposition (Stevens et al. 
2008), while others have shown that Ellenberg R (an acidity indicator) is also correlated with 
N deposition in acid grasslands and heathlands (e.g. Caporn et al. 2014), due to the 
acidification impacts of N which occur in addition to eutrophication in poorly buffered habitats.  
 
There is potential for derivation of benchmarks for N indicators based on botanical data, such 
as metrics derived from Ellenberg indicators, or from models, an approach which has been 
demonstrated to be effective in predicting impacts of pollutants, such as ozone (Jones et al. 
2007). Methods based on a suite of indicator species can also be used. For example, Pitcairn 
et al 2006 developed a nitrophobe-nitrophile ‘extreme’ N indicator for vascular plants and 
bryophytes, which was demonstrated to be more sensitive to air pollution effects than classical 
Ellenberg N index. The indicator lists were derived by identifying constant or frequent species 
for a given habitat (composed of a small number of NVC types) as ‘nitrogen loving’ or ‘nitrogen 
hating’.  These classifications can then be used in conjunction with site information including 
climate, soil moisture, management practice, and NVC habitat type, to assess the effects of 
additional N deposition on botanical communities.  
 
Hall et al. (unpublished) considered options for risk assessment using site-based data to 
detect effects of ammonia pollution. They found that one-off recording of Ellenberg indices 
had little capacity to detect whether a response to ammonia was observed, due to variability 
in indicator values relating to habitat type and management.  The authors concluded that, in 
the absence of a known typical score for a site that has not been impacted by ammonium it is 
very difficult to interpret the score. They used data from the Countryside Survey to 
demonstrate in principle how an expected range could be determined and applied in assessing 
site nutrient status. Thus, benchmarking is essential in order to interpret point-in-time 
assessments. Leith et al (2005) also highlighted the need for development of benchmarks for 
bioindicator methods, as a prerequisite to address the causality between emission and effect 
on site integrity and condition.  Their report outlined types of monitoring which can be used to 
assess N impacts on conservation sites, including: monitoring of atmospheric ammonia 
concentrations, measurement of nitrogen accumulation in indicator plant species, assessment 
of visible injury to plants or other signals of nitrogen damage and consideration of the status 
of particular target species/interest features. 
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However, there are challenges in using single assessment vegetation survey data to derive 
meaningful benchmarks. This is because other variables may modify relationships between 
community composition and the effects of N deposition. These variables include canopy 
parameters, soil type and litter, other air pollutants, management, stochastic events like 
drought and fire (Leith et al. 2005; Pitcairn et al. 2006; Hall et al. unpubl.). The recent JNCC 
nitrogen deposition decision framework project (Jones et al. 2016) identified confounding 
factors operating at a site-level (such as drainage, grazing, burning and others) which could 
be confused with the impact of nitrogen deposition.  Some factors act to modify the response 
of a habitat to nitrogen pollution, such as effect of annual precipitation on the response of bog 
communities, or temperature (Field et al. 2014). Some of these are already considered in 
relation to critical loads assessment (www.apis.ac.uk). There are also opportunities to use 
additional site information such as basic management information which, in combination with 
vegetation data, can help to reduce the impact of confounding variables whilst establishing a 
causal link between emissions and effect on site conditions and integrity (Leith et al. 2005; 
Jones et al. 2016). 
 
A number of methodological challenges need to be considered. Since the early gradient 
studies ca. 2002 for UK habitats (e.g. Jones et al. 2004; Stevens et al. 2004), N deposition 
has declined slightly, and the approach used to interpolate N deposition across the UK 
(Concentration Based Estimated Deposition (CBED) modelled data) has also been refined. 
Different studies have opted for different representations of N deposition ranging from single 
year to multi-year means and using predictions averaged over different spatial scales. 
Therefore, estimates of N deposition may not be directly comparable across different studies. 
There are also conceptual issues as to what constitutes ‘damage’ or ‘significant impact’ due 
to N and/or nutrient enrichment. This could be defined as the first point of community change 
in response to N, or in terms of reaching a certain criterion (e.g. failure of a Common Standards 
Monitoring target). 
 
There are a range of techniques and data available to develop and test a set of indicators that 
can be used to predict how additional N inputs may affect a plant community at a given site, 
from information that can quickly and easily be collected in the field, and at low cost. This 
project builds on this premise and aims to provide an approach for evaluating such site-level 
data within a national context. 
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2 PROJECT AIMS AND OBJECTIVES 
This project aimed to develop and evaluate procedures for analysing site-specific, single 
assessment, vegetation data for application to decision-making at the appropriate assessment 
stage of the Habitats Regulations Assessment of impact of air pollution on designated 
features. These procedures aim to improve the scientific basis for decision-making to add 
robustness and consistency to the assessments made for PPC licensing. 
 
The project addressed this primary aim, using the following steps: 

1. Identify and collate existing datasets of quadrat data on selected habitats (acid 

grassland, dry heath, wet heath and bog and acidic dune grassland). 

2. Derive metrics from the collated data, by habitat 

3. By habitat, determine observed ranges and benchmarks for each metric, and relate 

metrics to N deposition; comparison with the benchmarks should be able to indicate 

sensitivity to additional N. 

4. Account for influence of relevant modifying or confounding factors 

5. Produce guidance to illustrate how this information can be used during habitats 

assessment for PPC licensing 

6. Use worked examples to illustrate the application of these approaches in practice. 
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3 METHODS 
 
3.1 Vegetation survey data 
We compiled vegetation survey data from five main sources (Table 1). These include broad 
surveys and targeted surveys. The broad surveys provide extensive spatial coverage across 
the whole of Great Britain and therefore span a broad N deposition gradient. The targeted 
surveys were primarily designed to detect the effect of N deposition on specific vegetation 
communities, and to minimise the confounding effects of potentially correlated variables such 
as rainfall and temperature. No survey data was included from Northern Ireland, so the scope 
of the data used to develop the relationships has a Great Britain focus. Only quadrats allocated 
to a National Vegetation Classification (NVC) community within the four habitat categories 
defined in Section 2 were used. 
 
 
Brief description of the datasets: 
Countryside Survey: This is the UK’s main ecological survey programme focusing on the 
wider countryside (i.e. not just protected nature conservation sites), repeated at roughly 8 year 
intervals since 1978. Only data from the 2007 survey were extracted, and were filtered by 
habitat type based on broad habitat type in the database. Data used was from the X, Y, and 
U plots1. To avoid spatial pseudoreplication, indicator values for quadrats within the same 
square in the Countryside Survey dataset were averaged. 
 
Birse and Robertson: This is a re-survey of a set of plots originally surveyed in the 1960s. 
Only data from the re-survey plots was used, with the moorland plots resurveyed in 2006-
2007, and the pasture plots resurveyed in 2012-2014. These were filtered by habitat type 
based on NVC allocations provided by James Hutton Institute, selecting only quadrats of 4m2 
and for the NVC types required for this study (see Section 3.3). 
 
Scottish coastal survey: Only data from the re-survey in 2009-2013 were used, not the 
original plots. These were filtered by habitat type based on NVC allocations provided by James 
Hutton Institute. The dataset includes a much wider range of quadrats including non-dune 
habitats, of which 1198 were dune habitats for which Nitrophile and Ellenberg N indices could 
be calculated (the other metrics could be calculated for all quadrats). Only acid dune grassland 
quadrats were extracted for this analysis. 
 
CEH sand dune datasets: This comprises a much wider dataset from multiple projects, of 
which 570 quadrats were dune habitats for which Nitrophile indices could be calculated. Only 
data from acid dune grasslands are presented in this analysis. The extracted quadrats include 
data from targeted N surveys focused on a range of dry and wet dune habitats in 2002 (Jones 
et al., 2004) and wetter habitats in 2006 (Jones, 2007), as well as non-targeted surveys 
including a resurvey of English dune slacks in 2012 (Stratford et al. 2013). In both the Scottish 
and CEH dune datasets, metrics were calculated for other dune habitats which could be tested 
in future. These include fixed dune grasslands, semi-fixed and disturbance communities, and 
dune slacks (Jones et al. 2017). 
 
TU datasets: These were surveyed under the Defra-funded UKREATE consortium in 2009. 
For this analysis, approximately 25 sites were selected for each habitat, designed to cover the 
longest N deposition gradient possible, while minimising as far as possible the effect of 
correlated factors such as temperature and rainfall. The acid grassland data included a wider 
dataset of UK quadrats surveyed in the original survey (Stevens et al. 2004), and reanalysed 

                                                
1 X plots are randomly allocated. They are nested up to total area of 200m2, with a 2x2m central recording area 
used in this analysis; Y plots are targeted on uncommon vegetation types and also (in 2007) priority habitats not 
covered by other plots; U plots are in un-enclosed land, with number of plots allocated in proportion to habitat area. 



12 
 

in the BEGIN project. To match spatial structure with other datasets, indicator values for 
quadrats within the same site were averaged. The habitats surveyed included: 
 

 upland heath (NVC H12) and lowland heath (NVC H2-H13), combined as dry heaths in this 

analysis due to NVC allocations 

 bogs (NVC M18, 19) analysed as wet heaths 

 acid grasslands (NVC U4), (first surveyed in 2002, and included subsequently in the TU 

survey, and in wider analyses of acid grasslands across Europe under the BEGIN project 

 decalcified dune grassland (primarily acid dune grassland, NVC SD8/SD12 transitional). 

 
 
 
Table 1. Summary of vegetation surveys 

Survey Survey 
type 

Survey 
dates 

Habitat types 
analysed 

No. of 
quadrats 

Source 

Countryside 
Survey 

Broad 2007 Acid grassland 
Dry heaths 
Wet heaths & bogs 

928 
710 
1069 

Carey et al. 
2008 

Birse & 
Robertson 

Broad 2012-2014 
(pasture) 
2006-2007 
(moorland);  

Acid grassland 
Dry heaths 
Wet heaths & bogs 

188 
172 
119 

Britton et al. 
2009; 2017. 
Mitchell et al. 
2017 

Scottish 
Coastal data 

Broad 2009-2013 Acidic dune 
grassland 

36 Pakeman et 
al. 2016 

CEH sand 
dune 
datasets* 

Targeted 2002-2012 Acidic dune 
grassland 

83 Jones et al. 
2004; 2007; 
Stratford et al. 
2013; Field et 
al. 2014 

TU 
UKREATE 
surveys 

Targeted 2002, 2009 Acid grassland 
Dry heaths 
Wet heaths & bogs 
Acidic dune 
grassland 

340 
258 
144 
121 

Field et al. 
2014; Stevens 
et al. 2004 

 
 
A wider set of surveys and data sources were initially considered for inclusion. These included 
Moorland Regional Survey and SEPA’s biomonitoring data. Following initial analysis it was 
decided not to include data from these surveys for a number of reasons.  Some data were 
based on frequency of occurrence rather than species abundance and were therefore not 
directly comparable, or only some metrics could be calculated (Moorland Regional Survey). 
Some data were better suited to testing of the approach (SEPA biomonitoring data), rather 
than being used to develop relationships. 
 
Within the datasets included for analysis, the broad survey datasets included quadrats of 
multiple sizes. Therefore, in order to standardise the analysis, the compilation was restricted 
to quadrats of 4m2 in area, which was the most common quadrat size sampled. Using a 
common sampling area served a number of purposes, it facilitated comparison of vegetation 
indices across different surveys, and was essential for metrics which are area-dependent, 
such as species richness. We considered scaling some of the data using species-area curves 
but the timescales of the project, and lack of available data precluded this for the majority of 
metrics and habitats. 
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Analysis was constrained to four habitat types following discussion with the project board (acid 
grassland, dry heath, wet heath and bogs and acid dune grassland). These habitats are well 
represented in the datasets and also within designated sites across the UK. Quadrats were 
first assigned to NVC groups and then broad habitats based on the full community data. The 
delineation between dry and wet heath types and bogs was established during initial testing 
of the consistency of relationships among the nitrophile/nitrophobe indicator lists developed 
for these habitats, and the co-occurrence of species across these habitats based on NVC 
tables. The nitrophile/nitrophobe indicator lists for upland (drier) heaths and for wet heath and 
blanket bog (wetter mires and heaths) from Pitcairn et al. (2006) were used to calculate the 
index for quadrats from all three habitats (dry heaths, wet heaths, bogs), and the indices 
compared with N deposition for each habitat. This showed that the dry heath indicator species 
gave the strongest correlation with N deposition for dry heaths compared with the wet heath 
indicators; the wet heath and blanket bog indicators gave the strongest correlation for both 
wet heaths and for bogs. This was separately verified by comparing the indicator lists with the 
NVC species lists for each habitat, which confirmed the observed associations. As a result of 
this analysis, it was decided to analyse dry heaths separately, and to combine wet heaths and 
bogs. 
 
 
3.2 Calculation of vegetation indices 
Vegetation indices were selected that could be derived easily from quadrat-related 
measurements collected on a short field visit by someone with a moderate amount of botanical 
knowledge. The metrics originally considered (Table 2) varied from the simplest and quickest 
(measures of vegetation height, grass:forb ratio) which could easily be measured in the field 
by someone with relatively little botanical knowledge, through to metrics which required both 
full taxonomic skills in identifying all species including mosses, liverworts and lichens, and with 
the ability to calculate derived metrics from this data, such as Shannon diversity, mean 
Ellenberg indicator values or cover-weighted Ellenberg indicator values.  
 
The assumptions and methodology underlying calculation of each indicator are described 
briefly in Table 2 and the accompanying footnotes. For many of the indicators, two variants 
were calculated, with- and without- lower plants. This was necessary because a number of 
the datasets (e.g. Countryside Survey, Scottish Coastal Survey) either did not identify 
bryophytes to species-level, or were variable in their recording of bryophytes to the extent that 
the bryophyte data could not be used. The nitrophile/nitrophobe indicator used the species 
lists from Pitcairn et al. (2006) for the relevant habitat group, and the new dune indicator lists 
developed by Jones et al. (2017). The metric was calculated as the sum cover of nitrophiles 
minus the sum cover of nitrophobes. Calculated in this way, high positive values of the index 
indicate a stronger community affiliation for eutrophic conditions. This is slightly different to 
that recommended by Pitcairn et al. (2006), who calculated the index as cover of nitrophobes 
minus nitrophiles. 
 
After initial testing, the list of potential indicators was narrowed down to a smaller subset. The 
primary two reasons for this were: i) Insufficient data across the datasets to allow robust testing 
(vegetation height, all metrics involving bryophytes and lichens), and ii) a high degree of 
correlation among metrics (see section 4.1). 
 
The use of multiple indicators also allows construction of a ‘weight-of-evidence’ approach (see 
Section 6.1) for interpreting likely status of eutrophication for a site, and the choice of indicators 
with varying complexity means that some simple indicators such as grass as a proportion of 
total cover can still be calculated for a site by individuals with relatively little botanical 
knowledge. 
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Table 2. Summary of potential indicator metrics considered, in order of increasing complexity. Those finally used are highlighted in bold. 
 

Indicator Calculation method Justification for consideration Example references 

Vegetation height Average measured canopy 
height for whole quadrat (cm) 

Significant response with N in dune habitats, but 
not widely available in most datasets 

Jones et al. 2004 

Graminoid cover  as 
proportion of total cover1,2 

graminoid cover/ total plant 
cover 

Significant response with N across a number of 
habitats 

Caporn et al. 2016 

Graminoid:Forb ratio1,3 graminoid cover/ 
(graminoid+forb cover) 

Significant response with N across a number of 
habitats 

van den Berg et al. 2016 

Vascular:Bryophyte ratio vascular plant cover/ 
(vascular + bryophyte cover) 

Potentially more applicable than grass:forb ratio 
in bogs and heathlands , where forbs have low 
cover 

Caporn et al. 2016 

Nitrophile/Nitrophobe Index Sum of cover of nitrophiles 
minus nitrophobes 

Indicator developed in 2006, but not yet tested 
against national gradient data 

Pitcairn et al. 2006 

Species richness (± 
bryophytes & lichens) 

quadrat species richness Widely used and reported as responding 
significantly to N 

Maskell et al. 2010; Field et 
al. 2014; Stevens et al. 2010 

Shannon Diversity (± 
bryophytes & lichens) 

Shannon Diversity index Incorporates a measure of evenness, so may 
detect changes in the relative abundance of 
species in addition to changes in species richness 

Caporn et al. 2014 

Ellenberg N (± bryophytes) Mean Ellenberg N across all 
species per quadrat 

A good integrator of potential eutrophication, as 
it is not species-dependent 

Reviewed by Sutton et al. 
2004 

Cover-weighted Ellenberg N 
(± bryophytes) 

Cover-weighted Ellenberg N 
across all species per quadrat 

A good integrator of potential eutrophication, as 
it is not species-dependent 

Reviewed by Sutton et al. 
2004 

 
1. Graminoids were defined as Poacae + Cyperacae + Juncacae (i.e. all members of the grasses, sedges and rushes families) 
2. Woody species counted for indices requiring total plant cover, included Pteridium aquilinum and all shrubs and trees e.g. Crataegus, Ligustrum and all 
Vaccinium and Salix species including prostrate forms. 
3. Forbs were defined as all non-woody and non-graminoid species including monocots such as bulbs, orchids. Ferns were also counted as forbs, with the 
exception of bracken, Pteridium aquilinum due to its dominant canopy growth form. 
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3.3 Allocation to habitat type 
Individual quadrats were allocated to higher level habitat types, on the basis of their NVC 
allocation. Analyses were then conducted separately for each habitat type. Responses to N 
were expected to be broadly similar across habitat types, e.g. we would expect to see an 
increase in graminoid cover across all the main habitat types (heathlands, grasslands and 
bogs and dune habitats) based on previous studies. However, we expect that the parameters 
for the dose-response relationships in each habitat are highly likely to differ. This might occur 
due to different functional types dominating in the communities (e.g. shrubs in heathland, 
graminoids in grasslands), inherent differences in species richness, varying levels of 
underlying fertility in these habitats, and potentially differences in underlying climate gradients. 
 
 
Allocations to NVC communities to habitat type are shown in Table 3 below. Assignment of 
NVC types for acid grassland, dry heaths, wet heaths and bogs were made on the basis of 
groupings in Pitcairn et al. (2006), and were expanded to include other communities with 
similar sensitivity to N deposition and ecological functioning, by reference to the cross-
matching exercise in Annex 1 of the JNCC Nitrogen decision framework (Jones et al. 2016). 
Assignment of NVC types for sand dune communities was made on the basis of community 
groupings in Jones et al. (2017). 
 
 
 
Table 3. Allocation of NVC types to habitat groupings. 
 

Habitat type NVC communities included 

Acid grassland U2-5, U7, U10 

Dry heath 

H1-4, H6-10, H12, H16, 
H18, H20, H21-22 

Wet heath & bog 

M1-3, M14-21, H5,  also on 
deep peat H9, M15-16, 
M25, U6 

Acidic dune grassland & 
dune annuals  SD11, SD12, SD19 

 
 
 
 
3.4 Air pollution and climatic data 
In the data used to develop the indicator relationships, total nitrogen deposition was estimated 
for quadrats or ‘sites’ (where quadrats were averaged) using modelled outputs from CBED 
(Smith et al. 2000). As described in Section 3.1, for some surveys quadrats which were located 
in the same habitat and close together, and thus likely to have similar environmental and 
pollution characteristics, were averaged to avoid pseudoreplication issues and are defined 
here as a ‘site’. Modelled NO2/NO3 and NH3/NH4 were provided by CBED at a 5km2 resolution 
and were averaged for the years 2002-2014 to cover vegetation survey periods and reduce 
noise associated with inter-annual temporal variation, and summed to give total N deposition 
(Figure 1a).  
 
Historical sulphur (S) deposition is known to have had significant impacts on vegetation, 
primarily through acidification of soils. Historical S impacts on species composition are still 
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apparent in many plant communities, although evidence from the most recent Countryside 
Survey and other studies suggests slow recovery of soil pH in many parts of the UK (Carey et 
al. 2008). We attempted to account for these legacy effects in the data through the 
incorporation of modelled historical S deposition, also available via CBED. Specifically, we 
included average S deposition for years 1986-1988 (Figure 1c). Although not the period of 
peak sulphur deposition which was in the 1970s, these data are calculated consistently with 
current data, and based on a monitoring network with better spatial coverage than was 
available in the 1970s.  
 
 
 
 
 
  

 

 

Figure 1. Spatial patterns in a) Total N deposition 2002-2014 (kg N ha-1 yr-1), and potentially 
correlated explanatory variables: b) Mean annual precipitation, long-term average 1981-
2010 (mm), c) Historical S deposition 1986-1988 average (kg S ha-1 yr-1), d) Mean annual 
temperature, long-term average 1981-2010 (degrees Celsius). x and y axes show Easting 
and Northing coordinates. 
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Air temperature values were taken from the Climate Hydrology and Ecology research Support 
System meteorology [CHESS-met] dataset (1961-2015)  which provides daily meteorological 
variables on a 1km grid over Great Britain (Robinson et al., 2017). It is largely derived from 
the Met Office Rainfall and Evaporation Calculation System (MORECS) dataset (Hough and 
Jones, 1997), which has been downscaled to 1km resolution taking into account local 
topographic information (Robinson et al., 2016). The precipitation data were taken from the 
Gridded estimates of daily and monthly areal rainfall for the United Kingdom (1890-2015) 
[CEH-GEAR] dataset (Tanguy et al., 2016). These are daily rainfall estimates which were 
derived from the Met Office national database of observed precipitation, interpolated to a 1km 
resolution grid (Keller et al, 2015). Both datasets were averaged over the years 1981-2010 to 
obtain the 30 year mean. 
 
 
3.5 Data analysis 
Using the broad survey datasets (Table 1) we examined correlations amongst vegetation 
indices. Results helped to determine which indices were giving similar information and 
informed the selection of a reduced number of indices to test in regression models. 
 
Habitat-specific regression models were produced for (i) broad surveys and (ii) targeted 
surveys. Broad surveys cover large spatial and environmental gradients and allow testing of 
factors which may modify the N deposition-vegetation index relationship, which is useful 
information for SEPA. However, these surveys include additional variation which may not be 
accounted for in the climatic variables included the models. Sample sizes in the targeted 
surveys are smaller and it is useful to separate them out rather than combine with the broad 
surveys because the signal in the data is likely to be overwhelmed by the large sample sizes 
and non-targeted nature of the broad surveys. It may not be possible to thoroughly investigate 
modifying factors in the targeted surveys, but they offer a test for the relationships observed 
in the broad surveys and may be better designed to detect the effect of N deposition if present 
due to the restriction of confounding factors. 
 
Relationships between vegetation indices and N deposition were plotted to assess whether 
any of the relationships appeared to be curvi-linear, humped or threshold relationships – this 
was not indicated so simple linear regression was used in all cases. For each vegetation index 
(response variable) an ordinary least squares regression model was produced including 
independent variables, climate (mean annual temperature and mean annual precipitation) and 
S deposition. A second model was produced including the same terms plus N deposition to 
test for statistical significance (p-value < 0.05) of that term and improvements in explanatory 
power (as indicated by the adjusted R2) in the second model. A third model tested for 
significant interaction terms between climate and N deposition. For each habitat and index we 
report the most parsimonious model, the significance and effect size of the relationships 
between total N deposition and the index. 
 
 
3.6 Testing and Case Studies 
In order to assess how the regression relationships might practically be used during habitat 
assessment, we first tested the predictive ability of the regression models using the SEPA 
biomonitoring dataset as an out-of-sample validation, comparing the observed value to the 
model predicted mean and 95% prediction interval for each site. Secondly, we demonstrate 
using a number of examples from the biomonitoring dataset, how a site may be compared to 
the predicted value for a habitat for each vegetation index, given site characteristics such as 
temperature, rainfall and historical S deposition. We then develop scenarios for increased N 
deposition based on two examples of new livestock installations 1) based on a low process 
contribution of a few kg N ha-1 yr-1 and 2) a larger source contributing additional deposition 
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over 10 kg N ha-1 yr-1 (see Table 4). We demonstrate how SEPA may use the regression 
relationships to anticipate a change in vegetation community metrics. For the same case 
studies we also report the expected value for each N deposition indicator at the lower limit of 
the critical load (i.e. we benchmark the indicators for a situation where the site is theoretically 
unimpacted). 
 
 
 
 
Table 4. Additional N deposition from two process contribution scenarios 

New Installation 

Livestock 
Number Emissions kg NH3* 

Modelled additional N 
dep at site kg N ha-1 yr-1 

Layers (Vertical tiered 
cages, forced air 
drying, weekly 
removal) 

20,000 700 2.21 

Sows (Part-Slatted 
Floor (PSF) with 
reduced manure pit) 

2,500 6,025 12.5 

* Environment Agency (2013) 

 
 
 
 
3.7 Site Selection 
For each of the four habitats assessed in this work three2 sites were selected to cover a range 
of background N deposition based on low, medium and high N deposition amounts. Metrics 
for each habitat were assessed by using the equations outlined in Section 4.2 by increasing 
the N deposition from the process scenarios. Table 5 below shows the habitat/site 
combinations. 

                                                
2 Only two SEPA biomonitoring sites were available for testing of dry heath 
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Table 5. Site selection for testing the four habitat categories with background N deposition 

Habitat Site Name Designa
tion 

N 
deposition 
low/mediu
m/high 

Background N 
deposition value 
(maximum 
deposition to the 
site) kg N ha-1 

yr-1 

Historical sulphur 
deposition (1986-
1988 average, kg 
S ha-1 yr-1) 

Mean annual 
Rainfall (long 
term average. 
1981-2010) 

Mean annual 
temperature 
(long term 
average 
1981-2010) 
 

Acid grassland Fodderletter SSSI Low 6.02 12.0 930 6.6 

Acid grassland South Braes SSSI Medium 12.6 17.3 1458 8.2 

Acid grassland Long Moss -
Drinkstone 

SSSI High 17.9 14.3 1043 7.5 

Dry Heath Calrossie SSSI Low 4.8 9.3 714 8.3 

Dry Heath Buinach and 
Glenlatterach 

SSSI High 9.4 11.1 861 7.8 

Wet Heath & Bogs Strathglass 
Complex 

SAC Low 9.1 17.9 2049 6.5 

Wet Heath & Bogs Shelforkie Moss SAC Medium 12.3 16.8 1294 8.3 

Wet Heath & Bogs Airds Moss SAC High 18.3 15.2 1243 8.0 

Acidic dune grassland Tentsmuir SAC Low 7.7 10.7 678 8.9 

Acidic dune grassland Torrs Warren SAC High 15.8 14.9 1041 9.6 
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4  RESULTS 
4.1 Exploratory analysis 
The compilation of the surveys gave a broad coverage of the N deposition gradient across the 
UK. Notably, a reasonable number of sites with low N deposition were captured in the survey 
sample, facilitating the ability to detect an effect of N deposition on vegetation indices if a 
relationship is present. 
 
Pearson’s correlations between indices pairs revealed that, as anticipated, some indices were 
highly correlated, whilst some were independent. Highly correlated indices fell into two distinct 
groups, (i) measures of diversity (Table 6) and (ii) Ellenberg indicators (Table 7). Vascular 
species richness and total species richness were highly correlated in acid grasslands and dry 
heaths but less so in wet heath and bog habitats, reflecting the importance of other plant 
groups in this habitat. Vascular Shannon diversity and total Shannon diversity were highly 
correlated in all habitats. Vascular Shannon diversity was correlated with vascular species 
richness in all habitats, but this was de-coupled to an extent when one metric was calculated 
using all plant groups and one used vascular species only. 
 
Mean Ellenberg N was highly correlated with cover-weighted Ellenberg N. Studies have shown 
little or no improvement in explanatory power using cover-weighted Ellenberg N compared 
with non cover-weighted (Jones et al. 2002). Therefore, the analysis was only conducted using 
mean Ellenberg N as it requires less information to calculate it. 
 
Four indicators were taken forward for regression analysis as follows: 

 Graminoid cover as a proportion of total plant cover (i.e. graminoid proportion) 

 Nitrophile-Nitrophobe index 

 Species richness (vascular plants only) 

 Mean Ellenberg N (of vascular plants only) 
 
These indicators were less correlated with each other, and were common across habitats, 
allowing comparison of indicator values and the amount of variation explained in each habitat. 
In addition, previous studies have identified them as responding to nitrogen 
addition/deposition in single habitats (e.g. Stevens et al. 2004; Jones et al. 2002; Sutton et al. 
2004). 
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Table 6. Bivariate Pearson’s correlation coefficients (r) for diversity indices by habitat. 
Correlations above 0.700 highlighted in blue. 
 
 

a) Acid Grassland 
Vascular species 

richness 
All species 
richness 

Vascular Shannon 
diversity 

Vascular species richness 1.000 
  

All species richness 0.930 1.000 
 

Vascular Shannon diversity 0.800 0.750 1.000 

All Shannon diversity 0.770 0.820 0.920 

 

   

b) Dry Heath 
Vascular species 

richness 
All species 
richness 

Vascular Shannon 
diversity 

Vascular species richness 1.000 
  

All species richness 0.795 1.000 
 

Vascular Shannon diversity 0.758 0.485 1.000 

All Shannon diversity 0.710 0.749 0.789 

 

   

c) Wet heath and bog 
Vascular species 

richness 
All species 
richness 

Vascular Shannon 
diversity 

Vascular species richness 1.000 
  

All species richness 0.544 1.000 
 

Vascular Shannon diversity 0.732 0.366 1.000 

All Shannon diversity 0.506 0.716 0.690 
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Table 7. Bivariate Pearson’s correlation coefficients (r) for Nitrophile-Nitrophobe indicator and 
Ellenberg indices by habitat. EbN = Ellenberg N (nutrients), EbR = Ellenberg R (soil pH), EbL 
= Ellenberg L (light), EbF = Ellenberg F (moisture); cw = cover-weighted Ellenberg indices. 
Correlations above 0.700 highlighted in blue. 
 
 
 

a) Acid 
grassland NphileNphobe EbN EbR EbL EbF cwEbN cwEbR cwEbL cwEbF 

NphileNphobe 1.000         

EbN -0.271 1.000        

EbR -0.321 0.923 1.000       

EbL -0.016 0.056 0.242 1.000      

EbF 0.373 -0.471 -0.455 0.265 1.000     

cwEbN -0.379 0.879 0.840 0.014 -0.547 1.000    

cwEbR -0.374 0.790 0.853 0.110 -0.544 0.925 1.000   

cwEbL -0.158 0.129 0.215 0.066 -0.294 0.425 0.579 1.000  
cwEbF 0.118 -0.278 -0.252 -0.066 0.333 -0.067 0.035 0.669 1.000 

 
 

b) Dry heath NphileNphobe EbN EbR EbL EbF cwEbN cwEbR cwEbL cwEbF 

NphileNphobe 1.000         

EbN 0.299 1.000        

EbR 0.388 0.764 1.000       

EbL 0.401 -0.097 0.264 1.000      

EbF 0.397 -0.263 -0.022 0.662 1.000     

cwEbN 0.175 0.701 0.547 -0.170 -0.310 1.000    

cwEbR 0.333 0.609 0.713 0.011 -0.167 0.768 1.000   

cwEbL -0.143 0.031 0.120 -0.013 -0.174 0.458 0.458 1.000  
cwEbF 0.106 -0.020 0.055 0.085 0.168 0.354 0.364 0.840 1.000 

 
 

c) Wet heath 
and bog NphileNphobe EbN EbR EbL EbF cwEbN cwEbR cwEbL cwEbF 

NphileNphobe 1.000         

EbN 0.483 1.000        

EbR 0.505 0.871 1.000       

EbL 0.062 -0.253 0.081 1.000      

EbF 0.099 -0.308 0.009 0.813 1.000     

cwEbN 0.281 0.682 0.534 -0.407 -0.473 1.000    

cwEbR 0.316 0.550 0.579 -0.151 -0.186 0.824 1.000   

cwEbL -0.296 -0.281 -0.344 -0.169 -0.120 0.267 0.372 1.000  
cwEbF -0.132 -0.272 -0.267 0.022 0.146 0.158 0.357 0.927 1.000 
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4.2 Relationships between N deposition and indices by habitat 
For each habitat and metric within the broad survey datasets, we report the best of the three 
tested models (as defined in methods Section 3.5), the equation derived from the best model 
and the adjusted R2 (proportion of variation explained, adjusted for number of parameters in 
the model) and where ‘(ns)’ denotes that a term was not significant (p-value > 0.05). This is 
repeated for the targeted survey datasets to compare relationships with N deposition across 
datasets. 
 
4.2.1 Acid grassland 
Metrics are shown in Figure 2 and Figure 3, and discussed below for acid grassland datasets. 

 
Figure 2. Acid grassland metrics against N deposition in broad surveys (CS and Birse & 
Robertson) data, showing: graminoid proportion, nitrophile – nitrophobe index, vascular 
species richness, and mean Ellenberg N. 
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Figure 3. Acid grassland metrics against N deposition in targeted survey data (Stevens et al. 
2004, showing: graminoid proportion, nitrophile – nitrophobe index, vascular species richness, 
and mean Ellenberg N. 
 
 

a. Graminoid proportion 

In the analysis of the broad survey data, N deposition had a significant, positive effect on 
graminoid proportion in acid grassland, but the effect size was low. S deposition (ns) and 
precipitation were negatively related to graminoid proportion and mean temperature (ns) 
positively related, but the overall explanatory power of the model was very low (R2 = 0.05). 
 
Graminoid proportion = 0.64 + 0.0054*Ndep – 0.00189*Sdep – 0.000061*Precip + 
0.0019*Temp 
 
Analysing the BEGIN dataset, the best model included S deposition and the climatic terms – 
the climate variables did not have a significant relationship with the graminoid proportion and 
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S deposition was negatively related to the metric. However, the explanatory power of the 
model was low (R2 = 0.04). When N deposition was added and S deposition removed from 
the model, N deposition was also significantly related to graminoid proportion, but again 
explanatory power was low. Figure 3 also shows a cluster of outliers with a particularly low 
proportion of graminoids at medium-high N deposition. A similar group of outlying values can 
be seen in the broad surveys (Figure 2). 
 
 

b. Nitrophile-Nitrophobe index 

In the broad survey data, N deposition had a significant, positive effect on the nitrophile-
nitrophobe index. Precipitation (ns), temperature and S deposition (ns) were also positively 
related. There was also a significant negative interaction between temperature and N 
deposition. The model had an R2 of 0.14. 
 
Nitrophile-Nitrophobe index = -146 + 9.98*Ndep + 0.381*Sdep + 0.0073*Precip + 
10.5*Temp – 0.00075(Ndep*Precip) – 0.89(Ndep*Temp) 
 
In the BEGIN dataset, S deposition had a significant positive effect on the nitrophile/ 
nitrophobe index, and the model was not improved by adding N deposition or interaction terms. 
By replacing S deposition with N deposition, the N deposition term became significant 
indicating covariation in those terms. The relationship between N deposition and the index 
was also positive. 
 
 

c. Species richness 

N deposition was not significantly related to species richness in the broad survey analysis, 
whilst precipitation and temperature were significantly positively related, with a model R2 of 
0.16. This may, to some degree reflect covariation in the dataset – in a model excluding S 
deposition, N deposition had a significant negative effect, however the explanatory power of 
this model was lower (R2 = 0.12) than the model including S deposition. As N deposition was 
not significant in the best model we do not report the equation. 
 
In the BEGIN dataset, the bivariate plot (Figure 3) shows a negative correlation between 
species richness and N deposition. In the best model, N deposition had a significant negative 
interaction with precipitation; the main effect of N deposition was not significant and the main 
effect of precipitation was positive and significant. When the interaction term was removed, N 
deposition was significantly, negatively related to species richness and precipitation not 
significant. 
 
 

d. Ellenberg N 

N deposition was not significantly related to Ellenberg N in the broad survey analysis; 
precipitation was negatively and temperature positively related to the index, with a model R2 
of 0.212. Again, this seems to reflect covariation in the dataset – in a model excluding S 
deposition, N deposition had a significant negative effect with a similar R2 (0.206). 
 
In the analysis of the BEGIN dataset, the inclusion of the N deposition term improved the 
model – N deposition was significantly positively related to Ellenberg N, whilst S deposition 
and the climatic terms were not significant. 
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4.2.2 Dry heath 
 
Metrics are shown in Figure 4 and Figure 5, and discussed below for dry heath datasets. 
 

 
Figure 4. Dry heathland metrics against N deposition in broad surveys (CS and Birse & 
Robertson) data, showing: graminoid proportion, nitrophile – nitrophobe index, vascular 
species richness, and mean Ellenberg N. 
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Figure 5. Dry heathland metrics against N deposition in targeted survey (TU) data, showing: 
graminoid proportion, nitrophile – nitrophobe index, vascular species richness, and mean 
Ellenberg N. 
 
 
 

a. Graminoid proportion 

In the broad survey data, graminoid proportion was positively related to N deposition, 
precipitation and temperature, whilst the negative effect of S deposition was not significant. 
Explanatory power of the model was low (R2 = 0.14). 
 
Graminoid proportion = -0.31 + 0.0044*Ndep – 0.0004*Sdep + 0.00011*Precip + 
0.040*Temp 
 
In the dry heath sites of the TU data, N deposition was significantly positively related to 
graminoid proportion, whilst other terms (S deposition, climate variables) were not significant. 
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b. Nitrophile-Nitrophobe index 

Nitrophile-Nitrophobe index was positively related to N deposition in the broad survey data. S 
deposition (ns), precipitation and temperature were also positively related (R2 = 0.21). 
 
Nitrophile-nitrophobe index = -265 + 2.66*Ndep + 0.368*Sdep + 0.025*Precip + 
14.2*Temp 
 
In the TU data, pollution terms were not significant in any model formulation. The effect of 
mean temperature on the index was highly significant, and including interaction terms did not 
improve the model. 
 
 

c. Species richness 

N deposition and S deposition had a significant negative effect on the species richness of dry 
heaths in the broad surveys whilst precipitation and temperature were positively related, 
although variation explained was low (R2 = 0.14). 
 
Species richness = 5.75 – 0.16*Ndep – 0.174*Sdep + 0.0030*Precip + 0.64*Temp 
 
In the TU data, N deposition was also negatively related to vascular species richness. S 
deposition was not significant, whilst precipitation and temperature were significantly 
negatively related and to species richness and both terms interacted positively with N 
deposition. Model R2 was 0.40 reflecting the lower scatter around this relationship (Figure 5). 
 
 

d. Ellenberg N 

Ellenberg N was positively related to N deposition and S deposition (ns), and mean 
temperature but negatively related to precipitation in the broad surveys (R2 = 0.12). 
 
Ellenberg N = 1.56 + 0.0096*Ndep + 0.00563*Sdep – 0.00012*Precip + 0.0090*Temp 
 
In the TU dataset, N deposition was only significant when S deposition was excluded from the 
model, and was positively related to Ellenberg N. When S deposition was included, it was 
significant and positively related to Ellenberg N, with precipitation negatively related and 
temperature not significantly related. 
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4.2.3 Wet heath and bog 
 
Metrics are shown in Figure 6 and Figure 7, and discussed below for wet heath and bog 
datasets. 
 

 
 
Figure 6. Wet heath and bogs metrics against N deposition in broad surveys (CS and Birse 
& Robertson) data, showing: graminoid proportion, nitrophile – nitrophobe index, vascular 
species richness, and mean Ellenberg N. 
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Figure 7. Wet heath and bogs metrics against N deposition in targeted survey (TU) data, 
showing: graminoid proportion, nitrophile – nitrophobe index, vascular species richness, and 
mean Ellenberg N. 
 
 
 

a. Graminoid proportion 

N deposition, precipitation and temperature were positively, significantly related to graminoid 
proportion in wet heath and bog sites in the broad surveys, whilst S deposition was negative 
but not significant, with a model R2 of 0.19.  
 
Graminoid proportion = -0.12 + 0.0070*Ndep – 0.00082*Sdep + 0.00010*Precip + 
0.040*Temp 
 
In the TU dataset, N deposition was not significant in the model where S deposition was 
included and S deposition had a significant positive effect on graminoid proportion. Without S 
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deposition in the model, N deposition was significantly positively related, indicating covariation 
in the pollution terms. Neither climate term was significant. 
 
 

b. Nitrophile-Nitrophobe index 

The nitrophile-nitrophobe index was significantly, positively related to N deposition, 
precipitation and temperature. Whilst S deposition was positively related to the index, this was 
not significant. The overall model R2 was 0.19. 
 
Nitrophile-nitrophobe index  = -167 + 2.17*Ndep + 0.0569*Sdep + 0.014*Precip + 
12.5*Temp 
 
In the TU dataset, N deposition was not significant in the model which included S deposition, 
but both pollution terms were significantly, positively related to the index when they were 
included alone with climate variables. Precipitation was not significant but mean temperature 
was positively related to the index. 
 
 

c. Species richness 

The inclusion of N deposition did not provide significant improvement to a model containing S 
deposition and the climatic terms – S deposition was negatively related and precipitation and 
temperature positively related to species richness. However, as in previous cases, this may 
be due to covariation as N deposition was significantly negatively related to species richness 
in the model when S deposition was not included. 
 
This result was reflected in the analysis of the TU dataset – the N deposition term only become 
significant when the S deposition term was excluded (R2 = 0.32). Mean temperature was 
positively related to species richness, but precipitation was not significant and nor were 
interaction terms.  
 
 

d. Ellenberg N 

N deposition had a significant positive effect on Ellenberg N. S deposition (ns) and 
precipitation (ns) were negatively related to Ellenberg N and temperature positively related, 
with a model R2 of 0.14. 
 
Ellenberg N = 1.04 + 0.031*Ndep – 0.000644*Sdep – 0.00004*Precip + 0.087*Temp 
 
None of the pollution or climate terms were significant in explaining Ellenberg N in the TU 
dataset. 
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4.2.4 Acidic dune grassland 
Metrics are shown in Figure 8 and Figure 9, and discussed below for acidic dune grassland 
datasets. 
 
 

 
Figure 8. Acidic dune grassland metrics against N deposition in broad surveys (Scottish 
Coastal Survey and CEH dune datasets) data, showing: graminoid proportion, nitrophile – 
nitrophobe index, vascular species richness, and mean Ellenberg N. 
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Figure 9. Acidic dune grassland metrics against N deposition in targeted survey (TU) data, 
showing: graminoid proportion, nitrophile – nitrophobe index, vascular species richness, and 
mean Ellenberg N. 
 
 
 

a. Graminoid proportion 

In the broad survey dataset, graminoid proportion was not significantly related to pollution 
terms (N and S) or to climatic terms. 
 
In the analysis of the TU dataset, the pollution terms were not significant when included in the 
model together. In models where the terms were included separately with the climatic 
variables, S deposition was significantly positively related to the index, and N deposition 
marginally so (p-value = 0.059). The climate terms were not significant.  
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b. Nitrophile-Nitrophobe index 

The best model for the nitrophile-nitrophobe index, using the broad survey dataset, was 
produced with the inclusion of pollution and climatic terms, allowing interactions between N 
deposition and the climatic terms (although only the interaction with temperature was 
significant). The main effect of temperature was significant, N deposition was marginally 
significant and S deposition and precipitation were not significant. The overall explanatory 
power of the model was low (R2 = 0.14), and could indicate over-parameterisation. 
 
Nitrophile-nitrophobe index = -334 + 29.1*Ndep - 0.186*Sdep - 0.059*Precip + 45.4*Temp 
+ 0.0041(Ndep*Precip) – 3.62(Ndep*Temp) 
 
 
None of the pollution terms, nor the climatic terms were significant in determining values of 
the nitrophile/nitrophobe index in the TU dataset. 
 
 

c. Species richness 

The best model for species richness in the broad survey dataset also included pollution and 
climatic terms, allowing interactions between N deposition and the climatic terms where the 
interaction with temperature was significant. The main effect of temperature was significant, 
N deposition and precipitation were marginally significant and S deposition was not significant. 
Again, explanatory power of the model was low (R2 = 0.18). 
 
Species richness = -87.5 + 8.78*Ndep + 0.361*Sdep - 0.024*Precip + 13.7*Temp + 
0.0022(Ndep*Precip) – 1.24(Ndep*Temp) 
 
 
In the TU data, none of the pollution or climate terms were significant in explaining species 
richness in the dune grassland, with R2 less than 0.06 in all model structures. 
 
 

d. Ellenberg N 

The best model for Ellenberg N in the broad survey dataset included pollution and climatic 
terms, allowing interactions between N deposition and the climatic terms where the interaction 
with precipitation was marginally significant. The main effect of precipitation and N deposition 
were significant and temperature and S deposition were not significant. The model R2 was 
0.24. 
 
Ellenberg N = -5.75 + 1.02*Ndep + 0.0209*Sdep + 0.0032*Precip + 0.717*Temp - 
0.00028(Ndep*Precip) – 0.088(Ndep*Temp) 
 
None of the pollution or climate terms were significant in explaining Ellenberg N in the TU 
dataset. 
 
 
 
4.3 Results of indicator testing 
Analysis was carried out for each of the habitats at each of the selected sites for the relevant 
indicators (metrics) to show the expected indicator values at each site (relative to 95% 
prediction intervals) and their predicted response to increased N deposition using the 
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equations. Graphical representations for each indicator were produced using the slope of the 
line (from Section 4.2) using changes in N deposition but keeping other parameters fixed – 
namely historic sulphur deposition, mean annual rainfall and temperature. The 95% prediction 
intervals are also plotted for each point. Lines were generated using different levels of N 
deposition, classified as - Current Background, Adding Installation small source, Adding 
Installation large source and Using Critical Load (all values as kg N ha-1 yr-1). The critical load 
band is added in grey to each plot for ease of reference.  
 
For comparison of sites with predicted means (i.e. whether they lie above or below the line) 
for each metric, individual points were plotted based on quadrat information from the SEPA 
biomonitoring dataset at each site. The graphs indicate whether a position above or below the 
line is considered better or worse than expected. For guidance on how to interpret datapoints 
in relation to the predicted line and the prediction intervals, please refer to the guidance section 
6. 
 
 
4.3.1 Acid Grassland  
Equations are provided for two metrics for Acid grassland habitat. These were tested with the 
SEPA biomonitoring data and are shown below, for graminoid proportion (Figure 10) and 
Nitrophile-Nitrophobe index (Figure 11).  
 
For both indicators, all three sites are on or below the predicted lines suggesting that the sites 
are showing lower N impact status than would be expected for their given climate conditions 
and pollution history, even the site with the highest N deposition, Drinkstone. However, the 
site with the lowest background N deposition – Fodderletter – shows the highest graminoid 
proportion while in contrast shows the lowest Nitrophile-Nitrophobe values. Since the 
interaction between N deposition and other site characteristics (namely climate) was not 
significant, the slope of the relationship between N deposition and graminoid proportion over 
time is consistent across sites. However, the nitrophile-nitrophobe indicator shows different 
slopes of relationship with N, reflecting the interaction terms in the equation of N deposition 
with both rainfall and temperature. 
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Figure 10. Graminoid proportion for Acid Grassland sites. 
 

 
Figure 11. Nitrophile-Nitrophobe index for Acid Grassland sites. 
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4.3.2 Dry Heaths  
Equations for all four indicator metrics are provided, and the results of testing against the two 
sites in the SEPA biomonitoring data are shown in Figure 12 to Figure 15. The sites show 
varying responses of the indicators. The site with the lowest N, Calrossie shows values for the 
graminoid proportion index, and nitrophile-nitrophobe index better than the prediction for the 
site. However, species richness is slightly lower than predicted, and Ellenberg N suggests 
greater nutrient status than predicted for the site. Buinach, with the highest N deposition shows 
a similar situation, but with a higher species richness.  There are no differences in slope or 
intercept of the relationships with climate or pollution history between these two sites. 
 
 

 
Figure 12. Graminoid proportion for Dry Heath sites 
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Figure 13. Nitrophile-Nitrophobe indicator for Dry Heath sites 
 

 
Figure 14. Species richness index for Dry Heath sites 
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Figure 15. Ellenberg N indicator for Dry Heath sites 
 
4.3.3 Wet Heaths and Bogs 
Equations are provided for three indicators (graminoid proportion, nitrophile-nitrophobe index, 
and mean Ellenberg N), and results are shown from Figure 16 to Figure 18. Indicator values 
for the site with the lowest N deposition, Strathglass, suggest greater eutrophication than 
expected with values above the line for graminoid proportion, nitrophile-nitrophobe index and 
mean Ellenberg N. The intermediate site, Shelforkie Moss shows higher graminoid proportion 
and nitrophile-nitrophobe index than expected, but a lower mean Ellenberg N. By contrast, the 
highest N deposition site shows values close to the line for graminoid proportion and nitrophile-
nitrophobe index, and lower mean Ellenberg N than is predicted given the level of N 
deposition. The slope of the lines shows little variation due to climate or pollution history for 
graminoid proportion, but a difference in the intercept of the y axis for nitrophile-nitrophobe 
index and Ellenberg N. 
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Figure 16. Graminoid proportion for Wet Heath and Bog sites 
 
 
 

 
Figure 17. Nitrophile-Nitrophobe indicator for Wet Heath and Bog sites 
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Figure 18. Ellenberg N indicator for Wet Heath and Bog sites 
 
 
4.3.4 Acidic dune grassland 
Equations are provided for three indicators (nitrophile-nitrophobe index, species richness 
index, and mean Ellenberg N), and results are shown from Figure 19 to Figure 21.  
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Figure 19. Nitrophile-Nitrophobe indicator for acidic dune grassland sites 
 

 
Figure 20. Species richness index for acidic dune grassland sites 
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Figure 21. Ellenberg N index for acidic dune grassland sites 
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5 DISCUSSION 
All habitats showed significant relationships of the indicators with N deposition for at least one 
vegetation index, demonstrating an effect of air pollution on the vegetation communities. In 
some cases S deposition was not significant, whilst in others it was not possible to distinguish 
the effect of S deposition from that of N deposition, meaning that each term was significant 
when included alone but not when both pollution terms were included in the model. This 
highlights the challenge in separating correlation and causation in survey data, and the 
possible benefit of adding evidence from experimental studies (e.g. Phoenix et al. 2012) to 
demonstrate causality. For all habitats, there are at least two indicators which can be used to 
assess average predicted trajectories under conditions of increased N deposition. These are 
summarised in Table 8.  
  
The direction of responses for each metric were fairly consistent across habitats, although the 
signal was less clear in acidic dune grasslands. Graminoid proportion was positively related 
to N deposition in acid grassland, dry heath and wet heath and bog habitats for both the broad 
surveys and the targeted surveys, indicating a common vegetation response which had also 
been found in other published studies (e.g. Caporn et al. 2016, van den Berg et al. 2016). The 
nitrophile-nitrophobe index was also positively related to N deposition in most models (except 
the dry heath TU dataset where it was not significant). Species richness was negatively related 
to N deposition across habitats and surveys. There was more variability in the response of 
Ellenberg N – the response took an opposite sign in the broad and targeted surveys for acid 
grassland, with a lot of scatter around the relationship, and was also not significant for the wet 
heath and bog habitat in the TU survey.  
 
In general, analysis of the broad survey data did not detect many significant interactions 
between N deposition and climatic variables, either because effect of N deposition was 
constant across climatic gradients or due to other noise in the dataset it was not possible to 
isolate those interactions. However, significant interactions were present in the analysis of the 
acid grasslands and the acidic dune grassland data, indicating that different relationships may 
occur for some metrics (namely nitrophile-nitrophobe index, species richness and mean 
Ellenberg N) across the UK, in relation to temperature and precipitation. Experimental 
evidence may contribute more information with regards to interacting and synergistic effects; 
for example, it has been shown that drought can exacerbate the effects of N pollution on plant 
communities (Gordon et al. 1999). 
 
Whilst consistent relationships were observed, the broad survey models tended to have very 
low explanatory power (in general, less than 20% variation explained in the regression 
models). This high degree of variability is common in non-targeted datasets (e.g.  Maskell et 
al. 2010) due in large part to differences in land management between locations, which 
increase the variability in the data. Since the broad survey quadrats are not targeted on 
protected sites, they include a wide range of locations, with varying intensity of current and 
historical management or agricultural improvement. The unexplained factors causing the 
variability are therefore likely to include: current management and management history, 
presence and intensity of grazers, site size, soil type, variability among large teams of 
surveyors, as well as uncertainty in the data modelled (spatially interpolated and temporally 
averaged pollution and climate terms). Of these, current management and management 
history are likely to play a large role. For example factors such as whether the grassland has 
received fertiliser, farmyard manure or lime in the past, or whether local drainage has been 
altered or field-drains added, will have a much larger influence on species composition than 
the generally less intensive management that occurs in habitat on designated sites. Past 
grazing management can also affect some indicators. In heathland, overgrazed heath will 
have more grass (Pakeman & Nolan 2009), thereby influencing the graminoid proportion 
index, and because grazing tolerant species tend to be ones with high relative growth rates, 
they are likely also to have higher Ellenberg N. 
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In practice, this means we must be cautious in applying mean predictions for specific sites, 
and high uncertainty in the model parameter estimates poses problem for predictions using 
the broad survey data. However, it should be borne in mind that the primary aim of using the 
broad survey data was to better establish the strength of potentially co-varying relationships 
with temperature, rainfall, and pollution history, rather than a high precision prediction of N 
impact per se. 
 
There are some relationships which may need further enquiry. For example, in acid grasslands 
the contribution of historical sulphur to the species richness relationship has long been 
recognised (Stevens et al. 2010). Nonetheless, significant relationships with N and species 
richness have previously been demonstrated in the Countryside Survey data for acid 
grasslands, even when accounting for variation due to sulphur, rainfall and temperature (Van 
den Berg et al. 2016). Additional analysis of the acid grassland datasets showed that the N 
and species richness relationship was significant in the Countryside Survey data, but not in 
the Birse & Robertson data when analysed separately. In a separate study on the Birse & 
Robertson data, change in Scottish grasslands was related both to changes in grazing and N 
deposition, and it was not possible to differentiate the two (Mitchell et al. 2017). Further 
analysis would be required to unpick the differences in these relationships. For other habitats 
such as moorlands, Birse & Robertson has shown significant relationships with N (Britton et 
al. 2016). 
 
In summary, it is now possible to calculate the expected value of the indicators listed in Table 
8 and using the equations provided in Section 4.2. The values resulting from the equations 
are predictions based on the specified N deposition, rainfall and temperature, and historical S 
deposition. As this is a prediction, users should note that individual sites will vary from this 
predicted average. The process of calculating the indicator values is straightforward. We 
provide some guidance in Section 6 below on how to calculate the values, and how to interpret 
the results. 
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Table 8. Summary of significant relationships between indicators and N in broad surveys and targeted gradient surveys, using combined 
datasets.  
 

 Acid grassland Dry heaths Wet heath and bogs Acidic dune grassland 

 
Broad 

Equation 
provided 

Targeted Broad 
Equation 
provided 

Targeted Broad 
Equation 
provided 

Targeted Broad 
Equation 
provided 

Targeted 

Graminoid 
proportion 

  
(R2 = 0.05) 

()S   
(R2 = 0.14)    

(R2 = 0.19) ()S n.s.  () 

Nitrophile-
Nitrophobe 
indicator 

i i 
(R2 = 0.14) 

()S   
(R2 = 0.21) n.s.   

(R2 = 0.19) ()S i*  
(R2 = 0.14) n.s. 

Species 
richness 

()S  i*   
(R2 = 0.14)  ()S  ()S i*  

(R2 = 0.18) n.s. 

Mean 
Ellenberg N 

()S     
(R2 = 0.12) ()S   

(R2 = 0.14) n.s. i  
(R2 = 0.24) n.s. 

 
 -N is a significant term in the best model; a model equation is provided with the associated R2 given 
() –In the best model, N is not significant as it is confounded with another variable. N only becomes significant when that variable is excluded 
from the equation 
S –sulphur is the confounding variable 
i  -Equation includes interaction term(s) with N 
i* -N term is only significant when interaction terms are included 
n.s. –N is not a significant term in any of the models tested 
 -Equation not provided 
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6 GUIDELINES FOR USE  
 
6.1 Overview to guidance 
 
We provide some high-level guidance here for use of the indicators, recognising that they 
could be used in a number of ways. In general, we envisage that the indicators and their 
associated equations can be used for three main purposes in informing whether additional N 
deposition is likely to impact a site, and to what extent: 
 

i. Assessing likely trajectory of each indicator with increased N at the site 

ii. Assessing current indicator status in relation to expected condition given current 

levels of nitrogen, as well as temperature, rainfall and historical sulphur. 

iii. An overall weight of evidence of nitrogen impact, given current indicator values 

These are discussed below in more detail, and the steps required to calculate each indicator 
are outlined in section 6.2. 
 
 
i) Likely trajectory with increased N. The equations (estimated intercept and slope terms) 
give a mean prediction for each indicator and each habitat. By calculating changes in N 
deposition due to increases (or decreases) in emissions from e.g. local point sources, and re-
calculating the equation, this allows the user to ask:  “What is the expected indicator value for 
a typical site at the current level of N deposition, and what is the likely trajectory of change 
with increased N”? 
 
As the equations account for observed variation in responses due to temperature, rainfall and 
sulphur deposition, this constrains the relationship for some of the variables causing scatter 
in the data, and therefore provides a more tailored prediction for a typical site with those levels 
of climate and S deposition history. However, it does not constitute a precise prediction for the 
site, but instead provides the expected trajectory of change in the indicator, if N deposition 
were to increase. 
 
Some indicators are more sensitive to climate parameters than others. The graphs below 
(Figure 22 and Figure 23) show the likely range of responses to N, as modified by 
temperature and rainfall for two acid grassland indicators. Graphs for all habitats and 
associated indicators are shown in Appendix 1. 
 
Where indicators have interaction terms in the equation, climate or historical S deposition may 
affect the responsiveness to N, in some cases leading to very different relationships with N. 
For example, with the acid grassland nitrophile-nitrophobe indicator shown in Figure 23, the 
indicator is predicted to be much more responsive to N at sites with low temperature and low 
rainfall than at sites with high temperature.  
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Figure 22. Variation in graminoid proportion index for acid grassland, calculated for sites 
across the likely range of UK high and low rainfall and temperature. 
 
 
 
 
 

  
 
Figure 23. Variation in Nitrophile-Nitrophobe index for acid grassland, calculated for sites 
across the likely range of UK high and low rainfall and temperature. 
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ii) Current indicator status compared with expected condition. Plotting current values of 
the indicators using measured data from the field also allows comparison of the current status 
of the site against an average site for the given combination of current N deposition, climate 
and S deposition history.  
 
The position of a measured indicator value relative to the predicted line for that site can 
indicate if the site is more- or less- eutrophic than expected. However, it should be noted that 
each indicator is functionally different. For example, a low value of graminoid proportion is 
better than expected, while a low value of species richness is worse than expected. Therefore, 
please refer to the graphs in section 4.3 to ascertain for each indicator whether a better-than-
expected value would lie above or below the predicted line. The prediction intervals indicate 
there is a 95% probability that a point estimated for that N deposition will lie within that interval. 
This is not the same as a confidence interval, and is much wider because it accounts for both 
the uncertainty in the estimated population mean and the data scatter. Since the scatter 
around the relationships is large (and correspondingly, R2 values are low), prediction intervals 
are wide – i.e. a large range of values are plausible so predictions lack precision. This makes 
interpretation for a single site and single indicator challenging. The inference for an observed 
point lying outside that interval is that it is unusual in some respect, and influenced by factors 
other than those included in the equation (N & S deposition and climate). 
 
For some indicators and for some habitats, reference to the N-effects literature provides some 
indication as to the relative sensitivity to additional N. The indicator which has been most 
studied recently is species richness. For a number of habitats (acid grasslands, heathlands, 
dune grasslands), the response function is now thought to be curvilinear3, i.e. the rate of loss 
of species richness for a given increase in N deposition is greater for sites currently at low N 
deposition (e.g. Field et al. 2014). Therefore, for this indicator, we might expect sites currently 
experiencing lower levels of N deposition, and with an observed high species richness, to be 
more sensitive to additional N. However, even for these sites, it is not possible to be sure how 
sensitive they are. On the one hand, the high species richness carries a greater risk of losing 
species of conservation interest. On the other hand, the site may retain a high species richness 
due to management regimes which, by design or by accident, counteract some of the adverse 
effects of N on habitat suitability (Jones et al. 2017), with the result that they are less sensitive 
to additional N. In both cases, additional N will still cause damage. It is also possible that 
increased species richness stems from a higher number of opportunistic N loving species, 
although this has not been widely demonstrated in UK habitats. Not enough is known about 
the effects of management, or the variation in response functions for other indicators at this 
stage, to assess their relative sensitivity to N. Further examination of individual species’ 
responses (as opposed to community metrics) may help to elucidate these responses (e.g. 
Payne et al. 2013). 
 
For purposes of interpretation, it is perhaps safest to assume that all sites have an equal 
sensitivity to increases in N. However, sites with better than expected indicator values could 
be seen as having more to lose from increases in N. Interpreting the position of the indicator 
relative to the predicted line is therefore not straightforward. It can tell you something about 
the current condition relative to an average site, but the implications are best explored by 
comparison with other measured indicators for the same site to form a weight of evidence of 
likely eutrophication, as discussed in the next section. 
 

                                                
3 For the purposes of this analysis, and in order to take account of multiple confounding factors in the simplest way 

possible, we assume the relationship is linear and there is no clear evidence in the datasets and plots presented 
here to suggest significant non-linearity or tipping points in the community metrics. Further analysis could test for 
non-linear effects, by including e.g. quadratic terms in the models. 
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iii) Weight of evidence of N impact. The multiple indicators can be used to build up a ‘weight 
of evidence’ of the eutrophication status of the site, and potentially to guide management of 
the site in order to reduce some of the negative impacts of eutrophication.  
 
From the analysis undertaken in this study, it is not appropriate to give the indicators different 
weights. However, one possibility is a simple summing up of the number of indicators better 
than, or worse than expected which could provide a pointer to the eutrophication status of the 
site. In the case of dry heaths, there are four indicators. If current indicator values for all of 
these are worse than expected, this gives a greater weight of evidence that the site may be 
affected by nutrients than if only one of them is worse while three of the indicators are better 
than expected. This approach should be tested prior to operationalisation, with the inclusion 
of additional evidence from biochemical plant and soil indicators and local knowledge on the 
management history of the site. 
 
If the indicators suggest greater levels of eutrophication than an average site (i.e. indicator 
values are worse than expected), this could trigger further investigation. It might be explained 
by known management history at the site (e.g. a history of farmyard manure application, or 
some form of soil disturbance). Alternatively it could flag up potential cause for concern about 
previously unrecognised pollution sources or management activities. In wetland sites, this 
could also indicate hydrological change such as lowering water levels.  
 
Conversely, if the site shows much lower levels of eutrophication than expected this does not 
mean the site is free from risk, and could be interpreted that there is more to lose by increasing 
the levels of N deposition. All the accumulated evidence from gradient surveys and from 
experimental manipulations suggests that increasing N is detrimental to a wide range of 
ecosystem processes and functions, and the species they support, across a wide range of 
naturally oligotrophic semi-natural habitats. Furthermore, the number and extent of processes 
that are affected increases with the level of N deposition (Hicks et al. 2011; Jones et al. 2016). 
 
Where different indicators show contrasting results, it might be possible to infer something 
from an ecological interpretation of the indicators themselves. For example a high Ellenberg 
N combined with high species richness might suggest elevated species richness due to 
colonisation by nitrophiles. Examining community composition in more detail is likely to be 
helpful in understanding the trajectories of change in single indicators. A clearer message is 
provided if a suite of indicators shows values consistent with those expected. 
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6.2 Description of steps to follow 
 

1. For your selected site and habitat, using 2x2 m quadrats or other appropriate data 

from the field, calculate the indicator metrics as described in the methods (See Table 

2). Quadrats within a site can be highly variable. We suggest ideally five or more 

quadrats per habitat type should be surveyed4. Indicators should be calculated for 

each quadrat, then averaged across replicate quadrats for a habitat, to give a site 

mean. 

2. Using the grid reference for the site, entered into APIS (http://www.apis.ac.uk/search-

location), obtain the current nitrogen deposition (kg N /ha/yr). 

3. Using a grid reference for the site, obtain the long-term temperature (mean annual 

temperature, long-term average 1981-2010 (degrees Celsius)), rainfall (mean annual 

rainfall, long-term average 1981-2010 (mm)) and historical sulphur deposition (1986-

1988 average (kg S ha-1 yr-1)) data. 

4. Using the equation for your indicator, from section 4.2, enter the N, climate and S 

terms into the equation, and calculate the expected value of your metric.  

5. Calculate the new N deposition value for any expected changes in deposition at your 

site and repeat steps 3 & 4 to obtain the expected new values for your metrics. 

 

 
 

                                                
4 We suggest a minimum of 5 quadrats. However, this issue has not been explored fully, and would 
require more work to establish rigorous guidelines – see Recommendation 6. 

http://www.apis.ac.uk/search-location
http://www.apis.ac.uk/search-location
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7 SUMMARY AND CONCLUSIONS 
 
Our analysis provides four potential plant community indicators for use in the four study 
habitats (acid grassland, dry heaths, wet heaths and bogs, acidic dune grasslands): 

 Graminoid cover as a proportion of total cover 

 Nitrophile-nitrophobe indicator 

 Species richness (vascular plants only) 

 Mean Ellenberg N (vascular plants only) 

We provide regression equations for these response indicators (where there were significant 
and unambiguous relationships with N deposition), which also account for some of the main 
co-varying factors which might cause variation in response of the indicator at any particular 
site (namely, historical S deposition and climate).  
 
The equations are useful for three main purposes: 

- They give an indication on the slope and form of the relationship between each 

indicator and N deposition. This provides a guide for what would be expected to 

happen when N deposition is increased at a typical site given the current level of N 

deposition, and at given values of temperature, rainfall and historical sulphur 

deposition. This prediction is effectively benchmarked against the UK-wide datasets 

that have been used to generate the relationships. 

- Plotting current values of the indicators using measured data from the field also 

allows comparison of the current status of the site against this UK benchmarked 

relationship. 

- The multiple indicators can be used to build up a ‘weight of evidence’ of the 

eutrophication status of the site. 

It should be noted that these equations are based on statistical relationships derived from an 
extensive spatial gradient analysis. They do not indicate causation. Nonetheless, all of the 
indicators were selected on the basis of widely-accepted causal chains of N impact, derived 
from decades of research in the selected habitats.  
 
 
7.1 Recommendations for further work 
There remain knowledge gaps and challenges in taking this work further for application to 
single-site assessment. Suggested further work includes: 
 

1. Consideration of additional variables likely to be contributing to within-habitat 

variation in responses to N, such as soil pH, current or historical management.  

Data on soil pH is available for many of the datasets, but not necessarily for all 
quadrats within a dataset. Soil pH may have been measured differently under 
different surveys. Thus soil pH could be included in analysis of a slightly smaller 
dataset, or mean Ellenberg R could be used as a proxy for plant responses to soil 
pH, and could be calculated for every quadrat, enabling its use in larger composite 
datasets.  
Current or historical management is challenging to quantify, but there are options. 
Previous Countryside Survey analysis trialled an approach which looked at the 
quantity of improved grassland in the surrounding area to summarise the general 
level of intensification of the surrounding landscape as a proxy for the probability 
of some form of management at a site. As a general proxy this is worth trying, but 
more specific data is preferable. Agricultural Census data on livestock density are 
available from EDINA, which give a general measure of livestock density within a 



53 
 

4 km2 grid square. However, these are modelled-interpolated from parish and farm-
level records, and based on land-use. Therefore, the initial allocation of livestock 
density to a grid-square carries some uncertainty, which is increased considerably 
when extrapolating to a single quadrat survey point within a square. There are 
modelled deer density data now available for Scotland, which provide a measure 
of grazing pressure from non-domestic stock.  
Consideration of management history may be best applied at an individual site 
level when interpreting current condition and likely response to additional N. 
Further work could establish a set of guidelines around this issue. 

 

2. Benchmarking of additional indicators which include bryophytes and lichens 

Variants of the indicators used in this study could be further developed to include 
bryophytes and lichens. This would require use of sub-sets of the data as many of 
the datasets did not differentiate lower plants to species-level. It may also be 
worthwhile considering species-level indicators based on individual species’ 
responses (e.g. Payne et al. 2013). 

 

3. Application to other habitats not considered in this study, such as woodlands, 

calcareous grasslands, additional dune habitats (fixed dune grasslands, semi-fixed 

and disturbance communities, dune slack wetlands). 

Datasets are available for testing these indicators in other habitats. Broad survey 
and targeted survey quadrats are available for calcareous grassland, and the 
additional dune habitats mentioned. Woodlands quadrats are also available from a 
number of sources, but the literature is still equivocal on whether there are clear N 
responses in woodland or its groundflora, due partly to difficulties in disentangling 
management and natural disturbance effects from signals of atmospheric N 
deposition. Since woodlands are a very different habitat to those considered above, 
the best indicators of N impact may also differ. Therefore, examining indicators and 
N impacts in woodlands would be best tackled by a bespoke project. 

 

4. Integrating multiple lines of evidence, for example results from experimental 

manipulation sites. 

Gradient surveys provide a powerful way to explore statistical relationships 
between N deposition and likely indicators of N impact, but as discussed above 
these relationships may be confounded by other factors. This shows the reality of 
the variability in the likely response to N as revealed by data from an individual site. 
Other information exists which can help interpretation of the impacts of N, by 
controlling in some way for these variables. These include repeat surveys over 
time, and use of experimental manipulations. A number of broad datasets include 
repeat surveys over time (e.g. Countryside Survey, Birse & Robertson, Scottish 
coastal survey, some CEH dune datasets, Snowdonia grasslands (McGovern et 
al. 2011), & others). Depending on the duration of the interval and the changes in 
N deposition over that interval, analysis of the data can reveal likely responses to 
increases in N deposition, and rates of recovery due to reductions in N deposition. 
Long-running experimental manipulations across nine sites as part of the 
Terrestrial Umbrella (TU) experimental network (Phoenix et al. 2012) have 
collected large quantities of botanical and biogeochemical data which could be 
analysed collectively for change due to N. Previously most analysis of this data has 
only been conducted at a site-level. Other biochemical indicators are also available 
for some of these datasets (e.g. Countryside Survey, TU targeted surveys, TU 
manipulation experiments, as well as many other individual study sites) which 
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provide supplementary information on likely N impact, via metrics such as tissue N 
and amino acid contents, enzyme assays, etc. 

 

5. Incorporation of more of these indicators into dynamic models, to predict the 

timescales over which change might be expected in response to additional N 

deposition. 

Dynamic models (such as MADOC) use current understanding of biogeochemical 
processes (e.g. acid-base exchange, N accumulation in soil organic matter, and 
biomass production) and how they are modified by N deposition to predict long-
term responses to N pollution within the plant-soil system. By coupling 
biogeochemical models to species niche models such as MultiMOVE, changes in 
habitat-suitability can be predicted for many UK plant and lichen species (Rowe et 
al., 2015), in response to N pollution and interactions with climate change, S 
pollution and other environmental changes. Current development of MADOC-
MultiMOVE is focused on including phosphorus limitation, which is likely to reduce 
the effects of N on productivity and ground-level light availability but to make N 
leaching more likely; and including effects of grazing and other management, which 
can mitigate some of the effects of N pollution. These models have previously been 
applied in site-level assessments of N impact (e.g. Rowe et al., 2011), as well as 
in UK responses under the Convention on Long-Range Transboundary Air 
Pollution (e.g. Hall et al., 2015). The models could be used to explore scenario 
responses and species at risk at particular sites, and with some adaptation could 
generate predicted responses for indicators suggested in this study. 

 
6. Power analysis to recommend optimum number of quadrats to survey to characterise 

a site. 

Within-site variability in quadrat-based metrics can be high, and the optimum 
number to sample to obtain a reasonable characterisation of the site is not known. 
This may differ by habitat, and depending on differences in grazing pressure, 
management history, soil type etc. within a site. We recommend that a small 
dedicated project is set up to explore this issue. 
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9 APPENDIX 1 
Figures showing likely variation in N response of each indicator, calculated for sites across 
the likely range of UK high and low rainfall and temperature. 
 
9.1 Acid Grassland 
 

 
Figure 24. Variation in graminoid proportion index for acid grassland, calculated for sites 
across the likely range of UK high and low rainfall and temperature 

 
Figure 25. Variation in nitrophile:nitrophobe index for acid grassland, calculated for sites 
across the likely range of UK high and low rainfall and temperature 
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9.2 Dry Heath 

 
Figure 26. Variation in graminoid proportion index for dry heath, calculated for sites across 
the likely range of UK high and low rainfall and temperature 
 
 
 

 
Figure 27. Variation in nitrophile-nitrophobe ratio for dry heath, calculated for sites across the 
likely range of UK high and low rainfall and temperature 
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Figure 28. Variation in species richness index ratio for dry heath, calculated for sites across 
the likely range of UK high and low rainfall and temperature 
 
 
 
 

 
Figure 29. Variation in Ellenberg N for dry heath, calculated for sites across the likely range 
of UK high and low rainfall and temperature 
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9.3 Wet Heaths and Bogs 
 

 
Figure 30. Variation in graminoid proportion index for wet heaths and bogs, calculated for 
sites across the likely range of UK high and low rainfall and temperature 
 
 
 

 
Figure 31. Variation in nitrophile – nitrophobe index for wet heaths and bogs, calculated for 
sites across the likely range of UK high and low rainfall and temperature 
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Figure 32. Variation in Ellenberg N for wet heaths and bogs, calculated for sites across the 
likely range of UK high and low rainfall and temperature 
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9.4 Acidic dune grassland 
 

 
Figure 33. Variation in nitrophile – nitrophobe index for acidic dune grassland, calculated for 
sites across the likely range of UK high and low rainfall and temperature 
 

 
Figure 34. Variation in species richness index ratio for acidic dune grassland, calculated for 
sites across the likely range of UK high and low rainfall and temperature 
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Figure 35. Variation in Ellenberg N for acidic dune grassland, calculated for sites across the 
likely range of UK high and low rainfall and temperature 

 


