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8 Impacts for the Snowdonia case study area 
 

 G.J. MASTERS, P.M. BERRY, J.E. HOSSELL, N.L. WARD, S.N. FREEMAN,               
A.N. BANKS, N. BUTT, H.Q.P. CRICK, P.A. HARRISON AND A. MORRISON 

 
Summary 
 
Snowdonia has a wide range of habitats from low-lying grasslands to high montane communities, 
which reflect the large altitudinal range within the area.  Snowdonia is internationally recognised for 
its biodiversity and much of its area has been given conservation status, e.g. SSSI or SAC. The large 
range of Snowdonia’s habitats that are listed as of high conservation concern include upland oak 
woodland and upland/montane heath; the two selected habitats for this case study. For the upland oak 
woodland habitat, sessile oak (Quercus petraea) was selected as a dominant tree; common cow-wheat 
(Melampyrum pratense) as a dominant ground flora plant; and bluebell (Hyacinthoides non-scripta) 
and pied flycatcher (Ficedula hypoleuca) as flagship species.  The species selected for the 
upland/montane heath habitat were heather (Calluna vulgaris) and bilberry (Vaccinium myrtillus) as 
dominant upland heath plants, stiff sedge (Carex bigelowii), as a dominant montane plant, and both 
western gorse (Ulex gallii) and bracken (Pteridium aquilinum) as recruitment species.  These species 
were selected to reflect a continuum of habitat, from upland heath into the montane communities. 
 
The research showed that: 
 

1. Snowdonia is sensitive to climate change, both bioclimatically and in terms of the importance 
of its habitats and species.  However, these sensitivities are not reflected, as a whole, by the 
results for the species modelled in MONARCH 2. 

 
2. The bioclimatic classification identified Snowdonia as one of the areas where the climate is 

predicted to show greatest difference between the baseline bioclimate and the future 2050s 
High climate. The area is predicted to become warmer with slightly wetter winters and 
significantly drier springs/summers according to the UKCIP98 and 02 scenarios. 

 
3. The downscaled model improved the simulation of suitable space, but tended to lead to its 

under-prediction, especially in southern England (Q. petraea) and eastern England (M. 
pratense).  None of the selected dominant species in upland and montane heaths will loose 
suitable climate space. 

 
4. The dispersal model showed that while Q. petraea had some potential to disperse, this was 

limited by its long time to reproductive maturity. Other factors that constrained species’ 
dispersal were the availability of suitable new areas (H. non-scripta and M. pratense) and 
altitude (M. pratense). All the upland/montane species showed a high potential to disperse 
into the simulated suitable areas and in the case of the recruitment species the issue of 
invasion needs considering. 

 
5. The modelled loss of F. hypoleuca from some woodland due to restricted climate space is not 

predicted to significantly impact upon the composition of species communities, according to 
the Leaver model. 

 
6. The Arriver model suggests that colonisation by P. aquilinum and/or U. gallii will cause large 

changes in community composition and have far-reaching effects on community composition 
and structure. The order of colonisation will influence the exact nature of any changes to 
community composition. If P. aquilinum is first to colonise upland heath areas, then it is 
possible that strong competition from this species will prevent colonisation by U. gallii. 
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8.1 Introduction 
 
The Snowdonia case study area is centred on the National Park which was established in 1951 and 
covers 213,191 ha (2,171km2 or 849 miles2) of northwest Wales (Figure 8.1).  The wide range of 
natural and semi-natural habitats are the product of natural and anthropogenic forces and are 
recognised nationally and internationally through a wide range of designations.  This area has a high 
potential for bioclimatic change (see Chapter 2 and Section 8.3), for example, showing a greater 
difference between the baseline classification and future climates than much of Britain and Ireland 
(Chapter 2). 
 
Within the National Park, farming is predominantly pastoral with only 100 ha of arable land.  Semi-
natural broadleaved woodland covers 8,100 ha (10% of the Welsh resource) of which 6,000-7,000 ha 
are upland oakwood, with about 1,000 ha of wet woodland dominated by alder, willows and birch and 
only about 560 ha of upland mixed ashwood.  Lowland mixed deciduous woodland covers about 160 
ha.  Upland heathland covers some 27,000 ha and contributes 34% of the Welsh resource.  It includes 
16,900 ha of dry acid heath, 3,700 ha of wet heath and 6,400 ha of upland grassland/heathland mosaic 
(Jones et al., 2003).  Snowdonia is of major nature conservation and landscape interest with 
approximately 90 SSSIs and 17 National Nature Reserves and a range of habitats, including alpine/ 
sub-alpine heaths, acidic screes and boreal grasslands, that are recognised to be internationally 
important (Rhind and Jones, 2003). 
 
Although Snowdonia has a rich variety and abundance of wildlife, national trends of reduced species 
abundance and habitat degradation are also evident here.  With such complicated geology and habitat 
variety, it is not surprising to learn that more National Nature Reserves have been designated in 
Snowdonia than in any other comparable area in Britain.  Approximately 20% of the Park is specially 
designated or declared under UK and European law, to protect characteristic features of its wildlife.  
Some of the oakwoods are internationally important because of their unusual communities of mosses 
and liverworts. 
 
Recent concerns in terms of conserving Snowdonia’s biodiversity tend to have focused on 
overgrazing, land use change and the potential threat of acidification and climate change to some of 
the more vulnerable habitats (particularly upland and montane communities).  This chapter reports on 

Figure 8.1:  Boundary and land cover of the Snowdonia Test Area.  © CCW. 
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the consequences of climate change for conservation within Snowdonia National Park.  The integrated 
modelling approach (see Chapter 1, Figure 1.1) adopted by MONARCH 2 was tested on two habitats, 
upland oak woodland and upland heathland/ montane, both of which are of high conservation concern 
within the Park. 
 
8.2 Bioclimatic classification 
 
The Snowdonia case study area covers 115 5-km grid squares centred on the Snowdonia National 
Park and adjacent coastline.  In the 10-km bioclimatic classification (Baseline98), 11 classes were 
represented.  These classes represented a mix of high mountainous and upland areas with cool and wet 
climatic conditions (See Chapter 2, Tables 2.7 and 2.9, for details of the Baseline98 bioclimatic and 
conservation characteristics). 
 
8.2.1 Baseline classification 
 
Under the UKCIP02 5-km baseline classification (Baseline02), ten of these 11 classes are still present 
but a further four are also defined (classes 12, 15, 22 and 23).  Class 15 represents a cold, high 
mountain class most typically associated with the Central Highlands.  In Snowdonia, it is found 
around the Cambrian Mountains to the south east of the study area.  The other additional classes are 
lower lying and warmer classes with moderate winter rainfall but relatively dry summer conditions.  
These classes are found in the shadow of the hills on the west of the study area (especially class 22) 
and towards the coast in the south and east (especially class 12).  Figure 8.2 shows the relationship of 
the Baseline02 classes to those of the Baseline98 classification. 
 
The balance of the classes has changed under the different climate datasets (Table 8.1).  Under the 
coarser resolution Baseline98 data the greatest proportion of the study area was represented by class 
5, a moderately high altitude class (~300 m) with a cool short growing season, high winter wind 
speeds, damp summer and wet winter conditions.  The Baseline02 data provides a more detailed 
pattern of climatic conditions, which shows an expansion of classes 11 (milder conditions at lower 
altitudes but still with relatively high rainfall totals) and 16 (mild still but with higher altitudes of 
~300 m and high rainfall conditions).  Squares within Class 9 under the Baseline98 are reassigned to 
class 22, which has very similar conditions under the Baseline98 dataset (see Table 2.15, Chapter 2). 
 
Table 8.2 shows the average climatic conditions of all squares within the study area.  The Baseline98 
indicates a slightly milder climate than the Baseline02, with a longer but less intense growing season, 
higher absolute minimum temperatures and slightly lower winter wind speeds.  As with Hampshire 
(Chapter 6), this may be a reflection of the fact that the interpolation method used to derive the 
Baseline02 dataset takes account of distance from the coast and hence produces a milder, wetter, 
maritime climate. 
 
As with the Central Highlands case study (Chapter 7), the climatic conditions of the Baseline02 
squares do not sit wholly within the statistical boundaries defined by the Baseline98 classification.  
Figure 8.3 shows the two baseline classifications and indicates those squares that fall outside of the 
Baseline98 classification according to their squared Mahalanobis distance.  The cut off for the squared 
Mahalanobis distance taken is relatively generous (>1347), since it represents the greatest distance 
between the centres of any two classes plus the distance of the furthest square from its class in the 
Baseline98 classification.  In the Baseline02, eight of the 115 squares fall beyond this limit.  All but 
one, are in the far north of the study area, along the line of the Carnedd mountains, north-east of 
Snowdon.  The eighth square is over Arenig Fawr in the central east of the study region.  A number of 
these squares had been allocated to class 3 but they show a short growing season and intensity and a 
very high winter wind speed.  They appear to have been allocated to class 3 due to high wind speed 
but have relatively neutral temperature and rainfall characteristics. 
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Figure 8.2:  Distribution of bioclimate classes. 
UKCIP Baseline02 (in the centre of a 5 km 
grid cell) is compared with Baseline98 (at the 
intersection of grid cells). 

Figure 8.3:  Distribution of bioclimate classes as 
per Figure 8.2, showing Baseline02 bioclimate 
grid cells that fall outside of the Baseline98 
classification according to the squared 
Mahalanobis distance.   

 

 

 

 

Table 8.1: Percentage of grid squares within each of the classes of the bioclimatic classification for 
the Baseline98 and Baseline02 and for the 2050s Low and High emission scenario data. 

Class Scenario 
1 3 4 5 8 9 11 12 13 14 15 16 18 19 21 22 23 

Baseline98 7.9 2.6 5.3 26.3 7.9 13.2 15.8   7.9  2.6  5.3 5.3   
Baseline02 2.6 3.5 2.6 4.4 7.0 2.6 29.6 6.1   4.4 17.4  1.7 4.4 13.0 0.9 
2050s Low 3.5 0.9 12.2  8.7 2.6 38.3 1.7 7.0 3.5 1.7 3.5 6.1  2.6 7.8  
2050s High  6.09 10.4  19.1  26.1  5.2   10.4 6.1   15.7 0.9 
 

 

 

Table 8.2: Comparison of mean values of key variables averaged over the Snowdonia case study area 
from each of the data sets.  The variables selected represent those related to the first four components 
of the PCA in the derivation of the bioclimatic classification (See Chapter 2 for more details). 

 Spring 
precipitation 
Total (mm) 

Growing degree 
days >5°C 

January wind 
speed 

Mean (m/s) 

July Potential 
Evapotranspiration 

Mean (mm/day) 
Baseline98 213.77 1324.11 7.83 3.18 
Baseline02 219.16 1320.86 7.18 3.10 
2050s Low 195.99 1703.29 7.54 3.29 
2050s High 182.36 1949.60 7.63 3.42 
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Table 8.3: Average climate conditions for squares in each class for key variables under the 
Baseline98 (local: average of squares in the study area; national: average for the class across Great 
Britain and Ireland), Baseline02 and 2050s Low and High emissions scenarios.   

Class Scenario Spring rainfall 
total (mm) GDD>5°C January wind speed 

mean (m/s) 
July PET 

mean (mm/day) 
Number of 

squares 
Baseline98 National 172.1 1241.1 7.3 2.9 212 
Baseline98 Local 190.6 1440.8 7.7 3.3 3 
Baseline02 195.0 1208.9 9.1 3.1 3 1 
2050s Low 212.8 1360.4 10.8 3.5 4 
Baseline98 National 141.0 1393.6 8.1 2.7 113 
Baseline02 217.7 1050.2 13.1 3.2 4 
2050s Low 225.7 1479.3 13.1 3.7 1 3 
2050s High 194.8 1444.2 13.1 3.6 7 
Baseline98 National 157.3 1590.6 5.8 2.5 300 
Baseline98 Local 164.1 1508.7 7.7 3.4 1 
Baseline02 166.4 1757.4 5.8 3.0 3 
2050s Low 175.1 1907.0 7.2 3.2 14 

4 

2050s High 181.4 2036.5 6.9 3.4 12 
Baseline98 National 230.3 1034.8 7.4 2.8 77 
Baseline98 Local 233.1 1139.4 7.8 3 8 5 
Baseline02 246.7 1017.1 8.8 3.3 5 
Baseline98 National 125.2 1773.6 6.8 2.9 173 
Baseline98 Local 155 1651 7.9 3.5 4 
Baseline02 131.7 1861.2 6.2 2.9 8 
2050s Low 127.3 2239.4 6.6 3.2 10 

8 

2050s High 138 2344.6 7.2 3.3 22 
Baseline98 National 169.3 1125.7 6.1 3 139 
Baseline98 Local 177.4 1153.5 7.5 3 6 
Baseline02  178.9 1068 7.4 3.3 3 9 

2050s Low 165.2 1323.9 8.7 3.4 3 
Baseline98 National 213.8 1300.6 7.3 2.9 82 
Baseline98 Local 228.1 1367.2 7.8 3.2 8 
Baseline02 214.8 1397.6 6.1 3.1 34 
2050s Low 205.8 1637.4 6.9 3.3 44 

11 

2050s High 191.2 1845.8 7.1 3.5 30 
Baseline98 National 144.5 1424.6 5.2 2.6 425 
Baseline02 214.8 1397.6 6.1 3.1 34 12 
2050s Low 205.8 1637.4 6.9 3.3 44 
Baseline98 National 222.7 1467.2 6.3 2.4 47 
2050s Low 269 1386.6 10.4 3.2 8 13 
2050s High 247.8 1642 11.2 3.4 6 
Baseline98 National 99.7 1694.2 6.4 3.7 251 
Baseline98 Local 130.6 1662.2 7.7 3.5 3 14 
2050s Low 164.6 1431.3 11.9 3.2 4 
Baseline98 National 197.8 861.9 6.5 2.7 76 
Baseline02  223.8 872.8 9.7 3.1 5 15 
2050s Low 196.8 1109.2 11.1 3.4 2 
Baseline98 National 245.9 1295.2 6.8 3.2 20 
Baseline98 Local 250.3 1280.2 7.7 3.1 1 
Baseline02 270.7 1209.6 7.8 3.1 20 
2050s Low 290.2 1794.2 6 3.2 4 

16 

2050s High 268.4 1806.1 7.5 3.4 12 
Baseline98 National 178.9 1817.6 6.7 2.5 57 
2050s Low 144.3 2269.5 5.1 3 7 18 
2050s High 135.7 2531.2 5 3.2 7 

19 Baseline98 National 255.7 1151.4 8.3 2.8 18 
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Class Scenario Spring rainfall 
total (mm) GDD>5°C January wind speed 

mean (m/s) 
July PET 

mean (mm/day) 
Number of 

squares 
 Baseline02  300.7 1411.3 5.2 3.2 2 

Baseline98 National 332.7 1019.9 8.1 2.8 11 
Baseline98 Local 342.9 1160.2 8.5 3 4 
Baseline02 406.8 1137.4 8.1 3.1 5 21 
2050s Low 395.8 1335.4 9.5 3.3 3 
Baseline98 National 108.9 1041.4 8.2 2.7 101 
Baseline02 166.9 1322.5 6 3.1 15 
2050s Low 147.9 1622.7 6.4 3.3 9 22 
2050s High 144.5 1767.6 7.1 3.5 18 
Baseline98 National 276.3 1366.8 6.6 2.4 20 
Baseline02 355.8 692 14.7 3.2 1 23 
2050s High 401.7 1641.3 10.9 3.5 1 

 
8.2.2 Climate change scenarios – 2050s Low and High 
 
The pattern of bioclimatic classes for the future emissions scenarios, 2050s Low and High, are shown 
in Figures 8.4 and 8.5.  The 2050s Low emission scenario (Figure 8.4) results in much warmer 
conditions over the study area, with slightly wetter winters and slightly drier spring and summer 
conditions; wind speeds are little altered.  The effect of these changes is to shift the pattern of classes 
present further into class 11 and away from the cooler classes of 16 and 22.  The warm classes 4, 13 
and 14 also appear in the lower lying areas to the south-west of Snowdon and along the western edge 
of the case study area. 
 
Examining the squared Mahalanobis distances for the 2050s Low emissions classification, most of the 
squares actually fall beyond the limits for the Baseline98 classification; only 21 squares remaining 
within the boundaries (represented by the first shading category on Figure 8.4).  This suggests that 
new classes, representing a climate not currently experienced in Britain and Ireland may be expected 
within this area by under this scenario.  The remaining squares are generally the warmer climate 
squares towards the south east of the study area (classes 4, 8, and 11). 
 

 
Under the 2050s High scenario (Figure 8.5), a similar pattern of classes exists and a similar number of 
squares fall outside of the classification.  It is interesting to note that some squares, which lie beyond 
the Baseline98 classification under the 2050s Low emission scenario come back into the classification 
under the 2050s High scenario as they are classified into another class (e.g. between Rhinnog Fawr 
and the Mawddach estuary).  This reflects a shift inland of the class 8, which is a coastal class under 
the Baseline98 classification. 

Figure 8.4:  Bioclimatic classification for 
the UKCIP 2050s Low emission scenario. 

Figure 8.5:  Bioclimatic classification for 
the UKCIP 2050s High emission scenario. 
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Figure 8.6: Distribution of bog and deep peat 
across the case study area from the 1-km square 
land cover dataset.  

Under the 2050s High scenario (Figure 8.5), a similar pattern of classes exists and a similar number of 
squares fall outside of the classification.  It is interesting to note that some squares, which lie beyond 
the Baseline98 classification under the 2050s Low emission scenario come back into the classification 
under the 2050s High scenario as they are classified into another class (e.g. between Rhinnog Fawr 
and the Mawddach estuary).  This reflects a shift inland of the class 8, which is a coastal class under 
the Baseline98 classification. 
 
8.3 Land cover changes 
 
Figures 8.6 and 8.7 show the pattern of distribution of the land cover classes across the study area 
from the 1-km dataset using a 5% cutoff value for distribution from the statistical model for bog and 
acid grassland.  Bog is not well represented in the study area and although at a national level the 
model is moderately good at representing the land cover, it does not capture the land cover pattern 
well within the case study area.  By contrast, acid grassland is one of the principal land covers in the 
study area.  The model provides a reasonable pattern (moderately good fit – see Chapter 3) of climate 
areas suitable for acid grassland, but over predicts in areas just beyond the study area, possibly 
reflecting the loss of this land cover to improved grassland in lowland areas.  Figure 8.8 shows the 
change to bracken distribution as simulated by the changes to climate envelope of this land cover 
type.  The results suggest that the wetter winter conditions of the 2050s may not favour this land cover 
type, which shows a reduction particularly in the south and east of the case study area. 
 
Open and dense dwarf shrub are the main land cover types that represent the vegetation in the 
montane areas of the region.  The montane land cover itself is not represented within the Land Cover 
Map data for the area at all, reflecting the relatively low altitude and significant maritime influence on 
the mountains in Snowdonia.  The dwarf shrub land cover shows a small loss in potential climate 
space by the 2050s High scenario (Figure 8.9) particularly around the lower slopes of the upland 
areas, along the main valley in the north of the region and along the coast.  Neutral grassland shows a 
similar pattern of loss but the suitable climate space for calcareous grassland, which is restricted in the 
baseline to the fringes around the main upland area, decreases greatly by the 2050s High scenario to 
leave just one coastal square where future conditions may be suitable. 

Figure 8.7: Distribution of acid grassland 
across the case study area from the 1 km 
square land cover dataset.  
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Acid grassland land cover shows a very small loss in potential climate space by the 2050s High 
(Figure 8.9).  By contrast, bog and deep peat land cover and fen, marsh and swamp show an extension 
by the 2050s High scenario that matches the decline in bracken land cover. 
 
8.4 Conservation monitoring in Snowdonia 
 
Figure 8.10 shows the 48 SSSIs within the case study area, which are notified for habitats that contain 
the modelled species.  These range in size from 1 ha to more than 4,000 ha.  Figure 8.10 also shows 
the Mahalanobis distance for the square under the 2050s High scenario.  This indicates those areas 
that lie furthest from the baseline climate classification.  These climatically sensitive areas lie largely 
in the north of the study region along the Carnedd range and around Arenig Fawr in the east.  The 
former is designated for the four key habitat types that cover the species modelled and with its 
relatively long history as an SSSI (first notified in 1971), it may have a reasonable record of 
monitoring data.  It would seem to represent a useful area in which to monitor, to detect the effects of 
climate change on either climate variables or habitats and species. 
 
 
 

Figure 8.8: Changing bracken land cover type under UKCIP02 climate. 
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Figure 8.9: Changing land cover types under the UKCIP02 climate scenarios. 

 
 Figure 8.10: Location of the SSSIs and the squared Mahalanobis distance for the square under the 

2050s High scenario. 
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8.5 Upland oak woodland 
 
It has been suggested that due to climate change upland oakwoods could suffer from dieback due to 
soil moisture stress, changes in timing of budburst and changes in species’ composition (Hossell et 
al., 2000).  The upland oak woodland habitat was investigated under MONARCH 1, when it was 
found that of the three species modelled using the UKCIP98 scenarios, hard fern (Blechnum spicant), 
would not lose suitable climate space, while hay-scented buckler fern (Dryopteris aemula) would do 
so from the southern part of its range (although Snowdonia should just remain within its suitable 
climate space) and the third, serrated wintergreen (Orthilia secunda), would lose suitable climate 
space in upland areas, although it does not occur in Snowdonia (Berry et al., 2001). 
 
Following the selection protocol, the species chosen for modelling in MONARCH 2 were sessile oak 
(Quercus petraea), a dominant tree, common cow-wheat (Melampyrum pratense), a dominant ground 
flora plant, while bluebell (Hyacinthoides non-scripta) and pied flycatcher (Ficedula hypoleuca) were 
chosen as flagship species. 
 
8.5.1 Species modelling 
 
The modelled climate space for the species selected in Snowdonia all showed very good 
discrimination ability at the European scale; with an independent AUC statistic greater than 0.9.  The 
maximum Kappa statistic is slightly lower, with the plants having excellent agreement.  Ficedula 
hypoleuca has very good agreement and this is because it has a patchy distribution in western Europe, 
being essentially a northern breeding bird in Europe, with some populations also in Spain and 
Southern France (Figure 8.11).  In Britain, Wales is its stronghold, especially where there is an 
abundance of upland oak woodland, which it favours for nesting.  It does, however, occur at lower 
densities in parts of northern and south-western England (Figure 8.12).  
 
As with the other case study areas, the downscaled model training statistics were lower (Table 3.5), 
for reasons discussed in Chapter 3, although the AUC is effectively 0.9 for Hyacinthoides non-scripta 
and the Best Attainable Match for F. hypoleuca is 92%, this is a good result given its patchy British 
distribution (Figure 8.12). The lower values for the other two species may be partly a function of 
broad-leaved woodland occurring in most squares, thus making it difficult for the model to 
discriminate on the basis of land cover. A visual comparison of the outputs of the two stages of the 
SPECIES model for Q. petraea show that the introduction of land cover leads to some of the absences 
in southern and eastern England being picked up, although too much of the former is simulated as 
unsuitable. In the case of M. pratense, it is the eastern part of England where too much is simulated as 
unsuitable (Figure 8.13).  For H. non-scripta the addition of land cover leads to some of the absences 
e.g. in East Anglia and Southern Uplands being picked up, and again there is a slight under-simulation 
compared to the observed distribution. Under the climate change and land cover scenarios, M. 
pratense was the only species to show an alteration in suitable space, as parts of southern England 
become viable (Figure 8.14), but the land cover overrides the loss of climate space in parts of eastern 
England (compare Figures 8.13 and 8.14). In contrast, F. hypoleuca shows a small loss under the 
2050s High scenario (Figure 8.15). The downscaled model results incorporating land cover change for 
Snowdonia for M. pratense show that by the 2020s scenarios there is an increase in suitable area 
(Figure 8.16). 
 
The unavailability of species’ distributions at the 1-km resolution meant that the distributions had to 
be derived.  In the case of Q. petraea the Phase 1 survey data was used and it was assumed that Q. 
petraea was present in every woodland grid square.  This would give a small overestimate of its 
distribution. A similar approach was adopted for M. pratense and H. non-scripta, but any 1-km 
squares that fell within a 10-km grid square in which it was absent in the New Atlas of the British and 
Irish Flora (Preston et al., 2002) were omitted.  This method could lead to an overestimation of their 
distribution. This approach seemed to give reasonable results given the 
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Figure 8.11: The European observed distribution (a) and simulated climate space (b) for Ficedula 
hypoleuca. 
 
(a) (b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.12: The British observed distribution (a) and simulated climate space (b) of Ficedula 
hypoleuca. 
  (a)      (b) 
 

 
woodland association of the species, but M. pratense can also be associated with other habitats, such 
as upland heath and thus overall its derived distribution may have been under-estimated. 
 
The dispersal model for Q. petraea shows a limited opportunity for dispersal into adjacent suitable 
squares throughout most of the area or to disperse to higher elevations (Figure 8.17).  The coastal area 
between Barmouth and Harlech appears to become unsuitable under the 2050s scenarios and thus the 
species could be lost from some squares. M. pratense shows potential to spread, but is constrained at 
altitude in the northern half of the Park (Figure 8.18).  There is no opportunity for dispersal from the 
coastal populations due to low suitability of the land cover. The dispersal model shows a small spread 
for H. non-scripta, partly due to the limited dispersal potential of the species and partly as a 
consequence of there being little suitable space that is not already colonised. F. hypoleuca remains 
well-distributed in Snowdonia even under the 2050s high scenario (Figure 8.19).  However, even here 
there are substantial losses of suitable space throughout the area, compared to its present-day 
occurrence, concurrent with the loss of suitable space further east. 
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Figure 8.13: Model outputs for Melampyrum pratense: (a) climate suitability surface from the 
European-trained network, (b) observed 10km distribution, (c) climate and land cover suitability 
surface from the downscaled model, and (d) presence/absence surface from the downscaled model. 
(a) (b) 

(c) (d) 
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Figure 8.14: Presence/absence surfaces for Melampyrum pratense from the downscaled model, under 
the UKCIP02 climate change scenarios. 
 

  
2020s Low scenario 2020s High scenario 

  
2050s Low scenario 2050s High scenario 
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Figure 8.15: Presence/absence surfaces for Ficedula hypoleuca from the downscaled model, under 
the UKCIP02 climate change scenarios. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 2020s Low scenario 2020s High scenario 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 2050s Low scenario 2050s High scenario 
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Figure 8.16: Suitability surfaces for Melampyrum pratense from the downscaled model, under 
combined UKCIP02 climate and land cover change scenarios.  
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Figure 8.17: Quercus petraea dispersal model outputs. 
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Figure 8.18: Melampyrum pratense dispersal model outputs. 
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Figure 8.19: Ficedula hypoleuca presence/absence surfaces under UKCIP02 climate change 
scenarios and land cover. 
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These results support those of MONARCH 1 (Berry et al., 2001; Berry et al., 2003) that the 
dominant, Q. petraea, is not vulnerable to climate change, except along the coast, but that some of the 
herb species, such as H. non-scripta, could start to become marginal in Snowdonia, especially if 
climate change is combined with other environmental pressures.   
 
8.5.2 Implications for the species composition of upland oakwoods 
 
Model outputs suggest that suitable climate space will remain for all the species selected to represent 
this habitat.  In terms of community composition the models predict that the plant species (Q. petraea, 
H. non-scripta and M. pratense), will continue to exist together.  In contrast, Ficedula hypoleuca may 
in the future have more restricted suitable space within the park in comparison to the existing 
distribution (Table 8.4).   
 
Table 8.4:  Summary of the dispersal model results. 

Species Category Predicted space change 
 

Quercus petraea sessile oak Dominant  No change 
Hyacinthoides non-scripta bluebell Flagship  No change 
Melampyrum pratense common cow wheat Dominant No change 
Ficedula hypoleuca pied flycatcher Flagship  Decrease 
 
8.5.2.1 Ficedula hypoleuca (pied flycatcher) 
 
Ficedula hypoleuca is a characteristic species of the upland oak woodlands of Snowdonia, and it 
inhabits the majority of suitable woodlands within the National Park, even where these are small in 
area.  In addition, some of the bigger woodlands such as Coed Aber, support large breeding 
populations (Snowdonia National Park Authority, 1999).  The model outputs for F. hypoleuca suggest 
that it may become locally extinct from some currently suitable woodland areas.  
 
The conceptual Leaver model methodology (Chapter 4) was used to assess the impact of loss of F. 
hypoleuca on these woodlands. As a first step, an interaction web showing the main interactions 
between F. hypoleuca and other species in deciduous woodlands was constructed (Figure 8.20). This 
indicates that F. hypoleuca only has a moderate number of interactions within the upland oak 
woodland, suggesting that this species cannot be considered as a dominant within this habitat. 
However, because it is present in relatively high numbers and can be the most abundant breeding bird 
species in these woodlands (Mead, 2000), this species is also definitely not a rare species and thus 
should probably be viewed as sub-dominant, within our classification scheme. 
 
Figure 8.20 further illustrates that most, if not all the interactions, are not specific one-to-one 
interactions, whereby F. hypoleuca is totally dependent on another species (e.g. for food), or another 
species is entirely dependent on F. hypoleuca. This is not surprising; F. hypoleuca is a migratory 
species and only forms a component of the upland oak woodland communities during the summer 
months. The main predators of F. hypoleuca chicks and adults during the nesting period are 
polyphagous, and have many alternative sources of potential prey and F. hypoleuca feeds on a great 
variety of insect prey, from many microhabitats, although caterpillars can be a very important 
component of the nestling diet. 
 
In addition, there are bird species that have similar nest site and food requirements and compete with 
F. hypoleuca (Figure 8.20), such as Parus sp. (particularly great tit, P. major), and redstart 
(Phoenicurus phoenicurus). A study in a woodland in South Wales, demonstrated that interspecific
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Figure 8.20: The interaction web for F. hypoleuca, displaying the main interactions.  Grey shading 
is used to indicate species that do not currently occur within the upland oak woodland of the test 
study area.  Blue lines represent competitive interactions; red lines predator-prey interactions; and 
black lines all other interactions.  The thickness of the arrows gives an indication of interaction 
strength. 

 
 
 
 

Figure 8.21: The pathway through the Leaver model predicted to be followed by F. hypoleuca 
(shown in orange).  See Chapter 4 for further details. 
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competition for territories and more importantly for feeding sites occurred between F. hypoleuca and 
P. phoenicurus. Both species feed from the ground, in the air and from the leaves of terminal twigs, 
suggesting that they have overlapping feeding niches (Edington and Edington, 1972). The nests, and 
in particular the material used to build them are also similar, for these two species. The diet of Parus 
sp. may also be very similar to that of F. hypoleuca (Lundberg and Alatalo, 1992), although during 
the breeding season, the tits took a much higher proportion of their diet from the leaves of trees, and a 
smaller proportion of airborne and ground dwelling prey in comparison to F. hypoleuca, in the study 
in South Wales (Edington and Edington, 1992).  On the basis of the preceding discussion it must be 
concluded that F. hypoleuca fulfils similar roles to other species, notably P. phoenicurus, in the 
upland oak woodland, and cannot therefore be viewed as a novel functional type within the 
community. 
 
As F. hypoleuca is being classed as a sub-dominant species, and is not a sole representative of a 
functional group, the Leaver model indicates that the loss of this species from some woodlands within 
the Snowdonia National Park will not greatly affect the species composition within those woodlands 
(Figure 8.21).  
 
Although the dispersal model predicted that this species would remain widely distributed within 
Snowdonia under all scenarios, changes in abundance may still occur, as the insectivorous F. 
hypoleuca may be affected by climate driven alterations in peak chick food abundance. As the 
interaction web illustrates (Figure 8.20), F. hypoleuca feed nestlings on spiders, Lepidoptera (mostly 
caterpillars), Diptera, Hymenoptera (mostly larvae) and Coleoptera (Lundberg and Alatalo, 1992).  
Caterpillars make up between 15-65% of nestling diet in deciduous forests (Lundberg and Alatalo, 
1992) and therefore the breeding success of F. hypoleuca is influenced by temporal variation in peak 
caterpillar abundance (e.g. winter moth abundance) and tree phenology. Breeding success may be 
adversely affected in a similar way to P. major (Buse and Good, 1996; Buse et al., 1999; Dury et al., 
1998; Visser et al., 1998).  
 
European-wide variations in F. hypoleuca laying date and clutch size have been examined in relation 
to changes in the winter North Atlantic Oscillation (NAO) index, which is broadly correlated with 
climatic fluctuations (Sanz, 2003).  It confirms that following wetter and warmer winters, egg laying 
commenced earlier, although, contrary to expectation, smaller clutches were produced.  Laying of 
smaller clutches reduces the period of egg laying and thus shortens the time between first laying and 
egg hatch (Sanz, 2003), possibly maintaining greater synchrony with food sources.  
 
In the Snowdonia National Park, long-term data sets collected from Coed Aber NNR and Coedydd 
Maentwrog NNR indicate that the mean date of first egg laying has advanced, during the period 1976-
2001, by 0.31 to 0.33 days per year. Furthermore this advancement in laying is strongly correlated 
with temperature, such that for every one-degree rise in temperature, the date of mean egg laying is 
approximately 3 days earlier (Sparks et al., in press). Egg laying has also been reported to take place 
earlier in Germany, Russia and the Netherlands (e.g. F. hypoleuca are laying 10 days earlier than 20 
years ago). However, it is also suggested that this advancement in the Netherlands, is not sufficient to 
track climatic changes and that a significant proportion of the population is now laying too late to 
benefit from the flush in insect abundance, and thus do worse than earlier laying pairs.  This has 
resulted in increasing selection for earlier laying date (Both and Visser, 2001). Advancement in laying 
date has led to a shortening in the time gap between arrival at the breeding grounds and first laying, 
which is now reduced to only 5 days (Drent et al., 2003).  This species was able to respond in the 
Netherlands, in this way because it used to arrive at the breeding ground significantly in advance of 
the optimal laying date. 
 
The timing of arrival at the breeding area has not altered over the last 20 years, and arrival time is 
already constraining the ability of the Dutch population to respond adequately to the earlier 
occurrence of important phenological events mediated through increasing spring temperatures. 
However earlier arrival has been reported for some locations within Europe (Sparks et al., in press). It 
is unclear at present whether the F. hypoleuca population in the Snowdonia National Park is similarly 
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affected as the Dutch population. Although bird observatories record only small numbers of migrating 
F. hypoleuca, there is some evidence from Portland, which suggests that the Welsh populations have 
advanced the date of their spring migration. This advancement has been at a similar rate to the 
advancement in mean first egg date (Sparks et al., in press).   
 
Although the Welsh population is expected to continue to arrive earlier and nest earlier, during the 
next 100 years, there are indications that this advancement in key phenological events is slower than 
the climate induced advancement in vegetation growth and invertebrate emergence (Sparks et al., in 
press). It is unclear whether F. hypoleuca may be able to respond to further climate change by 
increasing the speed of migration, decreasing the length of migration or migrating further northwards 
to areas in which key phenological events will still take place later (Coppack and Both, 2002). 
 
Both the slight lack of synchrony between hatching and peak food abundance, and the reduction in 
clutch size, will reduce the population of F. hypoleuca in the Park.  As a consequence of arriving 
relatively late in the oak woodland, this species may face increased competition from migratory 
species that are able to adjust to changing climates better, as well as with resident species.  Population 
sizes of resident species may increase if milder winters enhance survival (Both and Visser, 2001).  
 
In areas where natural cavities are in short supply, F. hypoleuca may have to compete with other 
species such as Sitta europaea, Parus sp. and P. phoenicurus for suitable nesting sites (Figure 8.20).  
Parus sp. already start breeding earlier and chose the most suitable nesting sites (Lundberg and 
Alatalo, 1992), and the problem may become worse if other species also advance their spring breeding 
relative to that of F. hypoleuca.  Good nesting sites are important as they reduce predation of adults 
and chicks by stoat (Mustela erminea) and weasel (Mustela nivalis) (Figure 8.20) (Lundberg and 
Alatalo, 1992).  
 
8.5.2.2 Flora species 
 
The dispersal model suggests that Q. petraea will maintain suitable space in most of the area in which 
it is present today.  This lack of response may reflect the fact that the timespan of the predictions is 
relatively short compared to the life span of individual trees (200-450 years; Jones, 1959).  The 
maintenance of Q. petraea within upland oak woods is important, as it is a highly dominant species 
within the community (Snowdonia National Park Authority, 1999).  Thus, species composition of the 
community is unlikely to be severely altered by future climatic conditions, although more subtle 
affects such as changes in abundance, or changes in interactions may occur. 
 
The main direct effects of climate change on Q. petraea are briefly summarised in Box 8.A. The 
impacts that may have the greatest affect on the functioning of the upland oak woodland ecosystem 
are changes in canopy shading and the volume of leaf litter production.  Increased shading may occur 
as a result of a possible increase in oak leaf biomass in response to elevated levels of carbon dioxide 
(Broadmeadow and Jackson, 2000), as well as a possible increase in growing season length due to 
earlier budbreak, which will mean that shading starts earlier. This earlier budbreak may also have 
implications for the numerous invertebrates that feed on this species (as discussed for F. hypoleuca), 
as well as on the ground flora. 
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Carbon dioxide related: 
• Increased growth of saplings (increase in stem length, stem diameter and oak leaf biomass).  
• Increased leafiness will increase canopy resistance and may make trees more vulnerable to wind 

damage and windthrow (Broadmeadow and Jackson, 2000). 
• Greater production of fine roots and increased lateral root diameter with follow-on effects on 

root turnover and exudation (Broadmeadow and Jackson, 2000). 
Temperature related: 
• Possibility of increased growth as a result of a temperature-driven acceleration of the rate of 

photosynthesis and of decomposition especially N-mineralisation rates. 
• Potential increase in growing season length. 
• Possible changes in frequency of good acorn production. 
• Greater vulnerability to frosts due to incomplete hardening and accelerated dehardening (Saxe 

et al., 2001) 
Drought related: 
• Reduced height growth in Q. petraea saplings (Broadmeadow and Jackson, 2000). 
• Reduction in frost resistance in winter following drought (Thomas and Ahlers, 1999). 

 
Box 8.A: Direct effects of climate change on Quercus petraea in Snowdonia National Park. 

 
 
An increase in shading by Q. petraea may particularly affect H. non-scripta, which is generally 
recognised as a shade evader (Grabham and Packham, 1983), by reducing the phenological window 
during which necessary assimilation can take place. However this is assuming that H. non-scripta 
fails to show a phenological response to climate change. Experiments have suggested that both 
density (Blackman and Rutter, 1946) and seed production (Knight, 1965) are reduced with shading, 
and as seed dispersal only occurs over short distances, there may be a gradual loss of bluebell 
populations under complete, dense canopies.  
 
The hemi-parasitic M. pratense may also be affected by increased shading as is suggested by results 
from a Norwegian forest, where loss of many vascular species, including M. pratense was related to 
canopy closure (Nygaard and Ogegard, 1999). Leaves of this species are used either to produce 
photosynthates or to affect high transpiration rates (Lehtila and Syrjanen, 1995), and increased 
shading may restrict both. 
 
Low light levels under the oak canopy may influence regeneration and growth of Quercus seedlings 
and saplings, as they have minimum light level requirements that increase with sapling age (Jones, 
1959), and may not be fulfilled under a denser canopy. Furthermore, defoliating insects and oak 
mildew (Microsphera alphitoides), the main leaf destroyers of saplings were recorded with greater 
frequency under low light conditions by Jarvis (1964). 
 
As a consequence of a greater leaf biomass, there may be greater quantities of leaf litter on the 
woodland floor (Quercus petraea contributed 93% of the total litter at Coed Cymerau; Rieley et al., 
1979), at least during some seasons, and may affect the ground flora and oak regeneration itself. Litter 
protects acorns from predation and moisture loss and provides favourable conditions for germination 
(Shaw, 1968), but H. non-scripta is unaffected by all but exceptionally high amounts of litter (Sydes 
and Grime, 1981) and M. pratense is currently characteristic of areas with deep litter accumulations 
(Edwards and Birks, 1986). Therefore, the abundance of these dominant species is unlikely to be 
detrimentally affected by increased litter. 
 
In contrast to the predicted increase in oak leaf biomass and canopy cover, a greater frequency of gaps 
in the canopy may potentially occur as a result of climate change. Predictions suggest that whilst 
mean wind speeds are not expected to change in Snowdonia, gales and storms may become more 
frequent, leading to increased levels of windthrow, snapping of trees and branches and canopy 
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damage. This may be especially the case when increased leafiness due to elevated carbon dioxide 
levels (Box 8.A) increases canopy resistance and decreases the relative contribution of roots to the 
total biomass thus making Q. petraea trees more vulnerable to being blown over (Broadmeadow and 
Jackson, 2000). This will increase disturbance within the woodland and may allow species, other than 
oak, an opportunity to regenerate and thus alter the composition of the ground flora. Creation of gaps 
in the canopy will reduce the humidity within the woodland, and may affect the bryophyte fauna. 
Bryophytes currently form an important component of the woodland floor biomass (at Coed Cymerau 
NNR, mosses contributed 85-91% of the standing crop of the ground layer; Rieley et al., 1979) and 
thus play an important role in the habitat. North Wales also presently contains the second highest 
abundance of Atlantic bryophytes (Ratcliffe, 1968) and these are of high conservation importance. 
However, it is difficult to predict the impacts of changes in the canopy on the bryophytes as these are 
likely to be highly species specific, and as microclimatic effects over very small spatial scales play an 
important part in determining suitable habitat for these plants.  
 
8.5.3 Conclusions for upland oak woodland 
 
• The SPECIES model trained well at the European scale, although patchy distributions led to 

slightly lower measures of agreement between the obseved distributions and modelled climate 
space. 

• The downscaled model improved the simulation of suitable space, but tended to lead to its under-
prediction, especially in southern England (Q. petraea) and eastern England (M. pratense). 

• The dispersal model showed that while Q. petraea had some potential to disperse, this was limited 
by its long time to reproductive maturity. Other factors that constrained species’ dispersal were 
the availability of suitable new areas (H. non-scripta and M. pratense) and altitude (M. pratense).  

• The models predict that the plants will not be adversely affected by climate change, but F. 
hypoleuca could become restricted in the future by lack of suitable climate space. 

• The Leaver model indicates that loss of F. hypoleuca from some woodlands is unlikely to have a 
significant impact on the composition of the community.  

• In woodlands where F. hypoleuca is predicted to continue to experience suitable climate space, 
changes in population density may take place, as a result of the slower response of this species to 
climate change than that of its invertebrate prey. 

• Climate change may also affect the growth and phenology of the dominant tree species Q. petraea 
with far reaching consequences for the remainder of the upland oak woodland community. These 
may be mediated through changes to the ground flora as a consequence of alterations in light 
intensity, humidity and litter production, as well as through changes to food availability and 
quality for herbivorous insects, which may also affect higher trophic levels (e.g. F. hypoleuca). 

 
8.6 Montane/upland heath 
 
In MONARCH 1, montane heath was the habitat most sensitive to climate change and thus it would 
be expected that the species representing this habitat would reflect this. The species chosen for 
MONARCH 2 were the dominant upland heath plants, heather (Calluna vulgaris) and bilberry 
(Vaccinium myrtillus); the dominant montane plant, stiff sedge (Carex bigelowii); while western gorse 
(Ulex gallii) and bracken (Pteridium aquilinum) were chosen as recruitment species.  These species 
were selected to reflect a continum of habitat, from upland heath into the montane communities. 
 
8.6.1 Species modelling 
 
The European scale SPECIES model trained well (Table 3.3), with all species having an AUC greater 
than 0.9 (very good discrimination). The kappa statistic for C. bigelowii and U. gallii is lower, as it is 
affected by prevalence and both these species have restricted European distributions (Figures 8.22 and 
8.23). Nevertheless, while the simulated climate space is greater than the observed distribution, the 
general pattern is correct. 
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Figure 8.22: The European observed distribution (a) and simulated climate space (b) for Carex 
bigelowii. 
 
(a) (b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.23: The European observed distribution (a) and simulated climate space (b) for Ulex gallii. 
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The addition of land cover in the downscaled SPECIES model improves the visual match between the 
observed distribution and simulated suitability space for all the species (Figure 8.24), thus indicating 
the importance of land cover at this scale to constrain the area of suitability. The downscaled model 
training statistics again were lower (Table 3.5), although the AUC still is greater than 0.9 for all, 
except U. gallii. Only V. myrtillus has a Kappa value of more than 0.7 (very good agreement), and 
two (Calluna vulgaris, and P. aquilinum) have poor agreement. In the case of the former, this could 
be because the model over-restricts the suitable area in southern and eastern England. U. gallii is the 
only species to show a loss of suitable climate space under the future climate scenarios (Figure 8.25), 
indicating its potential sensitivity, but as most of this loss is in areas where currently it does not occur, 
it cannot be considered threatened. None of the upland heath/montane species show much change 
under the climate change and land cover change scenarios. Again U. gallii is the most responsive, but 
the addition of land cover in the downscaled SPECIES model suppresses some of the climate response 
(Figure 8.26).  
 
The unavailability of species’ distributions at the 1-km resolution meant that the distributions had to 
be derived, mostly using the Phase 1 survey. The distribution of heathland was used as a surrogate for 
C. vulgaris, whilst V. myrtillus was assumed to be present in broad habitat classes 1, 6, 8, 10, and 12 
and U. gallii in classes 8 and 10. The distribution map for P. aquilinum was derived by combining the 
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bracken class for LCM2000 and Phase 1 survey, as there is poor agreement between the two. The C. 
bigelowii distribution was based on field survey data provided by Alex Turner (CCW). These 
different methods of constructing the 1-km distributions mean that there is a lack of consistency in 
deriving the observed distribution inputs for the dispersal model and their accuracy often depends on 
the degree of association between the species and the habitat classes and the extent to which the 
species occurs in each suitable habitat grid square. As was noted for upland oak woodland, this could 
lead to an underestimation of the distribution where the species occurs in other habitat classes and an 
overestimation where it does not fill its entire suitable habitat. Until a 1-km database becomes 
available in this area an accurate picture of the distributions for several of the species cannot be 
gained.  
 
The dispersal model shows that C. vulgaris has the potential to cover all of the National Park, apart 
from the coastal area to the north and south of Barmouth and V. myrtillus shows a similar response 
with the model outputs suggesting that it is absent from the western edge of the National Park based 
on suitability of land cover and that this does not become suitable under the future scenarios. The two 
recruitment species, U. gallii and P. aquilinum, and in particular the former, have potential to disperse 
under the future scenarios. In the case of U. gallii, all of Snowdonia, apart from the higher parts, 
represents suitable space under the future scenarios (Figure 8.27). However, there could be issues of 
competition with other species. The future potential distribution of P. aquilinum is restricted on the 
sandy soils of Morfa Harlech, the wetter ground in Migneint and the higher slopes of the mountains 
(Figure 8.28). These two species have the potential to move into new areas and thus their invasive 
capacity within the habitat needs to be considered. The montane species, C. bigelowii, is primarily 
found in the north of the park, but it does occur near Cader Idris, Rhinog Fawr, Aran Fawddwy and 
Moel Llyfnant. Dispersal modelling suggests that it has the potential to disperse from all these 
locations under the climate change scenarios to cover quite a large proportion of the higher ground in 
these areas (Figure 8.29). This result is surprising as currently C. bigelowii is confined to montane 
heath, but the downscaled SPECIES model suggests a wider suitability surface based on land cover 
classes. Dispersal does not seem to be a limiting factor for these species fulfilling their suitable space, 
with even U. gallii, with its patchy distribution, having the same potential. 
 
None of the species modelled for upland/montane heath are seen to lose suitable space in Snowdonia 
in the future and thus they do not reflect the identified bioclimate sensitivity (Chapter 2). It is possible 
this is a function of the downscaled SPECIES model being dominated by the land cover or that more 
sensitive species should have been chosen to represent this habitat. The modelling does, however, 
confirm the potential recruitment of U. gallii and P. aquilinum and the implications of this need 
further exploration, especially through their effect on the habitats. 
 
8.6.2 Implications for the species composition of upland heath 
 
The dispersal model outputs indicate that the two dominant upland heath species modelled will 
continue to encounter suitable space within areas that support upland heath at present (Table 8.5).  
The following section will briefly discuss possible direct impacts of climate change on these two 
species.  
 
In addition, the dispersal outputs indicate that two new species, Pteridium aquilinum and Ulex gallii 
will also find suitable climate space in these areas (Table 8.5).  P. aquilinum is already a major 
conservation problem in grassland and heaths at lower altitudes within the Snowdonia National Park. 
Therefore it is important to determine the possible impacts of P. aquilinum colonisation on 
community composition within these areas. Similarly, U. gallii colonisation may also have impacts on 
community composition. The severity and possible outcomes, of these impacts will be assessed using 
the conceptual Arriver model (see Chapter 4). Unfortunately climate change is not the only pressure 
on upland heaths within the Snowdonia National Park, and other stresses may interact with climate 
change and alter the outcomes predicted.  Of particular importance are nitrogen deposition, grazing 
management, and burning.   
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Figure 8.24: Model outputs for Quercus petraea: (a) climate suitability surface from the European-
trained network, (b) observed 10km distribution, (c) climate and land cover suitability surface from 
the downscaled model, and (d) presence/absence surface from the downscaled model. 
 
(a) (b) 

(c) (d)  
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Figure 8.25: Presence/absence suitability surfaces for Ulex gallii from the European-trained 
SPECIES model, under the UKCIP02 scenarios. 
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Figure 8.26: Model outputs for Ulex gallii: (a) climate suitability surface from the European-trained 
network, (b) observed 10km distribution, (c) presence/absence surface for baseline climate from the 
downscaled model, and (d) presence/absence surface for the 2050s High scenario from the 
downscaled model. 
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Figure 8.27: Ulex gallii dispersal model outputs. 
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Figure 8.28: Pteridium aquilinum dispersal model outputs. 
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Figure 8.29: Carex bigelowii dispersal model outputs. 
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 Table 8.5: Summary of the dispersal model results. 
Species Category Predicted space change 
Calluna vulgaris heather Dominant  No change 
Vaccinium myrtillus bilberry Dominant  No change 
Ulex gallii western gorse Recruitment  Increase 
Pteridium aquilinum bracken Recruitment  Increase 
 
 
8.6.2.1 Climate change and the current community 
 
The main impacts of elevated carbon dioxide levels, warming and drought recorded in experiments 
for C. vulgaris, and to a lesser extent for V. myrtillus, are displayed in Box 8.B.  Although the most 
impressive responses are reported for C. vulgaris plants grown under elevated carbon dioxide 
concentrations, it should be noted that greater biomass was not accompanied by an increase in nutrient 
uptake, and therefore these plants generally had lower nutrient concentrations in the leaves (Woodin 
et al., 1992). Upland heath plants are usually nutrient limited, and therefore this increased growth may 
not be sustainable (although warming may increase nutrient availability in the future).  
 
The most pronounced effect of climate change on the case study area by the 2050’s is expected to be 
an increase in temperature. This warming will accelerate rates of nutrient cycling and thus have large 
impacts on upland heathland plant communities, through changes in nutrient availability, as 
mentioned above. Also temperature seems to be one of the most important environmental factors 
affecting insect herbivores (Bale et al., 2002). 
 
All experiments to date, have suggested that C. vulgaris growth is unresponsive to warming (Box 8.B) 
but this may be a reflection of the short time period over which experiments were run, although earlier 
shoot growth has been recorded (Gordon et al., 1999a). Earlier bud break has also been reported in the 
year following on from a drought (Gordon et al., 1999b) (Box 10.2). Although the resultant extended 
growing season may enhance plant growth, it may also be highly detrimental in years, in which late 
spring frosts occur, as much new growth may be damaged and as too early dehardening may be 
induced by mild temperatures (Ogren, 1996).  Accelerated dehardening leading to a greater likelihood 
of frost damage has also been demonstrated in V. myrtillus (Taulavouri, 1997).  Furthermore it has 
been hypothesised that warmer temperatures may interact with increased tissue water concentrations, 
(due to the slightly higher levels of winter precipitation predicted for Snowdonia) and may exacerbate 
the amounts of frost damage suffered by plants such as V. myrtillus (Ogren, 1996).  Such frost damage 
will influence the ability of plants like C. vulgaris and V. myrtillus to compete with other potentially 
less susceptible species within the same community. 
 
The effects of drought will be dependent on the soil drainage characteristics of the heath in question 
and it is possible that at least in some upland heath sites drought may be a relatively unimportant 
factor, unless it occurs over prolonged periods.  On a C. vulgaris dominated heath at Clocaenog in 
North Wales, it was only after 60 days of experimentally imposed drought that the soil water content 
was significantly reduced.  Furthermore, after the cessation of the drought treatments it took only four 
days for soil water levels to return to normal (Jensen et al., 2003).  
 
8.6.2.2 Pteridium aquilinum  
 
Pteridium aquilinum is a herbaceous rhizamatous perennial fern and represents a functional group that 
is not currently present within upland heath communities. On this basis alone, the Arriver conceptual 
model predicts (Figure 8.30) that this species is likely to have a large impact on species composition 
of the community. In addition, the interaction web produced for this species suggests that P. 
aquilinum supports interactions to many species that will not currently be present within the 
community, as they are not associated with the plant species growing here (Figure 8.31). This again, 
suggests that P. aquilinum has the potential to have a large impact on the ecosystem. 
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Box 8.B: The reported impacts of elevated carbon dioxide concentrations, warming and drought on 
the two modelled dominant plant species. 

 
• a A warmer climate will allow P. aquilinum to continue to spread at the expense of C. vulgaris, with 

drier summers reducing the rate of encroachment (Werkman and Callaghan, 2002). 
 
• r A study looking at water use of P. aquilinum and C. vulgaris concluded that under droughted 

conditions C. vulgaris outcompeted P. aquilinum (Gordon et al., 1999b) 
 
• r Whitehead et al., (1997) found that elevated carbon dioxide produced a larger response in C. vulgaris 

than in P. aquilinum, again suggesting that C. vulgaris may become more competitive relative to P. 
aquilinum in the future. 

 
• ? The timing and nature of extreme events is critical in determining the competitive balance between C. 

vulgaris and P. aquilinum (Gordon et al., 1999a)  

 
However P. aquilinum may also be able to achieve dominance (as opposed to sub-dominance) in the 
future and whether this occurs will be dependent on biotic interactions, such as competition with the 
existing community, on the upland heath sites. These interactions will be modified by climate change, 
other abiotic factors, as well as by site management. Luckily attempts to study the effects of climate 
change on the competitive interaction, between a dominant upland heath species, C. vulgaris and P. 
aquilinum have been made, and these can help us to predict future changes to upland heath in the 
study area (Box 8.C). 
 
Box 8.C: Will P. aquilinum out-compete C. vulgaris under climate change? 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

1, Beerling, (1999); 2, Whitehead et al., (1997); 3, Woodin et al., (1992); 4, Ogren, (1996); 5, Werkman and Callaghan, 
(2002); 6, Gordon et al., (1999a); 7, Llorens et al., (2002); 8, Bannister, (1971); 9, Gordon et al., (1999b). 

Vaccinium myrtillus 
 
• No increase in photosynthetic rates (in 

boreal forest in Norway). 
• Increased water use efficiency. 
 
 
 
 
• Accelerated dehardening. 
 
 
 
 
 
 
 
 
• Physiological stress. 
• More resistant to water deficits than C. 

vulgaris but sustains greater damage 
through drought. 

 

Calluna vulgaris 
 
• Increased photosynthetic rates. 
• Increased shoot biomass and extension 

of shoots (and sometimes shoot 
production). 

• Unchanged shoot:root ratio 
• Earlier and greater amounts of 

flowering. 
 
• No impact on density, shoot vigour, 

current year’s growth, total stem dry 
weight, water use efficiency or 
photosynthetic rates. 

• Increase in foliage production and shoot 
length. 

• Increase in number of flowers. 
• Earlier shoot growth and flowering. 
 
• Increased water use efficiency (linked to 

decreased shoot growth). 
• Increased shoot density (over longer 

term). 
• Earlier bud-break. 
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Temperature 
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Werkman and Callaghan (2002) found that the positive effects of warming on the thickness and length 
of 1-year and 2-year old C. vulgaris shoots, the biomass of 2-year old shoots, shoot vigour, the 
proportion of flowering 1-year old shoots and the abundance of flowers on them, were reversed when 
C. vulgaris was in competition with P. aquilinum.  This effect was attributed to increased shading by 
P. aquilinum, which also performed better under increased temperatures at the Upper Teesdale field-
site (Werkman and Callaghan, 2002).  On the basis of these experiments the authors concluded that a 
warmer climate would allow P. aquilinum to continue to spread at the expense of C. vulgaris, but with 
drier summers reducing the rate of encroachment. 
 
Figure 8.30: The predicted pathway of Pteridium aquilinum through the Arriver model. 

   



 MONARCH 2 Report – Chapter 8 
___________________________________________________________________________ 
 

224 

Figure 8.31:  An interaction web showing the main interactions for P. aquilinum. Red lines show 
predator-prey interactions, blue lines competitive interactions, brown lines host-parasite interactions, 
and black lines all other interactions. 
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In contrast, a study looking at water use of P. aquilinum and C. vulgaris concluded that drought 
would have a far larger impact on their competitive balance than increasing temperatures.  C. vulgaris 
roots could invade P. aquilinum dominated areas depleting water from its rooting zone, but P. 
aquilinum roots were unable to compete for water in C. vulgaris dominated areas, suggesting that 
under these conditions C. vulgaris outcompeted P. aquilinum (Gordon et al., 1999b).   
 
Whitehead et al., (1997) found that elevated carbon dioxide produced a larger response in C. vulgaris 
than in P. aquilinum, again suggesting that C. vulgaris may become more competitive relative to P. 
aquilinum in the future. 
 
Furthermore, a fourth study reached the conclusion that interactions between environmental change 
variables and extreme events such as droughts and frosts are crucially important in determining the 
competitive balance between C. vulgaris and P. aquilinum.  The timing of extreme events, in relation 
to the growing season was also found to exert a major influence.  For example, although P. aquilinum 
tends to be more disadvantaged by drought than C. vulgaris, a drought before the croziers have 
emerged fully is much more detrimental to P. aquilinum than one later in the growing season (Gordon 
et al., 1999a).  
 
Currently, P. aquilinum is abundant up to an altitude of 300m but may reach altitudes of 600m. Its 
altitudinal range is limited by its susceptibility to spring frosts and strong winds, rather than by 
temperature. Spring frosts kill or severely damage fronds, whereas autumn frosts may kill fronds 
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which emerge later in the year and shorten the growing season (Watt, 1976).  If fronds emerge earlier 
in the future, due to increases in temperature, this would make them more susceptible to frost. 
Replacement of fronds damaged or killed by frosts can only take place through the initiation of new or 
actively dormant buds on the rhizome and it is energetically costly (Gordon et al., 1999a). Increased 
temperatures may lengthen the other end of the growing season, and this also may make P. aquilinum 
more susceptible to frost, as it decreases the autumn hardening of P. aquilinum (Gordon et al., 1999a). 
 
Wind speed is not predicted to change in the case study area and therefore exposure may still limit the 
distribution and vigour of P. aquilinum. Strong winds can cause damage to fronds, which tend to be 
short and sparsely distributed (Watt, 1976), and replacement costs in these under-nourished plants are 
disproportionately high, making them less competitive in such environments. 
 
The effect of extreme events and their timing on competition between P. aquilinum and C. vulgaris 
makes is difficult, if not impossible, to predict the outcome.  It is likely that additional factors, such as 
nitrogen deposition, the growth phase of heather, the amount of exposure, grazing pressure, soil 
moisture content and many other biotic variables may also play an important role.  However P. 
aquilinum may invade and become a dominant species at the expense of other upland heath vegetation 
(C. vulgaris and V. myrtillus) in at least some of the upland heath communities. 
 
Therefore on the basis of the above discussion, the Arriver conceptual model predicts that P. 
aquilinum has the potential to have a large impact on the Snowdonia landscape, through its 
colonisation and dominance of large areas of heathland, as well as more subtle changes in other areas 
on community composition, which may result in the creation of a new community (Figure 8.30).  
 
Communities in which P. aquilinum is already a dominant species generally have a very impoverished 
ground flora, through the effects of the dense shading by fronds, the dense litter layer and the 
allelopathic chemicals that the fern produces.  The problem of shading may be further exacerbated by 
the predicted lengthening of the growing season due to elevated temperature (Werkman et al., 1996), 
potentially making it harder for understory plants to survive, unless they are also able to capitalise on 
the increased temperature predicted for Snowdonia and commence growth sufficiently early in the 
year.  C. vulgaris is unable to tolerate the shading by P. aquilinum fronds and will therefore be lost 
from communities in which P. aquilinum is a dominant component.  Other species such as V. 
myrtillus, Erica spp., and U. gallii, may be able to persist under the P. aquilinum canopy, but with 
much reduced plant size and abundance. 
 
Although P. aquilinum has a fairly sizeable herbivore community associated with it, it is very 
different from that observed for either the C. vulgaris or V. myrtillus that it is replacing.  Furthermore, 
there is evidence that this herbivore community is less productive than the one associated with C. 
vulgaris (Pakeman and Marrs, 1993).  Invasion by P. aquilinum will also change the vegetation 
structure, creating a two canopy levels, the top level being made up of P. aquilinum fronds and the 
lower one consisting of the ground flora, and this will affect invertebrate composition and abundance.  
 
In addition, through the exclusion of other plant species by the dense bracken canopy, there is a 
reduced diversity of food plants for other invertebrate herbivores to utilise in comparison with upland 
heath today, and this will have knock on effects on the invertebrate predator populations as well as on 
insectivorous vertebrate species.  For example, there is a reduction in abundance of an insectivorous 
bird species, wheatear (Oenanthe oenanthe), in areas with dense P. aquilinum stands.  Such effects 
will also feed further up the food chain and affect top predators. 
 
P. aquilinum also has strong influences on the microclimate, especially in terms of humidity and 
temperature, which may again have strong effects on the co-occurring plant and animal communities.  
In addition P. aquilinum may play an important role in providing animals with cover and nesting sites, 
within the mountain environment, which is generally lacking in tall vegetation.  This role of P. 
aquilinum is probably more pronounced when it occurs in patches as a mosaic with other shorter 
heathland vegetation types.  It can provide cover for warblers (Oenanthe spp.), tree pipit (Anthus 
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trivialis), nightjar (Caprimulgus europaeus) (a Snowdonia Biodiversity Action Plan species), and 
raptors, as well as nesting sites for willow warbler (Phylloscopus trochilus), whinchat (Saxicola 
rubetra) and ring ouzel (Turdus torquatus).  However, golden plover (Pluvialis apricaria), curlew 
(Numenius arquata), red grouse (Lagopus lagopus) and short-eared owl (Asio flammeus) avoid P. 
aquilinum as nesting sites.  P. aquilinum also provides cover for many mammals, including foxes, 
rabbits, badgers, fallow deer and roe deer (Pakeman and Marrs, 1993). 
 
8.6.2.3 Ulex gallii  
 
In contrast to P. aquilinum, relatively little information is available on U. gallii, and this makes the 
task of assessing it’s potential impact on the habitat much more difficult and the predicted outcomes 
of the Arriver model more uncertain. 
 
U. gallii is presently found growing in Britain in a range of moisture conditions, on a range of soil 
types and is frost tolerant, although severe frosts may cause shoot damage (Stokes et al., 2003). It 
therefore, seems that with climate change conditions within upland heath areas will become 
increasingly suitable for U. gallii. However this species may be dispersal limited, with seed dispersal 
occurring by explosive dehiscence of the pods, with the result that the vast majority of seeds fall 
within close proximity of the adult plant (Stokes et al., 2003).  
 
Information displayed in the interaction web (Figure 8.32) indicates that the number of species 
associated with U. gallii, is relatively small. Therefore, this species appears to support only a very 
limited number of interactions within the lowland heath community in which it is currently present 
within the Snowdonia National Park, and this will also hold true if it colonises the upland heath 
communities. On this basis, it cannot be thought of as a dominant species.  
 
However, this species can be considered to be of a functional group, not represented within the 
present-day upland heath community, as it is a leguminous fast growing woody shrub. As the 
interaction web suggests (Figure 8.32), U. gallii is a nitrogen fixer, and on this basis the Arriver 
model predicts that it will have a significant impact on upland heath community composition if it 
colonises (Figure 8.33). 
 
However, whether U. gallii actually achieves sub-dominance within this community will probably 
depend largely on whether or not there is a high abundance of P. aquilinum within the community, as 
well as on other environmental and management factors. 
 
8.6.3 Implications for the species composition of montane heath 
 
The discussion in this section is focussed on the montane areas, especially the Carex bigelowii – 
Racomitrium lanuginosum moss heath and the Nardus stricta- Carex bigelowii grass heath, which are 
of particular conservation concern.  The dispersal model predicts that space will continue to exist 
within the montane areas, for the species that are currently dominant, and that space may become 
suitable for Ulex gallii (Table 8.6), in some areas and this may impact on community composition 
along with changes in the abundance of species already present within the montane communities. 
 
Table 8.6:  A summary of the predictions of the dispersal model. 

Species Category Predicted space change 
Carex bigelowii stiff sedge Dominant  Increase 
Vaccinium myrtillus bilberry Dominant  No change 
Calluna vulgaris heather Sub-dominant   Slight increase 
Ulex gallii western gorse Recruitment  Increase 
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Figure 8.32:  The interaction web for U. gallii, showing the main interactions. Pink boxes indicate 
species that also interact with other Ulex species; blue boxes represent species which interact more 
widely; grey boxes indicate that the species is not currently present on upland heath in the test study 
area and white boxes indicate species for which this information is not known. Red lines show 
predator-prey interactions, blue lines competitive interactions, brown lines host-parasite interactions, 
and black lines all other interactions. 
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Unfortunately most of the research into the impacts of climate change on montane species has been 
carried out in the Arctic, and is therefore of little relevance when considering communities at or near 
the southern limit of their distribution within Britain and Ireland.  Within the case study area, the 
montane areas on mountain summit plateaux and ridges constitute one of the harshest and most 
extreme terrestrial environments present in Britain and Ireland (Bardgett and Leemans, 1996). 
Organisms existing in these areas have to withstand exposure to wind, extremes of temperature, 
periods of mist, periods of high insolation, frosts and snow (Evans, 1932). Although increases in 
temperature are expected within the montane parts of the area under climate change, Box 8.D 
indicates that many of the factors listed above are unlikely to be ameliorated, and this will have an 
important impact on future community composition and structure. 
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Figure 8.33: The predicted pathway for Ulex gallii through the Arriver model. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Box 8.D: A summary of the predicted changes in climate for the Snowdonia area (Hulme et al., 
2002). 
 Temperature Increase 
 
 Summer rainfall Decrease 
 

Winter rainfall Increase  
 Wind speed No change 
 

Amount of precipitation falling as snow Decreased by 30-40% (low scenario) and 40-50% (high scenario)  
by the 2050s  

 Length of snow lie Decrease 
 
8.6.3.1 Climate change and the current community 
 
Increases in temperature are known to lead to increases in nitrogen mineralization rates and plant 
productivity (Rustad et al., 2001). Furthermore warming may lengthen the growing season for many 
montane species including V. myrtillus, which is currently limited in the Nardus-Carex grass heath by 
the short growing season (Rodwell et al., 1992). Higher temperatures will allow earlier growth of 
shoots and leaves of this deciduous shrub, although this may also be accompanied by earlier de-
hardening (Taulavuori et al., 1997), which may make it highly susceptible to late frosts that are likely 
to become more common in the montane environment. 

 



MONARCH 2 Report – Chapter 8 
___________________________________________________________________________ 

229

 
As Box 8.D indicates, climate change will affect the proportion of precipitation that will fall as snow, 
and the length of snowlie (warmer temperatures will lead to more rapid melting of any snow that does 
fall). Snow cover leads to a redistribution of water availability and protects plants from extreme 
winter temperatures, fluctuations in temperature as well as winter drought, but can curtail the growing 
season. Currently, it is thought that V. myrtillus can successfully out-compete mat grass (Nardus 
stricta) under conditions of reduced snowlie, especially if drainage is also improved (Rodwell et al., 
1992), suggesting that a switch in dominance may occur in some areas under climate change. This 
may have substantial effects on community composition, as the two species belong to different 
functional groups. However, although the stems of V. myrtillus are fairly resistant to desiccation, 
warming related accelerated bud-burst together with decreased snow cover will make this species 
more vulnerable to desiccation. 
 
In contrast to V. myrtillus, a study by Bannister (1971) on water relations indicated that C. vulgaris is 
better able to recover from water deficits and may therefore be more successful under future 
conditions. Currently, C. vulgaris is commonly found in montane areas that closely mirror possible 
future conditions (areas with little snow cover and moderate exposure). However, in order for C. 
vulgaris to increase in abundance and thereby affect community composition, it needs to compete 
successfully with other species within the community. 
 
Competition between C. vulgaris and grasses, especially N. stricta (a dominant in the montane 
community) has been investigated using pot experiments, and results indicate that C. vulgaris is the 
superior competitor, especially where organic matter is concentrated at the top of the soil horizon 
(Genney et al., 2002). However, the fact that C. vulgaris does concentrate its roots in the surface 
horizons of the soil make it more susceptible to drought. Summer drought can cause both increased 
frost damage to plants in the following year and a decrease in canopy height  (Gordon et al., 1999). 
Furthermore, although C. vulgaris is present in montane communities, frosts and strong winds, 
followed by warm sunshine in spring can lead to severe dieback of plants (Gimingham, 1960). This 
makes it questionable whether C. vulgaris would in reality be able to survive at high frequency, and 
compete successfully with grasses, such as N. stricta, especially as at these high altitudes C. vulgaris 
plants tend to be stunted and therefore less effective at shading out the grasses. 
 
8.6.3.2 U. gallii colonisation 
 
It is also likely that the harsh conditions, which are expected to continue to be a feature of the high 
mountain tops within the case study area, together with the poor seed dispersal mechanism, of U. 
gallii, will prevent it from becoming a prominent feature of the montane community. As has been 
discussed in the upland heath section, U. gallii is a nitrogen fixer and supports novel interactions and 
furthermore its colonisation would add a new functional group to the Carex bigelowii- Racomitrium 
lanuginosum moss heath and the Nardus stricta- Carex bigelowii grass heath communities. Its 
colonisation would thus be predicted to impact significantly on the functioning of montane heath.  
 
8.6.4 Conclusions for montane/upland heath 
 
• The European SPECIES model performed well, although the modelled results for species with 

lower prevalence, C. bigelowii and U. gallii, have lower agreement statistics. 
• The downscaled SPECIES model led to improvement in the match between observed national 

species’ distributions and simulated model outputs, although the level of agreement between the 
two is lower as land cover can lead to the over-restriction of suitable area. 

• The lack of observed 1-km distribution data led to a mix of methods being used to derive such 
distributions and the effect of this on dispersal model outputs is unknown. 

• All the species showed a high potential to disperse into the simulated suitable areas and in the 
case of the recruitment species the issue of invasion needs considering. 

• No dominant species in upland and montane heaths will loose suitable climate space. 
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• The Arriver model suggests that colonisation by P. aquilinum and/or U. gallii will have far-
reaching effects on community composition and structure. 

• The limited information available on U. gallii restricts the ability to assess the potential impacts 
upon community composition and species interaction using the Arriver model. 

• The order of colonisation will influence the exact nature of any changes to community 
composition. If P. aquilinum is first to colonise upland heath areas, then it is possible that strong 
competition from this species will prevent colonisation by U. gallii. 

• Management factors and nitrogen deposition may exacerbate the problems experienced with P. 
aquilinum. 

 
8.7 Discussion and conclusions 
 
8.7.1 Bioclimatic classification 
 
This case study area was demonstrated to be sensitive to climate change based on the bioclimatic 
classification using the UKCIP98 dataset.  The recalibration of this Baseline98 classification to the 
UKCIP02 data has shown that there is some difference in the prediction of the baseline climate 
conditions in this area.  As with the Central Highlands (Chapter 7), in the Baseline02 classification 
some (eight squares out of 115) squares lie beyond the range of the Baseline98 classification.  Given 
the improved resolution and data used within the UKCIP02 dataset, these misclassified squares imply 
that the Baseline98 classification is not necessarily an accurate reflection at this higher spatial 
resolution of the bioclimate for some parts of Snowdonia. 
 
The most climatically sensitive parts of the study area are in the north and east of Snowdonia.  They 
show the greatest squared Mahalanobis distance from the Baseline98 classification.  These areas 
should be key locations for monitoring environmental change whether climatic variables or impacts 
on species, habitats or ecosystems.  These sites, Carnedd range and Arenig Fawr, had the greatest 
concentration of conservation sites and were the most climatically sensitive.  Hence, the ECN site on 
Snowdon can be regarded to be in a prime location for monitoring environmental change, being 
within both a climatically sensitive area and a conservation site of high importance. 
 
8.7.2 Upland oak woodland 
 
These results support those of MONARCH 1 (Berry et al., 2001; Berry et al., 2003) suggesting that 
the dominant trees are not vulnerable to climate change within the time frame of the study (up to 
2050s), but that some of the herb species, such as H. non-scripta, may start to decline in abundance in 
Snowdonia, especially if climate change is combined with other environmental pressures.  It is the 
interaction between climate change and other pressures (combination punches on ecosystems, after 
Masters and Midgley, 2004), such as land management, air pollution, nitrogen deposition that could 
be key in driving species and habitat responses.  Adaptive woodland management may also be an 
important factor in either speeding up or reducing the predicted impact of climate change.   
 
Although dramatic changes in dispersal and climate space are not predicted for the tree species, what 
is certain is that climate change will affect the growth and phenology of the dominant tree species, Q. 
petraea, and this will have consequences for the remainder of the upland oak woodland community.  
Such subtle changes in a species “performance” within a community can easily go unnoticed without 
detailed (and expensive) monitoring, however, the consequences can be extreme (for a grassland 
example see Grime et al., 2000).  Over time, subtle changes that accumulate gradually can cause an 
imbalance within the community.  After a critical time, when sufficient accumulation has occurred, 
the community can undergo a collapse, often leading to a change in ecosystem state (Scheffer et al., 
2001; Scheffer and Carpenter, 2003).  Such a change can occur quickly and is often irreversible. 
Additionally, the outcome of a change in states is difficult if not impossible to predict.  These subtle, 
often unobserved, changes may be mediated through changes to food availability and quality for 
herbivorous insects, which may also affect higher trophic levels or through changes to the ground 
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flora, for example H. non-scripta, as a consequence of alterations in light intensity, humidity and litter 
production. 
 
8.7.3 Montane/upland heath 
 
Of the two species likely to recruit into this habitat, the expansion in suitable climate space for P. 
aquilinum, within areas of current upland heath communities will be of concern for conservation.  
Climate change, nitrogen deposition, grazing and burning may all favour P. aquilinum over the 
characteristic heathland species, leading to a large alteration in the habitat reflected through a change 
in the structure, diversity and composition of the entire community.  However, to drive these changes 
P. aquilinum needs to recruit and become at least a sub-dominant within the community and this is 
dependent upon biotic interactions such as competition.  The strength and direction of such 
interactions will also be modified by climate change (c.f. the subtle changes described for the oak 
woodland previously) and by management or other abiotic factors.  A key factor here will be how 
climate and other factors affect the performance, and hence competitive ability, of C. vulgaris, 
potentially the main competitor for P. aquilinum. In areas in which P. aquilinum is limited by frosts or 
exposure, upland heath communities may survive, especially if grazing pressure is reduced.  However, 
the effects of climate change together with grazing and continued nitrogen deposition will encourage 
the continued conversion of montane heaths to acid grasslands.   
 
In contrast to P. aquilinum, the potential for and impact of colonisation of heathland communities by 
U. gallii is less clear, as knowledge on this species is lacking in the literature.  However, it is likely 
that the impact will be less dramatic, especially as nitrogen deposition is already having an impact on 
this nutrient limited community over and above any impact that the nitrogen fixation capability of U. 
gallii, may induce. Continuing extreme weather conditions seem to preclude the colonisation of U. 
gallii in montane habitat 
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