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ABSTRACT: Active blanket bogs are ombrotrophic peatland systems of the boreo-temperate
zones, although blanket peat tends to form only under the warmest and wettest of those conditions. In Europe, this is common only in Scotland and Ireland, coincident with the oceanic climate,
and constitutes a significant global component of this ecosystem. Associated with this Atlantic distribution, Ireland has 50% of the remaining blanket bogs of conservation importance within the
Atlantic Biogeographic Region of Europe. It is anticipated that future climate change will place
additional pressure on these systems. Active blanket bog distributions in Ireland were modelled
using 7 bioclimatic envelope modelling techniques implemented in the BIOMOD modelling
framework. The 1961 to 1990 baseline models achieved a very good agreement with the observed
distribution, and suggest a strong dependency on climate. The discrimination ability of the fitted
models was assessed using the area under the curve (range 0.915 to 0.976) of a receiver operating
characteristic plot. An ensemble prediction from all the models was computed in BIOMOD and
used to project changes based on outputs from a dynamically downscaled climate change scenario
for 2031 to 2060. The consistent predictions between the individual models for the baseline
change substantially for the climate change projections, with losses of ~−82% to gains of ~+15%
projected depending on the individual model type. However, small gains in climate space in the
Midlands, east and northeast of the country projected by the consensus model are unlikely to be
realised as it will not be possible for new habitat to form.
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Globally, blanket bogs are rare, accounting for
~3% of the total peatland area, and their distribution
is restricted to temperate maritime regions typified
by cool summers, mild winters and year-round rainfall (Kurbatova et al. 2009). Within the climate space
associated with temperate-boreal peatlands, blanket
peat tends to form under the warmest and wettest
conditions (Wieder & Vitt 2006), where precipitation
is around 3 times greater than potential evaporation
and there are no sustained dry periods. Globally,
these areas typically occur in mid to high latitudes on
the ocean fringes where precipitation is high and the

mean annual temperature range is low (Lindsay et al.
1988).
Organic matter accumulates in peat due to low decomposition rates as a result of waterlogging and
anoxia, rather than high plant productivity (Malmer
1992). Blanket peat vegetation is adapted to these
saturated conditions, and is highly sensitive to
changes in water availability (Bragg & Tallis 2001).
In these ombrotrophic systems, high water tables are
maintained by sustained precipitation and poor
drainage. The reliance on precipitation makes blanket peat sensitive to climate changes that affect the
net water balance (precipitation – potential evapotranspiration), as this alters the balance between
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decomposition and primary production (Heathwaite
1993).
Wetlands, which include blanket bogs, are important providers of ecosystem services (Maltby 2010),
and specialised peatland plant species, e.g. bog mosses (Sphagnum spp.), build and maintain peat. Peat
stores an unusually high density of carbon and, where
peat is forming, acts as a long-term carbon sink. More
important from a contemporary carbon cycle perspective is the amount of carbon that has accumulated in
peat over many millennia. Therefore, preserving existing peat stocks is an important climate mitigation
strategy, even if new peat were to stop forming.
In Europe, Atlantic blanket bogs are common only
in Scotland and Ireland, and constitute a significant
global component of this ecosystem (Sheehy Skeffington & O’Connell 1998). Between 13.8 and 17% of
Irish land area is peatland, containing an estimated
soil carbon stock of 53 to 62% of the national soil carbon stocks (Connolly et al. 2007, Eaton et al. 2008).
Ireland’s peatlands and wetlands are valued as a
highly distinctive semi-natural habitat, and many
have protective designations.
Irish blanket bogs are divided into 2 sub-categories
delineated by climate and terrain: (1) Lowland Atlantic Blanket Bog or Oceanic Blanket Bog is confined to elevations of <150 m (Schouten 1984) and
areas with more than 250 rain d yr−1 (Hammond
1984). (2) Mountain or Upland Blanket Bog occurs in
areas above 300 m where annual precipitation exceeds 1250 mm yr−1 (Schouten 1984).
Analysis of grid-based climate data and Irish peatland distribution identified an east−west gradient
primarily related to precipitation, and a north−south
gradient related to temperature (Jones et al. 2006).
Only ~28% of blanket bogs in the Republic of Ireland
remain in a relatively intact condition (Malone &
O’Connell 2009) due to peat extraction, drainage and
forest plantation, despite their high conservation
value. In comparison, ~14% of intact blanket bog
areas remain in Northern Ireland (Malone & O’Connell 2009), although a small area of lowland raised
bog area is incorporated in this calculation. Active
Blanket Bog is listed as an Annex 1 priority habitat in
the EU Habitats Directive (NPWS 2008), and Ireland
has 50% of the remaining blanket bogs of conservation importance within the Atlantic Biogeographic
Region of Europe (Malone & O’Connell 2009). Therefore, to aid the formulation of conservation strategies,
a better understanding of these ecosystems is needed,
including an understanding of the impacts of climate
change. Most recently, and in view of the overall
status of Ireland’s EU listed habitats remaining ‘un-

favourable’ (NPWS 2008). It has been recognised that
peatland restoration is not only a priority, but that it
will have to take place over a longer timescale to
allow for the slow process of peat accumulation. The
global significance of Ireland’s peatland resource has
also recently been recognised, as has the need for all
related scientific information to be synthesised to
inform policy-makers (Renou-Wilson et al. 2011).
Given the close relationship between peat formation and climate, it is likely that future climate
change will place additional pressure on these systems (Clark et al. 2010). Climate change is expected
to result in a decrease in the summer water table in
peatlands through drier summers, as well as alteration of peat-water pH, while modification of the
nutrient cycle may lead to bogs becoming net emitters of carbon (Kurbatova et al. 2009). Most bog
bursts and peat slide events are triggered by high
magnitude rainfall events (Dykes et al. 2008), and UK
and Irish data indicate that roughly half of all slippage events at present occur in the late summer
months in relation to convective storm activity (Warburton et al. 2004). Therefore, more slippage events
could be expected with climate change in the summer months if prior hotter and dryer conditions cause
increased surface cracking (Sweeney et al. 2008).
Projected increases in winter rainfall may also lead
to increased peat erosion, with losses of particulate
(POC) and dissolved organic carbon (DOC) from peat
to surface waters (Clark et al. 2010, Yallop et al.
2010). The hydrological functioning of peat soils can
influence peak river flows and flooding (Bonn et al.
2009, Holden 2009) through their influence on water
retention, while some of the thermal changes projected with elevation for maritime regions (Coll et al.
2010) may also have implications for upland peat
soils. The interaction between pressures such as
over-grazing, draining, burning, conifer plantation
and climate change could further threaten the delivery of vital services from these ecosystems. Bog habitats in Ireland are considered vulnerable when the
effects of a changing climate are superimposed on
other drivers of change (Jones et al. 2006).
A variety of modelling approaches have been
developed and used to convert point information of
species distribution into predictive maps (e.g. Araújo
& Guisan 2006, Heikkinen et al. 2006). Bioclimatic
envelope models (BEMs), which can be considered
as a special case of niche-based or species distribution models (Guisan & Thuiller 2005, Heikkinen et al.
2006), are increasingly being used. BEMs correlate
current species distributions with climate variables,
and may then be used to project spatial shifts in spe-
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cies climatic envelopes according to selected climate
change scenarios (Thuiller 2003, Thuiller et al.
2004a,b). The use of BEMs for habitats is novel, and
only a limited number of studies have applied these
methods to landforms and habitats (e.g. Fronzek et
al. 2006, Parviainen & Luoto 2007, Clark et al. 2010).
However, developing useful and reliable applications of BEMs requires a considerable amount of
knowledge concerning the factors influencing the
accuracy of model predictions (Heikkinen et al.
2006). A fundamental issue for the application of
BEMs in the context of vulnerability analysis is that
they can only give information about exposure to climate stress, not sensitivity (House et al. 2010); therefore, they do not provide process information, or
information on feedbacks within ecosystems once the
climate becomes unsuitable.
The primary aim of this study was to model the
impacts of climate change for the active blanket bog
priority habitat in Ireland using climate and elevation
variables as predictors in a BEM framework. A secondary aim was to evaluate the applicability of models in the BIOMOD framework (Thuiller 2003,
Thuiller et al. 2009) to habitat data. Finally a consensus model based on the averaged spatial probabilities for the selected model categories was used to
project changes in future climate space.
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and Wildlife Service (NPWS) in a GIS format. The
maps are based on a combination of habitat and species distribution maps compiled from NPWS surveys
(NPWS 2008). These data were complemented by
data for Northern Ireland (NI) Annex I from the Joint
Nature Conservancy Council database (JNCC 2007)
(Fig. 1). Data of this resolution are appropriate for the
modelling undertaken in this study, where they have
been converted to binary presence (1) and absence
(0) maps on a regular 10 × 10 km grid. The combined
NPWS and JNCC data provided 491 cells where
active blanket bog is recorded as present, and 472
cells where it is recorded as absent.
A quality controlled set of the 1961−1990 climate
data was used to test and construct the habitat BEMs
for the baseline period. These 10 × 10 km resolution
data are derived from observed monthly climate data
for 560 precipitation stations and 70 temperature stations interpolated using a polynomial regression method with an inbuilt adjustment for elevation for the
1961−1990 baseline period (Sweeney & Fealy 2003).
Met Éireann (The Irish Meteorological Service)
supplied data from the HadCM3-Q16 general circulation model (GCM) dynamically downscaled to a
14 × 14 km grid resolution via the regional atmospheric model (RCA3) (McGrath & Lynch 2008). The

2. MATERIALS AND METHODS
2.1. Study area
The study area is the whole island of Ireland, that
covers ~84 421 km2 on the Atlantic margin of northwest Europe, between ~51° and 56° N. Elevations reach
up to 1038 m above sea level (a.s.l.) (Corrán Tuathail,
Co. Kerry). Much of the island is lowland, partly surrounded by mountains, with a characteristic temperate oceanic climate. Mean annual temperature (averaged over 1961 to 1990) is highest on the south-west
coast (10.4°C) and lowest inland (8.8°C). On average,
annual precipitation ranges from 750 to 1000 mm in
the drier eastern half of the country and > 3000 mm
yr−1 in parts of the western mountains (Rohan 1986).
Active blanket bog is extensive in the west, as well as
locally on mountains throughout the island.

2.2. Data
Distribution data for Annex I priority habitats and
species were provided by the Irish National Parks

Fig. 1. Current distribution of active blanket bog in Ireland
based on National Parks and Wildlife Service data (Ireland)
and Joint Nature Conservancy Council data (Northern Ireland). Squares: habitat presence (black) or absence (white)

106

Clim Res 59: 103–115, 2014

output used for the impacts modelling here is for an
A1B scenario from the above GCM and RCM combination. The A1B scenario projects a rise in annual
temperature of 1.3 to 1.8°C, a decrease in summer
precipitation by 5 to 10% and an increase in autumn
and winter precipitation by 5 to 10% by 2021−2050
relative to the 1961−1990 baseline (McGrath & Lynch
2008). The projected warming is greatest in the south
and east of the country, whereas there is no clear
regional trend for precipitation (McGrath et al. 2008).
The HadCM3-Q16 simulation of winter rainfall is in the
intermediate to low range among the ENSEMBLES
RCMs (Jacob et al. 2008).
RCA3-simulated climate data for 1961−1990 and
2031−2060 were converted to daily and monthly
mean values for temperature and precipitation, and
R-based routines (R Development Core Team 2011)
were used to re-interpolate these data to the 10 ×
10 km modelling grid. The climate change signal derived with respect to the RCA3 simulated 1961−1990
baseline for each 10 × 10 km grid cell was then applied to the observed data for the variables of interest.

2.3. Derivation of explanatory variables
Both the baseline climate data and the climate
change signal data were converted to monthly and
seasonal values for use in the BEMs. In addition to 8
climate variables, 4 variables for topography were
also included (see Table S1 in the Supplement at
www.int-res.com/articles/suppl/c059p103_supp.pdf).
The data range for the climate variables are provided
in Table S2 in the Supplement. These data reproduce
a previously identified east−west gradient primarily
related to precipitation, and a north−south gradient
related to temperature for Irish peatlands (Jones et
al. 2006). The range of candidate explanatory variables evaluated also overlap to some extent with
those reported elsewhere (e.g. Fronzek et al. 2006,
Marmion et al. 2009a, Engler et al. 2011).
Mean elevation for each 10 × 10 km grid cell
(ArcGIS 9.3) was derived from a digital elevation
model (GTOPO30) with a horizontal grid spacing of
30 arc s (~1 km), and the range was calculated as
highest minus lowest elevation in the focal cell. The
data were then referenced to the climatic datasets.

2.4. Bioclimatic envelope models
The BIOMOD modelling framework (Thuiller 2003,
Thuiller et al. 2009) implements 9 conventional and

new modelling methods, from which a selection of 7
were used in this study for the habitat modelling. The
techniques included a mixture of regression methods: generalised linear models (GLM) and generalised additive models (GAM); the machine-learning
methods: artificial neural network (ANN), random
forest (RF) and generalised boosting method (GBM);
together with 2 classification methods: classification
tree analysis (CTA) and flexible discriminant analysis
(FDA).
A further objective in the model building process
was to screen out collinearity in the covariates
selected for the baseline models; this recognises
that multiple regression-based approaches can be
hampered by multicollinearity among predictors
(Heikkinen et al. 2006). BIOMOD can usefully
specify non-linear terms for GLM in particular,
thereby opening up more candidate covariate possibilities. However, there is no screen for collinearity among predictors in BIOMOD per se. Therefore
a combination of correlation matrices and principal
components analysis (PCA) were used to screen
the available covariates beforehand, and any
collinear terms were excluded from the final
covariate selection used in the BIOMOD modelling.
There was also some a posteriori knowledge of
where collinearity in the selected covariates was
probable based on previous work (Coll et al. 2011,
2013).
For all 7 models, the variables used were annual
temperature range (ATR), mean winter precipitation
(MWP) and temperature (MWT), elevation range
(Range) and mean elevation (Mean). Once the variables are selected, the individual models in BIOMOD
use internal measurements, based on either stepwise
regression or classification error rates; the Akaike
information criterion (AIC) statistic is also evaluated
internally and the model with the lowest AIC is
chosen. BIOMOD also provides an assessment of
variable importance based on the extent to which
model predictions change when a given variable is
randomised (Thuiller et al. 2009).
We emphasise caution not to interpret too much in
relation to which variables were included or not, as in
any multivariate model-building process, producing
a single model can be dubious (MacNally 2000). This
is particularly true when the candidate explanatory
variables are numerous and the potential causal relationships between them and the response variable
are not well known a priori.
In order to measure changes in climatic suitability
for the habitat rather than interpreting model projections as estimates of the changes in observed habitat
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distributions, an ‘unlimited dispersal’ scenario was
adopted, whereby the habitat is assumed to be able
to track shifting suitable climate over the entire study
area. We recognize that this is unrealistic for habitat
modelling in particular, but the choice reflects a
desire to assess the potential change in the overall
climate space for the active blanket bog habitat in
Ireland.

2.5. Model predictive performance
Projections of the probability of occurrence for
each individual model were based on a threshold
maximizing the TSS, a commonly used threshold because it produces the most accurate predictions
(Allouche et al. 2006). Model accuracy was also assessed with the area under the curve (AUC) from
receiver operating characteristic plots (Fielding &
Bell 1997). Although AUC has been criticised recently (e.g. Lobo et al. 2008), it still provides an
informative measure of model discriminatory performance (Reineking & Schröder 2006).
Each individual model in BIOMOD assesses the
contribution of the predictor variables to the
model, and with a permutation procedure it is possible to extract a measure of the relative importance of each variable. Once the models are calibrated, a standard prediction is made, and then
one of the variables is randomised and a new prediction made. The correlation score between that
new prediction and the standard prediction is calculated and is considered to give an estimation of
the variable importance in the model (Thuiller et
al. 2009).
BIOMOD also allows the calculation of an ensemble prediction from all the models, reducing the
uncertainties arising from using only a single model.
It provides several methods to do this, such as probability mean and weighted mean. A PCA of the
median value was used and is calculated on the
probabilities given by the models. This ranks the
models according to their predictive performance,
and in the version of BIOMOD used here, the consensus model is the model whose projection is the
most correlated with the first axis of the PCA
(Thuiller et al. 2009). It is considered to be more reliable because it is less influenced by extreme values
(Thuiller et al. 2009), and a decay weighting of 1.6
was used. The decay gives the relative importance of
the weights; e.g. a decay of 1 is equivalent to a committee averaging whereby the same weights are
given to all the elements.
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3. RESULTS
3.1. Model performance and the importance of
variables
The predicted baseline distributions obtained for
all the BIOMOD active blanket bog models have
good TSS values (0.711 to 0.978), Kappa values
(0.711 to 0.978) and AUC range of values (0.915 to
0.976) (Table 1). This consistent performance between the models for the baseline is reflected in the
mean predicted probability for each model type,
which is not the case for the climate change projections, where there are substantial differences in the
mean probabilities (Fig. 2).
For the active blanket bog modelling, there is
again consistency between the BIOMOD models in
relation to the variable importance. Across the models, Range and MWP emerge as consistently important, although the relative importance of each varies
between the models according to the influence of the
other covariates in each individual model type
(Fig. 3).

3.2. Comparison of baseline and projected
climate change
A comparison of the mapped predictions for the
baseline period from the 7 BIOMOD models with the
observed distribution indicate that the pattern of the
spatial distribution of active blanket bog is well captured in all models, with incorrect predictions mainly
occurring in individual grid cells at the margins of
Table 1. Summary comparison of model evaluation statistics
with respect to the 7 BIOMOD modelling techniques used.
TSS: true skill statistic; Kappa: Cohen’s Kappa; AUC: area under the curve. GLM: generalized linear models; GAM: generalized additive models; ANN: artificial neural networks;
GBM: general boosting method; RF: random forests; CTA:
classification tree analysis; FDA: flexible discriminant analysis; CONSENSUS: BIOMOD consensus model weighted
values
Model category
GLM
GAM
ANN
GBM
RF
CTA
FDA
CONSENSUS

TSS

Kappa

AUC

0.768
0.757
0.711
0.765
0.755
0.753
0.742
0.978

0.767
0.757
0.711
0.764
0.754
0.753
0.743
0.978

0.942
0.941
0.930
0.944
0.942
0.915
0.936
0.976
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0.6

0.4

0.2

0
GLM - GLM - GAM - GAM - ANN - ANN - GBM - GBM BL
CC
BL
CC
BL
CC
BL
CC

RF BL

RF CC

CTA BL

CTA CC

FDA BL

FDA CC

Model category
Fig. 2. Summary comparison of the predictive performance of the 7 models implemented in BIOMOD illustrating the mean
probability distribution shifts associated with the climate change projections (CC; 2031−2060) compared to the baseline (BL;
1961−1990). Vertical bars: ± SE. See Table 1 for model acronyms
0.6
ATR
MWP
0.5

MWT
Range
Mean

Importance

0.4

0.3

0.2

0.1

0
ANN

CTA

GAM

GBM

GLM

FDA

RF

Model category
Fig. 3. Relative importance of the variables used to model the active blanket bog distribution. Variable importance was calculated as 1 minus the correlation between standard prediction and the prediction where the considered variable was randomised. ATR: annual temperature range, MWP/MWT: mean winter precipitation/temperature, Range: elevation range,
Mean: mean elevation. See Table 1 for model acronyms

the observed active blanket bog distribution (see
Figs. S1−7 in the Supplement at www.int-res.com/
articles/suppl/c059p103_supp.pdf).
By contrast, when the A1B scenario climate change
data is projected through the models, the results differ substantially between the different models. The
GLM and FDA models project the greatest potential
loss of climate space compared to the baseline
(Table 2, see Figs. S1 & S7 in the Supplement). The
GAM and ANN models project substantial potential
losses of climate space (Table 2, see Figs. S2 & S3 in
the Supplement); while the GBM model projects

moderate losses (Table 2, see Fig. S4 in the Supplement), and the RF and CTA models project some
potential gains in climate space relative to the baseline (Table 2, see Figs. S5 & S6 in the Supplement).
The BIOMOD ensemble projections indicate an
overall loss of suitable climate space for active blanket bog, although a number of areas do remain stable
or present gains (Fig. 4). The projected greatest loss
of climate space is in the south and west of the country; the most substantial losses are associated with
low-elevation cells on the coast, and in the west and
south-west away from the mountains. Overall, there-
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Table 2. Summary comparison of individual model baseline prediction calls and projected changes in climate space associated
with the A1B 2031−2060 climate scenario data applied for each 10 × 10 km grid square. MEAN: average of the 7 model categories
(grid cell counts rounded to nearest whole number). See Table 1 for acronyms
Model
category

GLM
GAM
ANN
GBM
RF
CTA
FDA
MEAN

Baseline
Predicted Predicted
presence absence
487
473
482
513
491
500
511
494

476
490
481
450
472
463
452
469

Climate change
Projected Projected
presence
absence
131
266
340
443
526
577
89
339

832
697
623
520
437
386
874
624

200

Loss

Projected
Stable

Gain

Change
from baseline
(%)

386
252
196
125
84
48
450
220

547
666
713
783
760
790
485
678

30
45
54
55
119
125
28
65

–73.1
–43.8
–29.5
–13.6
+ 7.1
+15.4
–82.6
–31.4

a

150
100

Grid cell count

50
0
350

b

300
250
200
150
100
50

Fig. 4. Mapped BIOMOD consensus model output for the active blanket bog habitat based on a principal components
analysis (PCA) of the median probability values and the true
skill statistic (TSS) threshold. Red squares: projected losses of
climate space for the A1B 2031−2060 scenario relative to the
baseline; blue squares: stable climate space grids; green
squares: potential climate space gains relative to the baseline

Fig. 5. BIOMOD consensus model projected absent, gain,
loss and stable summary count matched to the (a) mean elevation and (b) elevation range of the 10 × 10 km grid cells.
Vertical bars: ± SE

fore, the models project most losses of suitable climate space for low-lying southern and western cells
in particular, whereas they indicate some preservation of suitable climate space for upland areas in
these regions. The projected expansions of climate
space are primarily in the Midlands, the east and the

north-east. The role of elevation as an important control on the distribution of future climate space within
the models is emphasised in Fig. 5, where the highest
counts of stable 10 × 10 km cells are associated with
higher mean elevations (Fig. 5a) and a greater elevation range (Fig. 5b).

0
Absent

Gain

Loss

Stable
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4. DISCUSSION
4.1. Consensus modelling
Discrimination and calibration are two different
but complementary measures of model performance,
so it has been suggested that both should be used in
combination (Harrell 2001). The different discrimination measurements are subject to debate (e.g. Fielding & Bell 1997, Guisan & Thuiller 2005), and there is
no generally accepted measure of performance for
binary models (Pearce & Ferrier 2000).
Although not directed at this specific issue, the use
of consensus methods are becoming increasingly
popular on the basis that they decrease the predictive uncertainty of single-models by combining their
predictions (Marmion et al. 2009b, Grenouillet et al.
2011). Also, due to the variation in the performance
of different model types, averaging the results of
individual models may increase the overall accuracy
of predictions (Araújo & New 2007). Model averaging can be performed by weighting the individual
model projections by their AUC or True Skill Statistic
scores and averaging the result, a method shown to
be particularly robust if a number of model families
are to be evaluated (Marmion et al. 2009b). In this
context, the ensemble prediction provided by BIOMOD is particularly useful in reducing the uncertainties associated with any given single model.

4.2. Modelling current distribution
Climatic variables used to determine blanket peat
bioclimatic space include temperature, growing degree days, precipitation and water balance (precipitation minus potential evaporation) (Clark et al. 2010).
Precipitation has been shown to be more important
than temperature in explaining blanket bog distribution in Fennoscandia (Parviainen & Luoto 2007). In the
UK, number of days with rainfall was considered to be
more important than total precipitation in explaining
blanket peat distribution (Clark et al. 2010). This is
most likely because the number of rain days has been
linked with Sphagnum moss growth and primary production (Backéus 1988). Maximum temperature is
thought to be the main factor limiting the distribution
of upland montane plant species in Britain (Rodwell et
al. 1992), although in the absence of maximum temperature data, mean temperature has been used to
explain blanket peat distribution (Hossell et al. 2000).
Overall the presented climate-based models for the
distribution of active blanket bogs successfully repli-

cated the observed distribution across Ireland. The
models are therefore useful predictors. In general,
climate is the primary controlling environmental factor in the distribution of active blanket bogs at the
geographical scale modelled here; although elevation range through its influence on both temperature
and precipitation is also an important variable in the
models.
MWP and Range emerge as the key variables in all
the categories of the model, although their relative
importance in relation to the other covariates specified varies between the models. The influence of
using elevation range in the models supports results
showing that the inclusion of topographical variables
improves the predictive accuracy of models for this
habitat (Coll et al. 2011), which is also the case for
European butterfly species (Luoto & Heikkinen
2008). Climatic and topographical gradients are
known to operate at different spatial scales, with the
latter nested in the former (Bruun et al. 2006), so the
inclusion of elevation data in this study provides a
more local component for all the models. Furthermore, elevation range has been commonly used as a
surrogate for environmental and climatic heterogeneity within grid cells in species richness modelling studies, as topographical heterogeneity compresses biotic communities into more constricted
vertical spaces (e.g. Coblentz & Riitters 2004) and
effectively mingles habitat types and species that are
otherwise often widely spatially separated.
Precipitation and elevation (through its influence on
temperature) are known to be key controls on present
habitat distribution, and their importance as covariates
in the models here reflect earlier findings in relation
to active blanket bog habitat distribution (Jones et al.
2006). Hence, the future changes in climate space
projected for the habitats and their associated communities and species in response to changes in precipitation and winter temperature make sense both
biogeographically and topographically at the finer
scale of analysis presented here for Ireland. This has
major implications for the type of blanket bog most
vulnerable to a loss of climate space, since the areas
coincident with the greatest loss of suitable climate
space are associated with the lowland blanket bog
distribution along the western Atlantic seaboard.

4.3. Modelling the effect of climate change on
bog distribution
A reduction in the climate space associated with
blanket peat in the current study is consistent with
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projections using a GLM model based on mean temperatures for the UK (Hossell et al. 2000), but differs
from other studies of the region, where BEMs based
on ANNs using measures of soil water deficit and
surplus, as well as maximum and minimum temperature, showed little overall change in blanket bog
habitat under the same UK Climate Impacts Programme 1998 (UKCIP98) scenarios (Berry et al.
2003). UK-based modelling also indicates that the
combination of temperature and precipitation variables is important in BEMs for blanket peat. It was
found, for example, that models which included
measures of both hydrological conditions and maximum temperature provided a better fit to the mapped
peat area than models based on hydrological variables alone (Clark et al. 2010). In light of this, it is surprising that the influence of MWT was not more substantial in the models developed and applied here.
However, given the clear importance of elevation
range in all the models, it is possible that it served as
a proxy for some of the other seasonal temperature
terms which could have been included.
The significance of temperature in comparison to
precipitation and water deficit in controlling peatland surface wetness has also been more widely
debated recently (Barber & Langdon 2007, Charman
et al. 2009, Booth 2010). Higher resolution reconstructions have shown that measures of water deficit,
rather than temperature or precipitation alone, are
more clearly correlated with surface wetness and
reconstructed water table fluctuations over shorterterm 5 to 10 yr time periods (Charman et al. 2009,
Booth 2010). However, it remains unclear whether
climatic variables driving such shorter-term water
table fluctuations (i.e. water deficit or annual accumulated monthly water deficit) or longer term measures of surface wetness (i.e. maximum or summer
temperature) are more important for net peat accumulation in terms of the relative influence on peatland vegetation and structure relative to net organic
matter decomposition (Clark et al. 2010). Nevertheless, combinations of winter precipitation and winter
temperature alongside the terrain variables parsimoniously captured the habitat distribution here.

4.4. Limitations and assumptions of the methods
The limitations and assumptions involved in using a
10 × 10 km grid are well known. Important controlling
variables such as topographic and environmental heterogeneity will be lost at this resolution, together with
important local micro-climatic controls. A key limita-
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tion is the lack of both data and resolution to discern
the differences between lowland and upland blanket
bog. This is critical, as the former is much rarer at a
European scale (Sheehy Skeffington & O’Connell
1998). For similar scale-dependant reasons, no account can be taken of the relative coherence or patchiness of the active blanket bog habitat within individual grids where the community presence is recorded.
An obvious but important point in relation to the
active blanket bog habitats is that projected changes
in the climate space associated with the current distribution of active blanket bog are not the same as projecting changes in the actual distribution over the
next century. It has been suggested that blanket peat
habitats, even if not in a state of active growth, could
well persist over decades or longer despite a reduction
in climate space (Clark et al. 2010).
The BEMs presented here are based on derived
statistical relationships between the known mapped
distribution of active blanket bog habitats and climatic variables; it is not known whether this mapped
distribution represents active blanket bog in an equilibrium state with the current climate. It is therefore
possible that the calibrated baseline models do not
fully capture the climate envelope reflecting sustainable conditions for the active blanket bog habitat
presence. In addition, the caveat which applies to
BEMs in general must remain: compared to processbased simulation models, BEMs are intuitive but also
simplistic (Jeschke & Strayer 2008). BEMs couple
presence−absence data to derive a multivariate and
correlative characterisation of the abiotic ecological
niche based upon current distributions and use this
to predict the available climate space under scenarios of global warming. This assumes that distributions are principally determined by intrinsic physiological tolerances relating to temperature, moisture,
etc., a longstanding view in ecology captured in the
fundamental niche concept, whereas the realised
niche is essentially the net occupancy range after
accounting for biotic effects (Hutchinson 1957). However, as BEMs utilise observed ranges for their estimates, they use realised distributions to predict
future distributions. Nevertheless, and despite the
criticisms, BEMs and other models are providing an
ever-better understanding of the mechanisms by
which species and ecosystems are affected by climate change, and tremendous improvements are
being made in virtually all aspects of this emerging
field (Bellard et al. 2012).
The final variables selected in the models reflect 2
primary properties of climate that are key factors
affecting species and habitat distribution: tempera-
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ture and water (e.g. Whittaker et al. 2007). However,
other important environmental information is omitted in the models. Blanket peat tends to form on
impermeable rocks or thick layers of glacial till on
shallow slopes (typically <10°) where saturated conditions are allowed to develop because of impeded
and/or slow drainage (Taylor 1983). Therefore there
is scope to refine the models by the inclusion of more
refined topography and land cover variables; obvious
candidates for the active blanket bog habitats would
be further information on slope angle and aspect,
which through their controls on light regimes influence evapotranspiration. For example, differences in
light regimes between north- and south-facing
aspects in temperate latitudes can produce differences in temperature equivalent to a move of
~200 km polewards (Austin & van Neil 2011). It has
also been widely reported that the influence of local
topography may create critical climatic refugia that
are important even in studies of very large areas
(Coll 2010, Austin & Van Neil 2011). Consequently,
there is scope to incorporate more refined measures
in future models which better capture the influence
of topography in creating the conditions necessary
for the persistent rainfall which supports blanket bog
formation. However, prior to and throughout the
modelling process, we critically considered key assumptions and rigorously evaluated covariate selection based on the data available. In this sense, we
consider that the results are presented in an appropriate conceptual context (sensu Araújo & Townsend
Peterson 2012).

4.5. Implications of changing climate space for
bog distributions
The projected decline in the climate space associated with active blanket bog areas can be expected
to have significant implications for the ecology of
these complex wetland ecosystems and their associated plant and animal species adapted to live in the
wet, nutrient-poor conditions. Seasonal drying for
example may affect surface micro-topography and
hydrology. This in turn will influence the plant composition and habitat suitability for birds and other
species. Loss of unprotected high quality wetlands,
such as active blanket bogs, will result in the direct
loss of wetland biodiversity by physical removal of
the habitats and most plant and invertebrate species,
while degradation may cause reduced species diversity and local extinction of rare or sensitive species
(Scally et al. 2010). Such a climate change-driven

degradation and loss may have secondary impacts on
the biodiversity value of the remaining bog areas
through increased isolation and fragmentation of the
remaining habitat. Degrading bogs will also have an
impact on the climate through changes in the peatland CO2 and methane (CH4) dynamics.

5. CONCLUSIONS AND IMPLICATIONS FOR
FUTURE WORK
Our results indicate that the distribution of active
blanket bog in Ireland is regionally sensitive to climate change, most notably for lower-lying areas in
the south and west of the country. Increasing temperature and precipitation changes will reduce the area
that is suitable for active blanket bog development.
This could have major implications for the lowland
blanket bog distribution along the western Atlantic
seaboard where the projected losses are greatest.
Offsetting these losses are the minor climate space
gains in the Midlands and the north east, and some
retention of suitable climate space in upland areas in
the south and west. It should, however, be emphasised that it will not be possible for new habitat to
form. These changes may proportionately affect lowland more than upland blanket bog, with critical conservation policy implications. Further degradation as
a result of climate change may also result in peatlands becoming carbon source ecosystems with the
potential to lose carbon either as trace gases, such as
CO2 and CH4, or fluvial dissolved organic carbon
(Koehler et al. 2011).
Incorporating more detailed information into the
BEMs can further improve confidence and reduce
uncertainty in model estimates for the future distribution of Irish blanket bogs. Specifically, information
such as bog type and elevation at a finer scale could
better inform us on active blanket bog status and
type. Other information concerning, for example,
underlying drift, soil conditions, and slope angle and
aspect may improve model results. The distribution
models presented here should be applicable to blanket bog regions outside Ireland, so long as data for
the evaluation of the estimates is available.
Some attempt has been made to deal with uncertainty, at least in relation to differing results between
the model categories, by providing the results from
the individual BEMs implemented in the BIOMOD
framework alongside the ensemble projection. Certainly there is substantial variation in the results
between the individual BEM types when the AIB scenario data is projected through the models. Although
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only the downscaled output from one GCM and one
scenario has been used to project climate space
changes here, the methods lend themselves to using
different GCM and RCM outputs from a range of scenarios (e.g. Fronzek et al. 2011, Garcia et al. 2012)
and from different GCMs to better encapsulate
uncertainty. Given the importance of mean winter
precipitation in all the BEM model families, had a
wetter or dryer model or scenario been used from the
ENSEMBLES RCMs, the results projected via the
BEMs could have varied further. However, it is also
worth noting that more comprehensive weighting
approaches to the climate model output, which also
incorporate model skill in areas beyond the mean climate state, are required even in domain-specific
investigations (Foley et al. 2013).
Overall, such an expanded framework would
allow the identification of adaptation strategies that
are robust (i.e. insensitive) to climate change uncertainties, and would allow more confidence in identifying and targeting vulnerable areas of blanket bog
for priority conservation management measures.
However, future research could also integrate such
a scenarios−impacts (top-down) approach alongside
a vulnerability−thresholds (bottom-up) approach.
Rather than trying to predict impacts through individual scenarios, such an integrated approach would
help to better identify critical thresholds for climate
change vulnerabilities alongside the other multiple
drivers of change in these sensitive systems.
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