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Abstract
Understanding hydrological processes operating on relatively intact blanket bogs provides a scientific basis for establishing 
achievable restoration targets for damaged sites. A GIS-based hydrological model, developed to assess restoration potential of 
Irish raised bogs, was adapted and applied to four relatively intact blanket bogs in Ireland. The Modified Flow Accumulation 
Capacity (MFAC) model utilised high-resolution topographic data to predict surface wetness, based on climatic conditions, 
contributing catchment and local surface slope. Modifications to MFAC parameters aimed to account for differences in hydro-
logical processes between raised bogs and blanket bogs. Application of a climatic correction factor accounted for variations 
in effective rainfall between the four study sites, while monitoring of water table levels indicated a log-linear relationship 
between MFAC values and summer water table levels and range of water table fluctuations. Deviations from the observed 
relationship between MFAC and water table levels were associated with hydrological pressures, such as artificial drainage 
or the occurrence of subsurface macropores (peat pipes), which further lowered summer water tables. Despite being effec-
tive as a predictor of relative surface wetness, the relationship between MFAC and ecological variables such as Sphagnum 
spp. cover proved poor, pointing to the impact of past activities and damage caused by anthropogenic pressures. Findings 
demonstrated MFAC as an effective tool in predicting surface wetness within blanket bog-covered landscapes, thus proving 
useful to peatland practitioners in planning and prioritising areas for restoration.
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Introduction

 Blanket bogs are a distinctive habitat found in high-latitude 
oceanic climates, including parts of Europe, North America, 
South America, Asia and Oceania (Gallego-Sala and Pren-
tice 2013). Unlike many other wetland types, they develop 
on undulating topography and can form on relatively steep 
slopes (Lindsay 1995; Charman 2002). Despite covering a 
relatively small proportion of the global land surface, blan-
ket bogs are the most common wetland type across Great 
Britain and Ireland, covering approximately 7.5% of Great 

Britain (Joint Nature Conservation Committee 2011) and 
13% of the island of Ireland (Hammond 1981).

In recognition of their ecological importance, blanket 
bogs are listed for protection under Annex I of the European 
Union Habitats Directive (European Union Directive 92/43/
EEC). Active blanket bogs that support significant areas of 
peat-forming vegetation are classified as a priority Annex I 
habitat type and are subject to strict protection. Habitat dam-
aged by human activity requires restoration to peat-accumu-
lating conditions (EU 2013). In addition to being an inter-
nationally important habitat, blanket bogs can also provide 
a wide range of ecosystem services, when maintained in a 
healthy ecological condition. This includes providing habitat 
to a range of specialist flora and fauna, providing a support-
ing function to downstream aquatic ecosystems (Flynn et al. 
2021a; Kuemmerlen et al. 2022), and regulating river flow 
(Acreman and Holden 2013; Allott et al. 2019; Bain et al. 
2011; Wilson et al. 2011).

Blanket bogs form a significant carbon store, and when 
maintained in a relatively intact state, can sequester carbon 
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from the atmosphere (Roulet et al. 2007; Sottocornola 
and Kiely 2010; Creevy et al. 2020). In addition, across 
Great Britain and Ireland, blanket bog catchments act as 
an important source of drinking water due to high and 
frequent rainfall inputs, combined with low pollution pres-
sures, ensuring a good raw water quality in large volumes 
(Parry et al. 2014; Xu et al. 2018). However, anthropo-
genic pressures can lead to degradation of the peatland 
habitats, diminishing raw water quality and resulting in 
increased water treatment costs. Water quality changes, 
due to peatland degradation, prove of particular concern 
due to elevated organic carbon loads and increased risk of 
disinfection by-products, such as trihalomethanes (THMs), 
exceeding water quality standards (Chow et  al. 2003; 
O’Driscoll et al. 2018).

Historically, peatlands across Great Britain and Ireland 
have experienced impacts from a range of activities, includ-
ing agriculture, afforestation, peat extraction and more 
recently wind energy development (Holden et al. 2007; 
Evans and Warburton 2011; Renou-Wilson et al. 2011). 
These activities not only result in the loss of an interna-
tionally important habitat, but also impact on a peatlands 
capacity to sustain ecosystem services. Changes to ecosys-
tem services can include peatlands switching from a net car-
bon sink to a net carbon source (Wilson et al. 2015; Kritzler 
et al. 2016), loss of unique flora/fauna and impacts to water 
quality.

The importance of hydrological conditions, such as 
water table levels and range of water table fluctuations, in 
maintaining healthy ecological conditions in peatlands is 
well-established (Ingram 1983; Schouten 2002). It is gener-
ally recognised that peat-accumulating conditions require 
a stable and high-water table, close to the ground surface 
for peat to accumulate and sequester carbon (Nugent et al. 
2018; Regan et al. 2020; Evans et al. 2021). Conversely their 
degradation results in reduced function, or even reversal of 
sequestration capacity, with degraded bogs releasing sup-
plemental carbon to the atmosphere and water cycle. Many 
peatland restoration programmes attempt to reverse this 
damage, by raising the water table level closer to the ground 
surface and reducing the range of water table fluctuation, 
through measures such as drain blocking, removal of planta-
tion forestry and bunding (Holden et al. 2008; Parry et al. 
2014; Mackin et al. 2017a).

The success of restoration measures depends on a range 
of factors, such as depth of drainage, drain spacing, peat 
properties, peat thickness and restoration method. However, 
due to the close relationship between topographic param-
eters and hydrological conditions in peatlands, topography 
is considered a key factor in controlling restoration success 
(Graniero and Price 1999; van der Schaaf and Schouten 
2002; Oosterwoud et  al. 2017; Williamson et  al. 2017; 
Crowley et al. 2021).

Damage to hydrological conditions on peatlands can be 
addressed by restoration measures including drain block-
age on relatively flat peatlands, such as raised bogs. How-
ever, greater relief on blanket bogs makes restoration more 
challenging, with hydrological benefits of drain blocking 
becoming more limited with increasing slope. Moreover, 
relatively poor integrated characterisation of blanket bog 
hydrological processes, limits the confidence with which 
restoration targets may be established, and measures 
implemented to achieve them.

Cost-effective blanket bog restoration needs to be 
underpinned by scientific evidence to support decisions. 
By enhancing current understanding of ecohydrological 
processes (the interaction between ecological conditions 
and hydrology), peatland practitioners can develop more 
appropriate management and restoration strategies. In the 
case of Irish raised bogs, a significant body of research has 
been carried out to advance understanding of their ecohy-
drology (Schouten 2002; Regan et al. 2020). This includes 
the development of a comprehensive vegetation classifica-
tion system involving the mapping of discrete ecotopes, 
in which various plant communities are associated with 
specific physical conditions, such as water table level 
and water chemistry (Kelly 1993; Fernandez et al. 2014; 
Cushnan 2018; Regan et al. 2020). While raised bogs and 
blanket bogs are typically considered to be largely isolated 
from interactions with underlying groundwater (Lindsay 
1995), more recent studies have identified that these eco-
systems can in some instances be groundwater dependent, 
relying on elevated heads in underlying substate to limit 
vertical losses of water to depth (Flynn et al. 2021a; Regan 
et al. 2019).

By comparing topographic and hydrological parameters, 
in combination with ecotope mapping, Mackin et al. (2017b) 
developed a hydrological model, based on the assumption 
that hydrological processes on raised bogs are dominated 
by surface/near-surface processes. The modelling protocol 
developed utilised high resolution topographic data collected 
using LiDAR (Light Ranging and Detection) data as a pre-
dictor of near-surface hydrological behaviour, in a similar 
way to the widely utilised topographic index (Beven and 
Kirkby 1979). The underpinning equation for the modelling 
process, based on modifying the Potential Acrotelm Capac-
ity (PAC) equation, reported by van der Schaaf (2002) for 
a small number of raised bogs in the Irish Midlands, can be 
expressed as follows:

 where:

MFAC  Modified flow accumulation capacity (km)

(1)MFAC =

�
√

A

s

�

.K,



Wetlands (2024) 44:10 

1 3

Page 3 of 20 10

A  Upstream contributing catchment area (flow accu-
mulation)  (m2)

S  Local surface slope (m  km−1)

K  Empirical climatic correction factor derived 
depending on rate of effective rainfall

MFAC values provide a proxy measurement of relative 
surface wetness, with higher MFAC values found to be asso-
ciated with areas with a shallow water table and low MFAC 
values associated with areas with a deeper water table. 
Findings suggested that MFAC values of > 30 km in raised 
bogs corresponded closely to areas of peat-accumulating 
ecotopes, or degraded areas likely to return to peat-forming 
conditions through restoration. While the model was found 
to be effective where losses of water to the underlying sub-
strate proved negligible, performance proved poorer in loca-
tions with significant water loss to depth.

Mackin et al. (2017b) expanded application of the MFAC 
model across the national network of designated raised 
bogs in Ireland, spanning a climatic gradient, from bogs 
receiving < 800 mm/yr rainfall in the east of Ireland, to 
bogs receiving > 1,200 mm/yr rainfall in the west, through 
the further development of the climatic correction factor. 
MFAC outputs indicated that with increasing rainfall, peat 
accumulating vegetation, dominated by Sphagnum spp., can 
develop on steeper slopes in raised bogs. Although there are 
differences in hydrological processes between raised bogs 
and blanket bogs, hydrological conditions also underpin the 
development of peat-accumulating vegetation on blanket 
bogs (Lindsay 1995; Flynn et al. 2021b). Therefore, despite 
greater precipitation inputs and steeper slopes encountered 
on blanket bogs, the ability of the MFAC model to account 
for differences in precipitation inputs and surface slopes on 
raised bogs suggests that the processes considered by the 
MFAC model may also be applicable to blanket bog habitat. 
This provides a basis for better understanding blanket bog 
hydrology while also assisting in the restoration of hydro-
logical damage to blanket bogs, which is typically focussed 
on measures to restore hydrological conditions (Armstrong 
et al. 2009; Holden et al. 2011).

Although use of models such as the topographic index 
have been developed and used to test relationships with 
water table levels in peatlands (e.g., Lane et al. 2004; Allott 
et al. 2009), these studies often focus on bogs that have been 
subject to significant levels of degradation. While Allott 
et al. (2009) reported correspondence between topographic 
index and water table levels at the Peak District in the UK, 
the authors reported poor correspondence between topo-
graphic index and water table levels in intact areas. Fur-
thermore, while use of the topographic index provides an 

indication of relative surface wetness throughout a catch-
ment, climatic conditions are not accounted for, meaning 
while comparisons within sites may be feasible, comparisons 
between sites are not possible.

Given the successful application of the MFAC model 
to raised bogs (Mackin et al. 2017b), this paper examines 
the applicability of the approach to blanket bogs. More 
specifically, this study aimed to establish whether a rela-
tionship exists between MFAC and water tables, as well as 
MFAC and ecological conditions. The authors hypothesise 
that MFAC can provide a prediction of surface wetness in 
relatively intact blanket bogs and therefore can be used to 
predict water table levels. Furthermore, based on conditions 
observed on Irish raised bogs, the authors hypothesise that 
MFAC will be related to broad ecological parameters. More 
specifically, areas with high MFAC values are anticipated to 
have higher cover of Sphagnum spp., while cover and height 
of Calluna vulgaris is predicted to be lower.

Methods

Site Description

Four study areas, displaying almost complete coverage by 
relatively intact blanket bog, were selected spanning the 
east-west climatic gradient across the Island of Ireland. 
The four sites are Garron Bog, Co. Antrim, Cuilcagh Bog, 
Co. Cavan, Letterunshin Bog, Co. Sligo and Fiddandarry 
Bog, Co. Sligo (Fig. 1). All four sites occur within areas 
designated as Special Areas of Conservation (SACs), under 
the EU Habitats Directive, and have been selected due to 
the presence of habitats and species listed on Annex I and 
Annex II of the Directive, including the priority habitat blan-
ket bog (if active). Garron, Cuilcagh and Letterunshin are 
drained by headwater streams, with site boundaries, illus-
trated in Fig. 1, relating to catchment boundaries, estimated 
using topographic data. Details of typical stream runoff 
rates for each of the catchment outlets are reported by Flynn 
et al. (2021a). In the case of Fiddandarry, the study site is 
divided by several sub-catchments and therefore the study 
site boundary is aligned to landownership boundaries.

The Garron study site (54.993o, -6.098o) (Garron) is a 
small headwater catchment, drained by the Collin Burn river, 
that forms part of the wider Garron Plateau SAC. The SAC 
contains the most extensive area of intact upland blanket 
bog in Northern Ireland (Joint Nature Conservation Com-
mittee 2022). Garron covers an area of 183 ha and has an 
elevation range of between 431.5 m above mean sea level 
(AMSL) and 278.5 mAMSL, with an estimated annual aver-
age rainfall rate of 1,694 mm, based on Met Éireann rainfall 
grids (Walsh 2012). Corine Land Cover (CLC) mapping 
identifies the entire catchment as peat bogs, while current 
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land use involves low intensity grazing by sheep. The study 
site is dominated by upland blanket bog characterised by 
presence of Calluna vulgaris and Eriophorum vaginatum 
(Flynn et al. 2021b). Despite being one of the most intact 
areas of blanket bog in Northern Ireland, Garron has been 
subject to historical damage, due to pressures including 
overgrazing, drainage and burning (McKeown and Corbett 
2017). However, over the past decade efforts to implement 
restoration measures and restore hydrological conditions 
across the site have included blocking of drainage ditches, 
reducing stocking density of sheep and preparation of a con-
servation action plan (NI Water 2019). Although there were 
some shallow drains blocked as part of restoration efforts in 
2018/19 within the study site, artificial drainage is largely 
absent, with restoration programme efforts focussed on more 
degraded sections of the SAC.

The Cuilcagh study site (54.191o, -7.796 o) (Cuilcagh) 
is located within the Cuilcagh–Anierin Uplands SAC in 
the Republic of Ireland. This SAC includes a series of 
uplands in counties Cavan and Leitrim, including Cuilcagh 
Mountain, which are contiguous to Cuilcagh Mountain 

SAC in Northern Ireland. The study catchment covers an 
area of 239 ha. It has an elevation range of between 660 
mAMSL to 300 mAMSL, at the catchment outlet, with 
estimated average annual rainfall of 2,200 mm (Walsh 
2012). CLC mapping identifies the entire catchment as 
peat bogs, while current land use involves low-intensity 
grazing by sheep. The study site is located towards the 
north of the SAC in an area incised by a series of steeply 
sloping streams that converge and form the headwaters of 
the Cladagh-Swanlinbar River. The vegetation on the study 
site is primarily upland blanket bog, dominated by Cal-
luna vulgaris and Eriophorum vaginatum, along with areas 
of poor fen and flush with Juncus and Sphagnum species 
(Perrin et al. 2013a). Parts of the site display evidence of 
burning within the past decade, while no ostensible evi-
dence of artificial drainage exists.

The Letterunshin study site (54.185 o, -8.911 o) (Letter-
unshin) and Fiddandarry study site (54.149 o, -8.927 o) (Fid-
dandarry) both occur within the Ox Mountains Bogs SAC 
in Co. Sligo. The SAC contains extensive areas of active 
blanket bog, along with dystrophic bog pool systems and 

Fig. 1  Location of the four study sites indicating average annual rainfall rate (Source: Met Éireann) along with locations of hydrological moni-
toring infrastructure (detailed individual site location maps provided as Figs. S1-S4 in Online Resource 1)
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quaking lawns, characterised by presence of Sphagnum cus-
pidatum and Rhynchospora alba (NPWS 2016).

Letterunshin has an elevation ranging between 149 
mAMSL and 107 mAMSL and is drained by the Fiddan-
duff River. CLC mapping identifies the entire catchment as 
peat bogs with a small section at the downstream end of the 
catchment being planted with coniferous forestry. Current 
land use involves low-intensity grazing by sheep along with 
domestic scale peat extraction close to the western margins 
of the catchment. Letterunshin has an average annual rainfall 
rate of 1,465 mm (Walsh 2012) and consists of a relatively 
flat expanse of lowland blanket bog, dominated by Calluna 
vulgaris, Eriophorum angustifolium, Eriophorum vagina-
tum, Narthecium ossifragum and various Sphagnum spe-
cies, along with several areas dominated by Rhynchosporion 
vegetation (Perrin et al. 2013b). The site contains a series 
of dystrophic pool systems on the flatter slopes. A network 
of spontaneously developed peat pipes, evident through the 
occurrence of vertical shafts/swallow holes features in the 
bog surface, discharge at the ground surface to form the 
source of the Fiddanduff river (Flynn et al. 2022). While 
there is evidence of burning in the past and some small-scale 
peat extraction close to the margins, the remainder of the site 
lacks artificial drainage and remains in a relatively intact 
condition (Perrin et al. 2013b).

Flynn et al. (2021b) reported the presence of submerged 
peat piping at Cuilcagh, Garron and Letterunshin, despite 
the absence of ostensible disturbance to the natural drain-
age regime. Although some of these features had visible 
topographic expression, elsewhere their identification proved 
more elusive, in some cases being identified only by audible 
cascading water, following intense rainfall.

Measurements undertaken by Flynn et al. (2022) at Let-
terunshin provided estimates of peat hydraulic conductivity 
ranging from  100 m/day to  10−2 m/day in peat within 1 m 
of the ground surface at locations away from known peat 
pipes, where peat humification typically ranged between H1 
and H4 in the von Post system (von Post 1922). Hydraulic 
conductivities declined by up to 2 orders of magnitude at the 
base of the peat, where humification increased to H7-H8, and 
by a similar magnitude approaching peat pipes. Flynn et al. 
(2021b) reported comparable trends at Garron and Cuilcagh.

Fiddandarry, located c. 2 km south of Letterunshin, covers 
an area of 296 ha and has elevations ranging between 170 
mAMSL to 110 mAMSL, with an average annual rainfall 
rate of 1,455 mm (Walsh 2012). CLC mapping identifies the 
entire catchment as peat bogs, while current land use involves 
low-intensity grazing by sheep. Habitat at Fiddandarry is a 
transition from lowland to upland blanket bog. The study site 
is relatively flat with the ground surface rising rapidly to the 
south. The study site contains parts of two catchments, with 
the western portion of the site draining towards the Gowlan 
River and the eastern portion of the site draining towards 

the Owenwee River, both of which are tributaries of the 
River Easky. The vegetation at Fiddandarry resembles that 
of Letterunshin, with the site dominated by lowland blanket 
bog, along with large areas of Rhynchosporion vegetation 
and a complex of dystrophic pools (Perrin et al. 2013b). 
While there are large areas of relatively intact vegetation 
across the site, more damaged sections of bog are associated 
with a series of shallow artificial drainage ditches (typically 
0.5–0.75 m deep), which were installed across the drier areas 
of Fiddandarry during the 1980s (Douglas et al. 1989). These 
drains were blocked with peat dams in early 2021.

Hydrological Monitoring

Water Level Monitoring

Monitoring wells, located in contrasting topographic set-
tings, were installed across seven locations at Garron, four 
locations at Cuilcagh and five locations at Letterunshin 
(Fig. 1). Monitoring locations were selected based on analy-
sis of 5 m resolution topographic data and aimed to monitor 
conditions in a range of contrasting hydrological settings. At 
each of the monitoring locations, three 1.5 m long, 32 mmID 
phreatic monitoring wells (monitoring wells), with 1.0 m 
long screened intervals, were installed in an approximately 
equilateral triangular array with ~ 7 m sides, following hand 
coring with a 20 mm diameter gouge auger to create a pilot 
hole. Where peat thickness exceeded 2 m, a piezometer, with 
0.5 m screened interval, was installed at the centre of the 
triangular monitoring well array down to the base of peat. 
Persistent damage to equipment by livestock at Cuilcagh 
prevented installation of piezometers at this site. Data from 
monitoring wells and piezometers permitted determination 
of vertical and horizontal hydraulic gradients.

Twenty-one 1.5 m long, 32 mmID phreatic monitoring 
wells with 1.0 m long screened intervals, were installed 
across the Fiddandarry study site to monitor water levels 
under contrasting topographic conditions (Fig.  1). Ten 
monitoring locations also had a piezometer with a 0.5 m 
screen installed extending upwards from the base of peat, 
enabling monitoring of vertical hydraulic gradients. 
Piezometers were installed within 1 m of monitoring wells at 
Fiddandarry. Each water table monitoring location, across the 
four study sites, were instrumented with a Solinst Junior Edge 
levelogger® (5 m range; accuracy ± 0.1% or 0.5 cm) (Solinst, 
ON) to record water table levels at hourly intervals, while 
piezometers were measured manually. All monitoring wells 
and piezometers were sealed at the base, while a cap was 
placed on each well to prevent direct ingress of precipitation. 
One Solinst Barologger® (accuracy ± 0.1%) was installed on 
each study site to measure site-specific atmospheric pressure 
and enable barometric correction of water levels.
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Hourly measurements of water table levels were recorded 
throughout from mid-2017 – August 2020 at Garron, from 
August 2017 – April 2021 at Letterunshin, from Octo-
ber 2017 – November 2019 at Cuilcagh and from March 
2019 – September 2020 at Fiddandarry. Manual dipping at 
approximately quarterly intervals was carried out to validate 
automated readings and to provide supplemental water level 
data from monitoring wells and piezometers lacking auto-
mated water level loggers.

Measurements of groundwater levels from fixed points at 
the top of monitoring well casing, minus the distance to the 
ground surface permitted measurement of the water table 
depth and groundwater head at the base of the peat. Water 
table levels are reported in metres relative to ground surface, 
with negative values indicating depth below ground surface 
and positive values indicating height above ground level.

Using water level logger data, water table statistics were 
calculated for summer periods (defined as April-Septem-
ber) when the most significant declines in water table levels 
occur, including:

• D90 = water table level, measured in metres relative to 
ground surface, that is equalled or exceeded (i.e., shal-
lower) for 90% of the monitoring period (calculated as 
the 10th percentile of hourly summer water table meas-
urements).

• Median = water table equalled or exceeded for 50% of the 
monitoring period (calculated as the 50th percentile of 
hourly summer water table measurements).

• D10 = water table level equalled or exceeded for 10% of 
the monitoring period (calculated as the 90th percentile 
of hourly summer water table measurements).

• D1 minus D99 (water table fluctuations) = D1 (water 
table level water table level equalled or exceeded for 
1% of the monitoring period [calculated as the 99th per-
centile of hourly summer water table measurements]) 
minus D99 (water table level water table level equalled 
or exceeded for 99% of the monitoring period [calculated 
as the 1st percentile of hourly summer water table meas-
urements]).

Meteorological Conditions

At Garron and Letterunshin, a Davis Instruments Vantage 
Pro-plus Weather Stations (Davis Instruments, CA) enabled 
measurements of precipitation and automated calculation 
potential evapotranspiration (PE) at 30-minute intervals 
calculated using a modified Penman-Monteith method 
(Allen et al. 1998). Automatic tipping bucket rain gauges 
at Cuilcagh (Onset Hobo (Onset Instruments, MA) and Fid-
dandarry (Solinst RG1 (Solinst, ON) measured precipitation 
at these sites. Instrument failure at Fiddandarry resulted in 

precipitation records being supplemented with data from 
Letterunshin.

LiDAR

Airborne LiDAR (Light Ranging and Detection) surveys 
were carried out in 2017 by Bluesky International using an 
Optech Galaxy LiDAR Sensor. Minimum point density was 
8ppm and estimated vertical accuracy of +/- 0.15 m. A high 
resolution (1 m) Digital Terrain Model (DTM) (i.e., bare-
earth model) was provided in ASCII format. This resolution 
has been found to be adequate for ecohydrological modelling 
of peatlands in Ireland in previous studies (Mackin et al. 
2017b; Regan et al. 2019, 2020).

GIS‑Based Modelling

The hydrological model, developed by Mackin et al. (2017b) 
for Irish raised bogs, was adapted for application to each 
of the study sites using ESRI ArcMap 10.8®. Briefly, the 
Mackin et al. (2017b) model involved filling sinks in the 
DTM grid, identifying flow direction using the D8 algo-
rithm (Greenlee 1987), determining flow accumulation and 
defining flow patterns across the bog surface. Contributing 
catchment area was then calculated at 5 m intervals along 
each of the defined flowlines and flow accumulation interpo-
lated across the catchment area using the natural neighbour 
method (Sibson 1981). Surface slope was calculated with 
spatial analyst tools within ArcMap, employing a modified 
version of the DTM grid to eliminate the confounding effects 
of microtopography on local surface slope. This involved 
smoothing the 1 m DTM using the Focal Statistics Tool in 
ArcMap, to provide an average elevation over an area of 20 
m. Incorporation of site-specific climatic correction factors 
permitted calculation of MFAC (Eq. 1) using Map Algebra 
tools (ESRI 2022).

Subsequent adaptations for application to blanket bog 
included smoothing DTM cell size to 5 m; the original 
20 m cell resolution was considered inappropriate, given 
the potential for more significant changes in elevation over 
a 20 m distance on blanket bogs compared to raised bogs. 
The climatic correction factor (K) was based on estimates 
of long-term average rates of effective rainfall at each of the 
project sites, with precipitation derived from Walsh (2012); 
interpolation of rates of PE reported at Met Éireann and 
Met Office synoptic weather stations provided an estimate of 
evapotranspiration rates. For the four blanket bog sites, the K 
factor was determined by dividing the annual average effec-
tive rainfall rate for each site by the average annual effective 
rainfall rate for Letterunshin to allow results for other sites 
to be scaled relative to Letterunshin (Table 1).
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The Mackin et al. (2017b) MFAC model assumes that 
surface wetness increases with larger contributing catch-
ment area and shallower local surface slope. However, this 
relationship breaks down when contributing catchment area 
results in formation of a defined drainage channel. In con-
trast to the assumptions of the Mackin et al. (2017b) MFAC 
model predictions, formation of drainage channels results in 
a drainage effect on the peat, thus reducing surface wetness. 
Consequently, initial MFAC outputs were highly skewed 
by the occurrence of natural watercourses and depressions 
formed above large peat pipes. Accordingly, modifications 
to estimates of contributing catchment area, (parameter A, 
in Eq. 1) proved necessary. Drains and large peat pipes were 
excluded on a site-specific basis by setting a threshold value 
for A, above which stream formation occurred or where peat 
pipes were apparent from topographic conditions.

Due to the variation in climatic conditions and topogra-
phy across the four study sites, it was necessary to define 
an empirical stream formation threshold for each study site. 
This involved reviewing contributing catchment area and 
undertaking a visual comparison of aerial imagery and topo-
graphic conditions, as illustrated by LiDAR-derived DTMs. 
Analysis involved identifying where surface drainage first 
occurs and determining minimum catchment area thresholds 
required to form such features. The stream formation thresh-
old determined varied across the four sites, with the lowest 
stream formation threshold identified at the Cuilcagh study 
site. A higher stream formation threshold was identified for 
Garron, with the highest thresholds identified at Letterun-
shin and Fiddandarry, as outlined in Table 1.

Ecological Monitoring Plots

To test the relationship between MFAC and ecological condi-
tions, field-based ecological monitoring plots were carried out 
at each of the study sites. Ecological assessments aimed to use 
rapid assessments of broad ecological variables and compare 
these with MFAC values to determine whether a relationship 
could be established. These assessments focused on cover of 
Sphagnum spp., Calluna vulgaris, Molinia caerulea, bare peat 
and depth to humification level H4 on the von Post scale (von 
Post 1922) (see Table S4 in Online Resource 1 for full details of 

ecological parameters recorded). A total of 90 monitoring plots, 
each measuring 4 m x 4 m, were recorded (19 at Cuilcagh, 21 
at Garron, 20 at Letterunshin and 30 at Fiddandarry) across 
variable topographic settings (Figs. 2 and 3). Monitoring plots 
aimed to capture the variation in conditions across each of the 
study sites and were targeted to provide adequate coverage 
across the dominant vegetation types on each site rather than 
using a random sampling method.

Parameters were adapted from the approach taken in assess-
ing the condition of Irish raised bogs, as outlined by Fernandez 
et al. (2014), whereby there is a strong relationship between 
Sphagnum spp. cover and occurrence of peat-accumulating 
vegetation types. Peat probing was also carried out at each of 
the ecological monitoring plots. Peat probing involved using 
a peat probing kit to probe to the base of peat and recording 
peat thickness to the nearest 5 cm along with GPS coordi-
nates using a Garmin etrex® 30 handheld GPS (approximately 
2–3 m horizontal accuracy). In a sub-set of locations, where 
peat thickness exceeded 3 m, a 1.3 m long Eijkelkamp 20 mm 
gouge auger with 1 m length extendable rods was used to con-
firm peat thickness and record substrate type. Depth to H4 was 
determined by hand excavating a trial pit at each ecological 
monitoring plot and measuring the depth from ground surface 
to approximate boundary of humification level H4.

Statistical Analysis

Relationships between MFAC and water table levels (D90 
and D1 minus D99) and MFAC and ecological parameters, 
were assessed using regression analysis. In each case 
the coefficient of determination  (r2) was reported, and 
significance of regression relationships tested using ANOVA 
(significance determined at the P < 0.05 and P < 0.01 level).

Results

Meteorological Conditions

Meteorological data collected during the monitoring period 
revealed less precipitation fell during summer months 
(April-September) compared to winter months (October-
March), with fewer rain days (≥ 1 mm precipitation) and wet 
days (≥ 5 mm precipitation) during summer months (except 
for 2019 at Garron) (Table 2) (monthly meteorological 
conditions are provided in Table S1 in Online Resource 
1). Weather stations at Garron and Letterunshin indicate 
low rates of PE throughout the winter months (October-
March), with approximately 80% of annual PE reported 
during summer months (April – September). Overall, 
meteorological monitoring highlights that summer 2020 was 
notably drier than summer 2019 at all monitoring sites, with 
lower rates of precipitation and higher rates of PE.

Table 1  Climatic correction factor and stream formation threshold 
applied to each study site

Study site Estimate of annual 
average effective rainfall 
(mm)

Climatic 
K factor

Stream forma-
tion threshold 
(ha)

Garron 1,194 1.32 2.0
Cuilcagh 1,586 1.75 1.5
Letterunshin 907 1 5.0
Fiddandarry 900 0.99 5.0
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Water Table Levels and Hydraulic Gradients

Monitoring data suggested that during winter periods (Octo-
ber - March), other than at one monitoring well, winter D90 
water table levels remained within 20 cm of the ground 
surface at all monitoring locations. In contrast, water table 
levels, proved more variable during summer months, with 
summer D90 levels as low as 54 cm below ground level 
recorded.

Horizontal hydraulic gradients closely reflect topographic 
conditions, with a strong, significant relationship between 
horizontal hydraulic gradients reported and local surface 
slope  (r2 = 0.95;  F1,14 = 292.63, P < 0.001). Steeper horizon-
tal hydraulic gradients were recorded at monitoring wells on 
steep slopes. The lowest minimum and maximum horizontal 
hydraulic gradients were recorded at nest LA (slope = 0.6%), 
with the highest minimum and maximum horizontal hydrau-
lic gradients recorded at nest GC (slope = 13.5%). Vertical 
hydraulic gradients were generally downwards across all 
sites, with a small number of temporary slight upward gra-
dients reported at nests GG, LA, LG, F19 and F20. Steepest 

downward vertical gradients were recorded at nests GB, GA 
and F1.

Table 3 provides a summary of summer median, summer 
D90 and summer water table fluctuations (D1 minus D99) 
for 2019 and 2020 along with ranges of horizontal and verti-
cal hydraulic gradients from manual measurements (water 
level duration curves for summer and winter monitoring 
periods provided as Fig. S5, while horizontal and vertical 
hydraulic gradients are presented in Tables S2 and S3 in 
Online Resource 1).

Modified Flow Accumulation Capacity (MFAC) 
Outputs

Figure 3 presents MFAC outputs for the four study sites. 
MFAC classes presented aim to broadly represent relative 
wetness across each of the study sites, based on relationship 
between MFAC values and summer D90 levels, as presented 
in Table 4.

Fig. 2  Location of ecological monitoring plots at each of the four study sites, with 10 m contours presented to illustrate topographic conditions



Wetlands (2024) 44:10 

1 3

Page 9 of 20 10

The distribution of the MFAC classes at each site strongly 
reflects topographic conditions (Fig. 4). Garron is charac-
terised by the presence of a series of relatively flat plateaus 
having high MFAC values (> 2 km), with the slopes between 
these flatter areas having lower MFAC values (< 1 km). Let-
terunshin and Fiddandarry have a comparable distribution 
of MFAC values, with higher MFAC values (> 2 km) once 
again associated with the flatter areas, typically characterised 
by lawns of Sphagnum spp., along with areas of dystrophic 
pools; lower MFAC values correspond to more steeply slop-
ing areas. Cuilcagh, which has the steepest average slope of 
the four study sites, had a comparatively smaller proportion 
of flatter basins, with < 5% of the study catchment being 
modelled with MFAC values > 2 km.

Summer 2019 D90 levels remained within 20 cm of the 
ground surface at 21 out of 23 monitoring locations with 
MFAC values > 1.5 km, while levels were more than 20 cm 
from the ground surface at 11 out of 13 monitoring loca-
tions having MFAC values < 1.5 km. Summer 2019 D90 
levels deeper than 25 cm below ground surface were only 
encountered at locations with a MFAC value of < 0.5 km. 

A similar trend was found during Summer 2020, albeit with 
overall summer D90 levels lower below ground level at all 
monitoring locations due to a more distinct drought period 
(Table 2), compared to Summer 2019.

Plotting log MFAC against Summer D90 values for indi-
vidual study areas reveals a roughly linear relationship, with 
 r2 values ranging between 0.62 and 0.83. However, due to 
the limited numbers of sample points at some of the study 
sites, significant relationships could not be determined at the 
P < 0.05 level for all sites.

Conversely, pooling data from all sites (Fig. 5) revealed 
a strong significant relationship for summer 2019  (r2 = 0.63; 
 F1,33 = 55.78, P < 0.001) and summer 2020  (r2 = 0.66;  F1,31 
= 61.31, P < 0.001). Analysis of composite data from both 
summer 2019 and summer 2020 also revealed a strong sig-
nificant relationship  (r2 = 0.57;  F1,66 = 86.09, P < 0.001). 
The relationship between log MFAC and summer water 
level fluctuations (D1 minus D99), was not as strong as 
the relationship with summer D90 levels; however, this 
was also significant for both summer 2019  (r2 = 0.48;  F1,33 
= 30.91, P < 0.001) and summer 2020  (r2 = 0.55;  F1,31 = 

Fig. 3  Modified Flow Accumulation Capacity (MFAC) at the four study sites
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37.82, P < 0.001). Greater water table fluctuations (> 20 cm) 
were associated with areas with low MFAC values (< 1 km), 
while areas with the lowest range of fluctuations were 
associated with high MFAC values. A significant relation-
ship was also identified between summer D90 levels and 
local surface slope; however, this relationship was not as 
strong as with log MFAC (summer 2019:  r2 = 0.51;  F1,33 = 
34.54, P < 0.001); summer 2020;  (r2 = 0.47;  F1,31 = 27.55, 
P < 0.001).

Comparison of observed summer D90 levels to predicted 
water tables, based on regression analysis, reveals summer 
D90 levels to be predicted to within +/-10 cm for 95% of 
monitoring points for both 2019 and 2020 (Table 5). Despite 
the significant relationship observed, notable outliers occur, 
such as F2, F8, F12 and F14, which display anomalously 
deep water table levels, compared to predicted D90 values 
using regression analysis.

F2 and F8 have the lowest MFAC values out of all 
hydrological monitoring plots (< 0.4  km) due to being 
located on relatively steep slopes (> 10%). Summer 
2019 D90 water table levels are ≥ 13 cm deeper than the 
regression model suggests. In both locations functional 
(flowing) artificial drainage (contour parallel) occurs within 
5 m of the monitoring plot.

Monitoring locations F12 and F14 have high MFAC 
values (> 3  km), yet summer 2019 D90 levels at both 
locations are 8 cm deeper than predicted by the regression 
model. Both monitoring wells occur near functional 
(flowing) drains. F14 is located 1.4 m from a 0.75 m deep 
drain, while F12 was located on a slope in an area of higher 
(contour parallel) drainage density, between a drain 10 m 
upslope and a second 10 m downslope.

In contrast, summer D90 levels are notably shallower 
in some areas than the regression model indicates. This 

Table 2  Summary of results 
from meteorological monitoring 
at each of the study sites

Proportion Summer (%) Summer and Winter (%) indicates proportion of totals occurring within summer 
(April-September) and winter (January -March & October-December) periods
*Note: missing records at Fiddandarry were supplemented by records at Letterunshin

Garron Year Summer Winter Annual Proportion 
Summer (%)

Proportion 
Winter
(%)

Precipitation (mm) 2019 564.6 703.5 1268.1 45 55
PE (mm) 393.8 108.6 502.4 78 22
Rain days (≥ 1 mm) 93 103 196 47 53
Wet days (≥ 5 mm) 51 48 99 52 48
Precipitation (mm) 2020 545.0 757.6 1302.6 42 58
PE (mm) 405.0 98.6 503.6 80 20
Rain days (≥ 1 mm) 80 116 196 41 59
Wet days (≥ 5 mm) 39 60 99 39 61
Letterunshin Year
Precipitation (mm) 2019 718.9 808.0 1526.9 47 53
PE (mm) 471.8 127.3 599.1 79 21
Rain days (≥ 1 mm) 107 117 224 48 52
Wet days (≥ 5 mm) 54 64 118 46 54
Precipitation (mm) 2020 511.3 1159.5 1670.8 31 69
PE (mm) 520.4 153.3 673.7 77 23
Rain days (≥ 1 mm) 89 136 225 40 60
Wet days (≥ 5 mm) 35 83 118 30 70
Fiddandarry* Year
Precipitation (mm) 2019 718.9 783.6 1502.5 48 52
Rain days (≥ 1 mm) 102 111 213 48 52
Wet days (≥ 5 mm) 51 63 114 45 55
Precipitation (mm) 2020 523.4 1111.8 1635.2 32 68
Rain days (≥ 1 mm) 86 131 217 40 60
Wet days (≥ 5 mm) 33 76 109 30 70
Cuilcagh Year
Precipitation (mm) 2019 875.2 1359.8 2235 39 61
Rain days (≥ 1 mm) 92 124 216 43 57
Wet days (≥ 5 mm) 55 80 135 41 59
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includes F3, where the observed summer 2019 D90 level 
was 9 cm higher than the regression model predicts. F3 has 
a low MFAC value (0.84 km), occurring on a moderate slope 

(5.6%), between 0.5 m deep drains running perpendicular 
to contours.

Table 3  Summary of summer median, D90 and water table fluctuations (D1 minus D99) along with ranges of horizontal and vertical hydraulic 
gradients where piezometers are also installed

Negative values for water table statistics indicate water table level below ground surface, positive values indicate water table is above ground 
surface. Negative values for vertical hydraulic gradients indicate upward gradients, positive values indicate downward gradients
- Data not available to calculate values

Well ID MFAC (km) Median - 
Summer 
2019 (m)

Median - 
Summer 
2020 (m)

D90 - Sum-
mer 2019 
(m)

D90 – Sum-
mer 2020 
(m)

D1 minus 
D99 - Sum-
mer 2019 (m)

D1 minus 
D99 - Sum-
mer 2020 (m)

Horizontal 
hydraulic 
gradient 
(range)

Vertical 
hydraulic 
gradient 
(range)

GA 3.47 -0.08 -0.09 -0.13 -0.2 0.15 0.26 0.028–0.054 0.310–0.438
GB 6.71 -0.06 -0.07 -0.1 -0.18 0.12 0.21 0.027–0.029 0.002–0.774
GC 1.17 -0.11 -0.14 -0.2 -0.28 0.17 0.25 0.158–0.176 -
GD 5.09 -0.05 -0.1 -0.15 -0.21 0.2 0.26 0.015–0.018 0.066–0.171
GE 3.79 -0.03 -0.04 -0.1 -0.2 0.17 0.24 0.012–0.026 0.019–0.368
GF 1.07 -0.1 -0.15 -0.22 -0.25 0.21 0.26 0.126–0.142 -
GG 3.92 - -0.09 - -0.16 - 0.16 0.022–0.060 -0.010–0.313
LA 4.96 -0.06 -0.08 -0.17 -0.23 0.22 0.3 0.008–0.016 -0.010–0.263
LC 0.4 -0.08 -0.11 -0.27 -0.31 0.34 0.36 0.095–0.096 -
LD 3.38 -0.02 -0.05 -0.12 -0.2 0.21 0.26 0.012–0.019 0.050–0.153
LF 1.21 -0.13 -0.17 -0.22 -0.31 0.18 0.32 0.039–0.042 0.048–0.153
LG 4.6 - -0.07 - -0.2 - 0.21 0.018–0.020 -0.005–0.044
CA 0.63 -0.15 - -0.32 - 0.35 - 0.089–0.132 -
CB 1.61 -0.07 - -0.17 - 0.23 - 0.029–0.058 -
CC 1.71 -0.07 - -0.14 - 0.2 - 0.045–0.061 -
CD 2.51 -0.08 - -0.18 - 0.2 - 0.022–0.028 -
F1 10.08 -0.05 -0.06 -0.1 -0.21 0.21 0.35 - 0.273–0.427
F2 0.36 -0.2 -0.21 -0.49 -0.54 0.57 0.61 - -
F3 0.84 -0.08 -0.08 -0.17 -0.23 0.17 0.27 - -
F4 0.46 -0.09 -0.17 -0.29 -0.44 0.32 0.48 - -
F5 6.23 -0.02 -0.07 -0.09 -0.15 0.15 0.19 - 0.000–0.047
F6 4.54 -0.05 -0.05 -0.16 -0.2 0.21 0.26 - -
F7 4.85 -0.05 -0.1 -0.18 -0.24 0.23 0.31 - 0.000–0.186
F8 0.23 -0.36 -0.28 -0.49 -0.53 0.51 0.57 - -
F9 0.8 -0.07 -0.11 -0.22 -0.3 0.29 0.38 - -
F10 2.11 -0.11 -0.14 -0.2 -0.25 0.2 0.27 - 0.006–0.043
F11 1.55 -0.05 -0.08 -0.14 -0.21 0.17 0.29 - -
F12 3.08 -0.13 -0.16 -0.24 -0.28 0.3 0.33 - 0.033–0.187
F13 0.96 -0.12 -0.14 -0.21 -0.27 0.22 0.32 - -
F14 4.85 -0.09 -0.1 -0.21 -0.26 0.22 0.31 - 0.000–0.067
F15 4.43 -0.06 -0.05 -0.12 -0.13 0.2 0.23 - 0.016–0.105
F16 8.63 -0.08 -0.11 -0.16 -0.2 0.2 0.23 - -
F17 0.88 -0.12 -0.17 -0.25 -0.39 0.29 0.43 - -
F18 4.56 -0.07 -0.11 -0.17 -0.22 0.2 0.28 - 0.000–0.074
F19 8.25 -0.01 -0.04 -0.07 -0.13 0.11 0.16 - -0.010–0.195
F20 1.24 -0.07 -0.11 -0.17 -0.27 0.22 0.33 - -
F21 2.57 0 -0.12 -0.11 -0.16 0.16 0.23 - -0.012–0.047
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Ecological Monitoring Plots

Regression analysis failed to reveal significant relationships 
between log MFAC values and ecological variables, includ-
ing Sphagnum spp. cover, Calluna cover or Calluna height 
 (r2 values < 0.1, P > 0.05). There was also poor relationship 
between log MFAC and depth to H4  (r2 = 0.09); however, 
this was the only relationship between MFAC and ecological 
parameters found to be significant  (F1,88 = 8.87, P < 0.01). 
Furthermore, depth to H4 only exceeded 20 cm at locations 
where MFAC values were ≥ 1.5 km. At all locations where 
depth to H4 ≥ 20 cm, Sphagnum spp. cover was > 30%, 
with an average Sphagnum spp. cover of 70%. In contrast, 
although Sphagnum spp. cover was up to 75% at some plots 
where depth to H4 ≤ 5 cm, average Sphagnum spp. cover was 
notably lower at 20%.

For the ecological plots adjacent to hydrological 
monitoring plots (Table 5), regression analysis revealed 
poor relationships between summer water table levels 
(D90, median and D1 minus D99) and Sphagnum spp. 
cover, Calluna cover, Calluna height and depth to H4  (r2 

values < 0.1, P > 0.05). Depth to H4 exceeded 20 cm at 
four plots where hydrological monitoring took place (LD, 
LG, F19 and F20), all of which have shallow and stable 
water tables (Table 3) and high Sphagnum spp. coverage 
(> 50%).

Results also reveal that despite many locations hav-
ing a shallow and stable water table, cover of Sphagnum 
spp. remained low at several plots. In contrast, some loca-
tions where water table levels are deeper and the range of 
water table fluctuation is greater, Sphagnum spp. cover 
was found to be notably higher. Examples include plots 
GB and F15 which had high MFAC values (> 3  km), 
shallow water tables (summer 2019 median water table 
level = 6 cm below ground level) and a low range of fluc-
tuations (12–20 cm). Despite these conditions, Sphagnum 
spp. coverage was found to be low at both plots (≤ 12.5%), 
with high cover (35%) of tall (≥ 35 cm) Calluna vulgaris 
reported at plot GB and high cover (75%) of Molinia caer-
ulea reported at plot F15. In the case of F15, this plot is 
located close of an artificial drain that was found to be 
heavily infilled with vegetation.

Conversely, plots F2 and CA have low MFAC values 
(< 0.7 km), deep water tables (summer 2019 median water 
table level = 15–20 cm below ground level) and larger 
range of fluctuations (D1 minus D99 ranging from 35 to 
57 cm). Despite deep water tables, Sphagnum spp. cover-
age is high (45–85%) at both plots, while cover and height 
of Calluna vulgaris remains low (15% cover and 25 cm 
height). Furthermore, surveys also identified several plots 
(e.g., GC and F16) that had a high cover (45–60%) of tall 
(> 25 cm) Calluna vulgaris combined with a high cover 
(> 60%) of Sphagnum spp.

Table 4  MFAC classes derived based on predicted summer D90 lev-
els based on regression analysis of summer 2019 data

MFAC Class 
(km)

Predicted summer D90 based regression analysis 
of 2019 data illustrated in Fig. 5 (cm below ground 
level)

0–0.5 ≥ 30
0.5–1 25–30
1–2 20–25
2–5 13–20
> 5 < 13

Fig. 4  Distribution of Modified 
Flow Accumulation Capacity 
(MFAC) categories by percent-
age area across each of the four 
study sites
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Discussion

Relationships Between Modified Flow Accumulation 
Capacity (MFAC) and Water Table Levels

MFAC modelling reflects the importance of topographic 
conditions in influencing variability in hydrological 
regimes across blanket bogs. The relationship between 
MFAC outputs (Fig.  3) and topographic data (Fig.  2) 
reveals that areas with high MFAC values correspond to 
flatter sections of bog and/or areas receiving persistent 
inputs of water from an upslope contributing catchment; 
these conditions facilitate greater resilience of water table 
drawdown during prolonged dry periods, compared to 

areas with low MFAC values (i.e., steeper areas with more 
limited upslope contributions).

The ability of MFAC to predict water table levels in dif-
ferent catchments, with differing meteorological conditions, 
highlights the benefits of the MFAC modelling approach 
compared to more conventional topographic modelling 
such as the topographic index. Across all study catchments, 
MFAC modelling successfully identified areas of consist-
ently elevated (shallow) water tables, compared to those 
displaying lower (deeper) water table levels and a greater 
range of fluctuations. Investigations completed by Flynn 
et al. (2021a) demonstrated that variation in precipitation 
rates at Garron and Letterunshin due to relief were limited at 
the catchment scale, suggesting a single catchment-specific 
climatic correction factor used in the MFAC model was 
appropriate for each study site.

Influence of Drainage on Modified Flow 
Accumulation Capacity (MFAC) Predictions

Despite MFAC proving effective as a predictor of relative 
surface wetness, some outliers from the observed trends 
were identified. Most notably, where features were present 
that lower peatland water tables, such as artificial drains, 
water table levels proved deeper than anticipated (based on 
MFAC outputs). Consequently, monitoring points located 
close to functional drains are not anticipated to reflect water 
table regimes in comparable topographic settings, where 
artificial drainage is absent. In other words, it is likely that 
D90 water table levels at locations where drainage occurred 
would have been shallower in the absence of drainage, thus 
leading to an improved relationship with trends generated 
by other points located away from drains.

However, the hydrological influence of drainage varied, 
with the results highlighting that where drains are parallel to 
the contour lines across a slope (such as at F2, F8 and F12), 
drains are more likely to intercept flow, reducing contribut-
ing catchment area, and resulting in deeper water tables. 
In addition, as highlighted by studies such as Wilson et al. 
(2010), shallow drains running perpendicular to contours 
only impact on water table levels within a localised zone of 
2–5 m. Consequently, the proximity of monitoring well F14 
to the adjacent functional drain (< 1.5 m), is likely to result 
in lower water tables due to the presence of the artificial 
drainage.

The regime observed at F14 contrasts with that 
observed at F3. Plot F3 also occurs on sloping ground, 
where functional drains are present, yet the monitoring 
plot is located > 5 m from drains, giving rise to observed 
water table levels which were notably shallower than 
anticipated based on MFAC values (and associated regres-
sion analysis). Studies such as Holden et al. (2017) and 
Williamson et al. (2017) further highlighted the limited 

Fig. 5  Regression analysis illustrating log Modified Flow Accumula-
tion Capacity (MFAC) outputs with D90 levels for Summer 2019 and 
Summer 2020. 95% confidence intervals and prediction intervals are 
illustrated. Results illustrate a trend of deeper D90 levels being asso-
ciated with low MFAC, values and shallower D90 levels associated 
with higher MFAC values
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influence of shallow drains running perpendicular to con-
tours on water tables. Indeed, Williamson et al. (2017) 
suggested that blanket bogs can display a self-rewetting 
function, whereby peat subsidence within 4–5 m of drains 
can result in the peat surface lowering, thus reducing depth 
to water table. Water table levels at F3 are notably shal-
lower than other locations with similar MFAC values and 
topographic conditions, suggesting subsidence may have 

occurred in this area, leading to shallower water table 
than expected. Despite the shallow water tables observed 
at plots F3, ecological conditions remain poor, with low 
cover (2.5%) of Sphagnum spp. and a high proportion of 
bare peat (12.5%). Findings point to localised recovery of 
hydrological regime, yet a slower recovery of ecological 
function.

Table 5  Summary of ecological survey results for plots associated with monitoring wells and difference between predicted D90 (based on 
regression model) and observed summer D90

- Data not available to calculate values

Plot MFAC Predicted summer D90 
minus observed summer 
D90 (2019)

Predicted summer D90 
minus observed summer 
D90 (2020)

Peat 
thickness 
(m)

Sphagnum 
spp. cover 
(%)

Calluna vul-
garis cover 
(%)

Molinia 
caerulea 
cover (%)

Bare peat 
cover (%)

Depth to 
H4 (cm)

GA 3.47 -0.02 -0.02 2.93 35 2.5 35 0 15
GB 6.71 0.00 0.01 4.47 12.5 35 0 1 2.5
GC 1.17 -0.03 -0.03 1.6 75 65 0 0 7.5
GD 5.09 0.02 0.02 5.37 22.5 1 92.5 0 2.5
GE 3.79 -0.05 -0.01 2.75 25 25 0 7.5 2.5
GF 1.07 -0.02 -0.06 0.9 7.5 15 92.5 0 2.5
GG 3.92 - -0.05 3.68 7.5 0 92.5 0 2.5
LA 4.96 0.05 0.04 3.08 12.5 15 1 15 1
LC 0.4 -0.04 -0.08 1.2 12.5 45 45 0 2.5
LD 3.38 -0.03 -0.02 6.65 55 35 2.5 1 22.5
LF 1.21 -0.01 0.01 4.02 25 25 15 1 7.5
LG 4.6 - 0.00 3.01 85 25 1 1 25
CA 0.63 0.04 - 1.7 85 15 1 0 20
CB 1.61 -0.04 - 1.75 85 7.5 1 0 20
CC 1.71 -0.06 - 3.01 45 25 0 2.5 7.5
CD 2.51 0.00 - 2.85 22.5 25 0 2.5 5
F1 10.08 0.03 0.08 3 55 35 25 0 15
F2 0.36 0.17 0.14 1.45 45 15 45 0 10
F3 0.84 -0.09 -0.10 1.7 2.5 25 20 12.5 5
F4 0.46 -0.02 0.06 2.36 25 35 45 1 7.5
F5 6.23 -0.02 -0.02 3.59 25 35 45 1 15
F6 4.54 0.03 0.00 2.8 25 25 65 0 15
F7 4.85 0.05 0.05 3.5 15 45 7.5 7.5 5
F8 0.23 0.13 0.10 1.5 2.5 25 35 2.5 5
F9 0.8 -0.04 -0.03 2.25 25 35 75 0 7.5
F10 2.11 0.01 -0.01 4.36 12.5 25 65 1 7.5
F11 1.55 -0.07 -0.07 2.03 15 15 35 2.5 5
F12 3.08 0.08 0.05 2.42 35 35 65 0 15
F13 0.96 -0.04 -0.05 2.4 1 2.5 95 0 0
F14 4.85 0.08 0.07 2.95 25 45 15 2.5 15
F15 4.43 -0.02 -0.07 3.3 7.5 10 75 0 5
F16 8.63 0.07 0.05 1.99 65 45 45 0 15
F17 0.88 -0.01 0.06 1.95 25 45 45 0 7.5
F18 4.56 0.04 0.02 2.7 45 35 55 0 15
F19 8.25 -0.02 -0.02 3.89 95 12.5 2.5 0 30
F20 1.24 -0.06 -0.03 1.5 25 15 65 0 7.5
F21 2.57 -0.07 -0.08 2.5 85 25 7.5 1 25
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Deviations Between Modified Flow Accumulation 
Capacity (MFAC) Predictions and Water Table Levels 
in Areas Lacking Drainage

Elsewhere, additional monitoring points where the 
relationship between water table levels and MFAC values 
prove anomalous, such as at Letterunshin monitoring 
well LA, cannot be attributed to artificial drainage. This 
monitoring location occurs on a gentle slope (< 0.6%) and 
has a high MFAC value (5.0 km), suggesting a persistently 
shallow water table would be expected. However, summer 
2019 D90 levels were 5  cm lower than the regression 
model predicted. Moreover, a 3.08 m thick sequence of peat 
underlies this location, suggesting it was likely to be more 
resilient to prolonged dry periods in the past, to allow a 
thick sequence of peat to form. Conversely, the anomalously 
deep water table regime at LA corresponds to ecological 
metrics generated for the area, which suggest it to be in poor 
ecological condition. Cover of Sphagnum spp. is low (12.5%), 
while cover of bare peat remains high (15%) and depth to H4 
was < 1 cm, indicating an absence of a poorly humified layer 
of peat at the surface found in more intact locations. Findings 
suggest anthropogenic disturbance. However, analysis of 
historical aerial imagery and records of potentially damaging 
activities during ecological surveys failed to reveal pressures, 
such as artificial drainage, overgrazing or recent burning.

A more detailed review of the dynamics of the water 
levels at LA revealed that in addition to low summer D90 
levels and a large range of water table fluctuations (Table 3), 
the water table declines more rapidly compared to other 
locations in a similar topographic setting. For example, 
when comparing the hydrograph of water table levels at LA 
to LD and LG, which have similar MFAC values, surface 
slopes, catchment areas and peat thickness, declines in water 
table level are more rapid at LA than LD or LG (Fig. 6).

The contrast in hydrograph response, coupled with the 
poor ecological condition at LA point to another hydrological 
process, allowing for more rapid groundwater discharge and 
resulting in deeper water table levels than anticipated. Data 
collected by Flynn et al. (2022) suggested the peat around 
LA had a more elevated hydraulic conductivity than that 
encountered at locations with comparable MFAC values 
(i.e., LD and LG). Analyses of groundwater monitoring 
data revealed that horizontal hydraulic gradients at LA, LD 
and LG proved comparable. Moreover, vertical hydraulic 
gradients were similar; although slightly more elevated 
vertical gradients were reported at LA and LD compared 
to LG. Overall, data indicates that groundwater flowed 
through peat more rapidly at LA compared to LD or LG. 
However, more rapid discharge would require continuous 
connectivity to areas with comparable or more elevated 
hydraulic conductivity.

Fig. 6  Water table level hydrograph illustrating the difference in rates of decline of water level at monitoring well LA compared to LD and LG 
despite similar topographic setting and MFAC values
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Macropores, including peat pipes provide a means of 
rapidly discharging groundwater from peat that would 
otherwise reach surface water at a slower rate (Regensburg 
et al. 2020). Observations, such as those made in the vicinity 
of LA, thus suggests that a network subsurface preferential 
flow paths may underlie this part of Letterunshin and affect 
the water level regime at locations such as LA. The higher 
hydraulic conductivity of the peat matrix in this area thus 
provides a means of more rapidly discharging water, than at 
other locations with comparable MFAC values.

The Mackin et al. (2017b) model and the MFAC model 
adapted for blanket bogs, assume that losses water loss to 
depth are negligible. Water quality and hydrogeological 
measurements, made by Flynn et al. (2021a) at Letterun-
shin, Cuilcagh and Garron corroborate the assumption that 
discharge to the substrate underlying the peat forms a minor 
part (< 5%) of their catchment water balances. However, this 
assumption fails to consider the presence of macropores, 
including peat pipes, and the water flowing through them 
within the peat mass. Where peat (matrix) hydraulic con-
ductivity proves relatively elevated, as at LA (Flynn et al. 
2022), the impact of drainage, by more permeable features, 
such as macropores/peat pipes, on groundwater can extend 
to greater distances than in less permeable materials (Holden 
et al. 2006), resulting in lower water table levels.

Data collected at LA highlight a weakness in the MFAC 
model in being unable to account for deeper subsurface 
processes, including preferential flow paths which have 
not expressed themselves in the topography. While larger 
peat pipes can be identified readily, using topographic data 
and aerial imagery to identify subsidence and contrasting 
vegetation, detection of smaller branched networks of 
preferential flow paths through small pipes and macropores 
poses a greater challenge. Regensburg et al. (2020) found that 
topography alone provided a poor indication of the catchment 
area for areas impacted by piping and that a branched network 
of peat pipes, not visible based on topography, can occur across 
a wide area. Where these networks cannot be identified, they 
cannot be incorporated into the MFAC model. This limits the 
utility of MFAC in areas affected by interconnected macropore 
development. On the other hand, it highlights the potential for 
MFAC to be a useful tool in hydrological characterisation of 
blanket bogs, by indicating differences between anticipated 
surface wetness and observations on the ground.

Overall, despite the deviations observed in areas with 
artificial drains and macropores, results support the hypoth-
esis that areas with a higher MFAC values have shallower, 
more stable, water tables. Results of regression analysis, 
revealing a globally significant relationship between MFAC 
and water table levels, and groundwater fluctuations, across 
a range of blanket bogs. This proves particularly valid in 
areas lacking anthropogenic hydrological disturbances, such 
as artificial drainage. Critically, a stronger relationship was 

found between water table levels and MFAC values, than 
using slope alone, highlighting the value of considering cli-
mate and contributing catchment along with surface slope.

Relationships Between Modified Flow Accumulation 
Capacity (MFAC) and Ecological Parameters

Despite the significant relationship observed between MFAC 
and water table observations, the relationship between 
MFAC and ecological parameters proved poor. However, 
it is important to acknowledge that a poor relationship was 
also found between observed water table levels and eco-
logical parameters. This is believed to reflect both legacy 
anthropogenic disturbance and limitations of the vegetation 
survey methodology employed. The latter was adapted using 
key parameters employed in the assessment of Irish raised 
bogs (Fernandez et al. 2014) to enable rapid assessment of 
ecological conditions.

On Irish raised bogs Swenson et al. (2019) noted Sphag-
num spp. cover strongly correlated with whether peat is 
accumulating, and therefore if carbon is being sequestered 
(Fernandez et al. 2014; Regan et al. 2020). However, eco-
logical parameters employed in the current study were broad 
(e.g., total Sphagnum spp. cover rather than reporting cover 
for individual species which occur in differing hydrological 
niches). Consequently, it is apparent that this approach has 
resulted in over-simplification, whereby species that are not 
likely to be peat-accumulating were not distinguished from 
species more likely to be associated with peat formation. 
This is particularly evident from plots such as GC and F16, 
which have a high cover of Sphagnum spp. and tall Calluna 
vulgaris, suggesting that Sphagnum spp. are more likely to 
be species adapted to drier conditions.

On the other hand, evidence from ecological monitoring 
suggests that despite selecting relatively intact blanket bogs 
for this study, some areas continue experience the legacy 
of ongoing effects from historically detrimental activities 
including drainage, burning and overgrazing. These past 
activities resulted in areas with suitable hydrological condi-
tions for Sphagnum spp., having a high cover of bare peat 
or high cover of species indicative of drier conditions (e.g., 
tall Calluna vulgaris or widespread Molinia caerulea). As 
highlighted by plots GB and F15, areas with high MFAC 
values and shallow water tables were not always associated 
with high Sphagnum spp. cover. In both cases, low Sphag-
num spp. coverage, combined with high cover of species 
indicating drier conditions, points to slow recovery from past 
anthropogenic pressures. It is likely that in both cases water 
tables would have been lower in the past, thus permitting tall 
Calluna vulgaris to develop at GB and Molinia caerulea to 
become dominant at F15. In the case of F15, the evidence of 
drainage, infilled with vegetation, suggests drainage initially 
lowered water table levels, permitting Molinia caerulea to 
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become dominant. As the drain infilled with vegetation, the 
drainage function has reduced, leading to improved hydro-
logical conditions, yet a slow recovery of Sphagnum spp. 
due to the dominance of Molinia caerulea.

Despite the poor relationship observed, an important rela-
tionship between MFAC, water table levels and depth to H4 
was found. Greatest depth to H4 occurred in areas with high 
MFAC values and shallow, stable water tables. These areas 
are believed to reflect areas of least anthropogenic distur-
bance in the past, meaning a thick layer of poorly humified 
peat remained close to the surface. In contrast, locations with 
high MFAC values, shallow water tables and shallow depth to 
H4, are more likely to reflect past anthropogenic disturbance.

Conclusions

Adaptation of the MFAC model to blanket bogs has dem-
onstrated the important relationship between topographic 
conditions and water table levels. More specifically, MFAC 
has proven effective in predicting areas that are more likely 
to have shallower and more stable summer water levels. The 
success of the MFAC modelling approach, adopted to a range 
of sites following corrections for climatic variability and sur-
face water drainage, points to its wider potential for applica-
tion to predict water table regimes in blanket bogs elsewhere. 
This includes across the network of blanket bogs in Ireland 
and in settings supporting comparable climatic conditions.

Given the importance of shallow, stable water tables, 
MFAC demonstrates potential to assist peatland managers in 
identifying high priority areas for restoration, where increases 
in water table levels and associated peat accumulating veg-
etation may be more easily re-established. To optimise use 
of resources, areas with high MFAC values display greater 
potential to have these conditions and should therefore be pri-
oritised for restoration over areas with lower MFAC values.

While there were deviations between MFAC predictions 
of surface wetness and observed water table levels, particu-
larly where features, such as artificial drainage, lower water 
tables, MFAC predictions can provide peatland managers 
with useful insights into hydrological processes that are 
not immediately obvious from remote sensing or ground 
surveys. This includes identification of legacy effects of 
anthropogenic disturbance, resulting in anomalously wet 
areas lacking peat accumulating vegetation, and areas hav-
ing elevated MFAC values, yet unable to support shallow 
and stable water table regimes. The latter scenario points to 
the occurrence of subsurface hydrological processes, unac-
counted for in the MFAC model (e.g., discharge via uni-
dentified macropores/peat pipes). The capacity to identify 
these processes thus assists in the targeting of site-specific 
investigations.

Considerable scope remains to evaluate the effective-
ness of the adapted MFAC model, including the impacts 
of historic anthropogenic activity. Acquisition of further 
topographic/water table data from other sites promises to 
further evaluate the confidence in which the model may be 
applied more widely. However, data acquisition should be 
appropriately focused to ensure optimal use of resources.

Poor relationships between MFAC and ecological 
parameters reflects the need for further characterisation of 
ecological conditions that accurately reflect peat-forming 
conditions in blanket bog landscapes. Paleo-ecological 
studies could provide further insight into the potential 
influence past impacting activities may have had on these 
areas, particularly in areas with low Sphagnum cover, 
despite high MFAC values combined with shallow and 
stable water tables.
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