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Abstract 

 

Over the last century, afforestation in Ireland has increased from 1% of the land area to 10%, 

with most plantations on upland drained blanket peatlands. This land use change is considered 

to have altered the hydrological response and water balance of upland catchments with 

implications for water resources. Due to the difficulty of observing these long-term changes in 

the field, the aim of this study was to: utilise a hydrological model to simulate the rainfall-

runoff processes of an existing pristine blanket peatland; and then to simulate the hydrology 

of the peatland if it were drained and afforested. 

The hydrological rainfall-runoff model (GEOtop) was calibrated and validated for an existing 

small (76 ha) pristine blanket peatland in the southwest of Ireland for the two year period 

2007-2008. The meteorological data required to drive the hydrological model (precipitation, 

atmospheric pressure, temperature, global shortwave radiation, relative humidity and, wind 

speed and direction) were available from an onsite meteorological tower. As well as 

metrological inputs, the model also required data on the spatial variability of the hydrological 

properties of the soil in the catchment. For mineral soils, there is a wealth of information on 

soil hydrological properties and their spatial variability. However, the same cannot be said for 

peatlands as there is limited knowledge of both hydrological properties and of elementary 

properties (such as bulk density) and particularly spatial variability. Therefore in order to 

provide the model with the necessary soil hydrological properties, a field investigation of 

saturated hydraulic conductivity and bulk density was undertaken. The results of this study 

(presented elsewhere) found that saturated hydraulic conductivity (Ksat) was higher (~10
-5

 m s
 

-1
) in the bog interior than the riparian zone (~10

-6
 m s

-1
) while the converse applied to bulk 

density. These results support the idea that the lower Ksat at the margins control the hydrology 

and stability of blanket peatlands and provided the necessary inputs for model. Vegetation 

details (Leaf Area Index (LAI), height, root depth) were adopted from previous studies.  

The current hydrological response of the pristine blanket peatland catchment with regard to 

streamflow and water table (WT) levels was captured well in the simulations. Two land-use 

change scenarios of afforestation were also examined; (A) a young 10-year-old and (B) a semi 

mature 15-year-old Sitka Spruce forest. Scenario A produced similar streamflow dynamics to 
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the pristine peatland whereas total annual streamflow from Scenario B was 20% lower. For 

Scenarios A and B, on an annual average basis, the WT was drawn down by 165 and 205 mm 

below that observed in the pristine peatland respectively. The maximum WT draw down in 

Scenario B was 610 mm and occurred in the summer months, resulting in a significant 

decrease in summer streamflow from the peatland. Occasionally in the winter (following 

rainfall) the WT for Scenario B was just 20 mm lower than the pristine peatland, which when 

coupled with the drainage networks associated with afforestation led to higher peak 

streamflows leaving the peatland catchment. This phenomenon of increasing the streamflow 

following afforestation of peatlands may have implications in larger catchments where 

afforestation may be falsely considered as a flood mitigation measure. Likewise the reduction 

of flows from peatlands throughout the summer and in particular after dry periods may be of 

concern for water resource managers. 

 

1. INTRODUCTION 

 

Peat is an organic soil composed of partially decomposed plant matter (Hoag and Price, 1995) 

with depths that range from 300 mm to as much as 10 m. Peatlands cover 400 million hectares 

of the earth’s surface and store between 33% and 50% of the world’s soil carbon pool 

(Holden, 2005) which has been estimated at 25-50% of the current carbon held in the 

atmosphere (Frolking and Roulet, 2007). This vast store of carbon is considered to be 

vulnerable to: climate change (Sottocornola and Kiely, 2010); drainage (Holden et al., 2004) 

and land use change such as afforestation (Limpens et al., 2008). 

Since the 1950s it has been the policy of successive Irish governments to increase forest cover 

and by 2007 the national forest area had risen to 10% (NFI, 2007) with a planned increase to 

18% by 2020 (Dept. of Agriculture, 1996). Much of this afforestation over that past five 

decades has taken place on peatlands which were traditionally considered unsuitable for 

agricultural use. An estimated 49% of afforestation between 1990 and 2000 was carried out 

on peat soils (Black et al., 2008). The principal tree species used in peatland afforestation in 

Ireland were Sitka spruce (Picea sitchensis (Bong.) Carr.) and lodgepole pine (Pinus contorta 

Dougl.) (Byrne and Farrell, 2005). An estimated 57% of the national forest stock is Sitka 

spruce (Horgan et al., 2004). While Sitka spruce is able to thrive under the moist Irish weather 

conditions (Horgan et al., 2004), its root development when planted on peat soils is limited to 

the aerated top section of the peat profile (Lees, 1972). Peatlands, and particularly blanket 

peats, in Ireland are environments with the water table at, or close to, the surface for long 

periods of the year. This makes Irish peatlands unsuitable for afforestation in their natural 

undrained (high WT) condition and as a result peatlands are drained prior to afforestation. 

Peatlands can serve as important regulators of river flow and hydrochemistry (Koehler et al., 

2011), because of their location and high precipitation however, there are conflicting 

conclusions drawn from different international studies as to the effect of afforestation on the 

hydrological cycle of blanket peatlands. Therefore the general objective of this study was to 

use a two-year hydrological data set at a blanket peatland catchment and a process-based 

rainfall-runoff model to explore the hydrological response, if the peatland were to be drained 

and afforested. 
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2. MATERIALS AND METHODS 

 

2.1 Site description and Climate 

The study site is a pristine Atlantic blanket bog near Glencar in County Kerry, southwest 

Ireland (Latitude: 51°58N, Longitude 9°54W) at an elevation of approximately 150 m (Figure 

1) and is typical of Atlantic blanket bogs in the coastal regions of northwest Europe in terms 

of both vegetation and water chemistry (Sottocornola et al., 2009). The study site is part of a 

larger pristine bog of approximately 121 km
2
. A small stream (~1m wide) runs through the 

centre of the bog and drains approximately 76 ha; 85% of which is intact blanket bog (see 

Figure 1). 

 
Figure 1. Peatland catchment and location map 

Sottocornola and Kiely (2010) at the same site found that the range of annual rainfall (2002 to 

2009) was 2236 to 3365 mm with an annual average of 2597 mm. The annual 

Evapotranspiration (ET) (estimated using eddy covariance methods) ranged from 369 to 424 

mm with an annual average of 394 mm. From 2002 to 2009 there was an annual average of 

208 wet days (> 1 mm day
-1

) (Koehler et al., 2009). The average annual air temperature was 

10.5°C. The recorded flow at the stream outfall (see Figure 1) ranged between 0.015 and 10.0 

l s
-1

 ha
-1

 (Koehler et al., 2009) with the 95 percentile flow exceeding 0.037 l s
-1

 ha
-1

. The flow 

was observed to be flashy with over 90% of streamflow sourced from surface runoff (Lewis et 

al., 2011). This is due to a perennially high WT which was observed continuously over the 

seven years 2002-2009 to be within 170 mm of the land surface (with the 7 year mean WT at 

~ 40 mm below the surface) at the eddy covariance/meteorological station. 

 

2.2 Site Instrumentation 

At the outfall of the 76-ha catchment (Figure 1), stream flow was recorded every 30 min. A 

meteorological station was established in 2002 and includes two rain gauges and a WT level 
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recorder. Wind speed was recorded with a 2-D sonic anemometer, air temperature and relative 

humidity were measured at 2-m height with a shielded probe, while atmospheric pressure was 

recorded with a barometer. An eddy-covariance system for CO2 fluxes was also located on the 

same tower. 

 

2.3 Process-based hydrological model - GEOtop and Modelling Scenarios 

The process-based hydrological model GEOtop (Rigon et al., 2006) was used in this study. It 

is a distributed hydrological model (operating on a 8 m*8 m grid) and simulates the complete 

hydrological balance in a continuous way during a whole year (at a temporal increment of 60 

minutes). 

As well as metrological inputs, the model also required data on the spatial variability of the 

hydrological properties of the soil in the catchment. For mineral soils, there is a wealth of 

information on soil hydrological properties and their spatial variability. However, the same 

cannot be said for peatlands as there is limited knowledge of both hydrological properties and 

of elementary properties (such as bulk density) and particularly spatial variability. Therefore 

in order to provide the model with the necessary soil hydrological properties, a field 

investigation of saturated hydraulic conductivity and bulk density was undertaken. The results 

of this study found that saturated hydraulic conductivity was higher (~10
-5

 m s
-1

) in the bog 

interior than the riparian zone (~10
-6

 m s
-1

) while the converse applied to bulk density (Lewis 

et al., 2011). 

To reflect the practice of draining peatland prior to afforestation, an artificial drainage 

network was simulated for this GEOtop application. Two possible land use change scenarios 

were simulated in this study, changing the land use from natural peatland to a 10-year-old 

(Scenario A) and a 15-year-old (Scenario B) Sitka spruce forest. Sitka spruce forests at 

approximately 15 years of age have the highest LAI and therefore deemed to have the largest 

impact on the rainfall runoff response, mainly from increased interception and transpiration. 

The changes to the model for Scenario A, were made by increasing the LAI to 4.5, root depth 

to 400 mm and canopy height to 2.50 m. For Scenario B the LAI, root depth and canopy 

height were increased to 75, 550 and 8000 mm respectively. Along with the change in land 

use, both these scenarios also included a new drainage network to reflect the practice of 

draining peatlands prior to afforestation. 

 

3 RESULTS 

 

The model was calibrated using observed data for 2007. Figure 2 shows the time series of 

observed and GEOtop modelled flows with in a Nash-Sutcliffe (Nash and Sutcliffe, 1970) 

efficiency of 0.87. The cumulative rainfall (2229 mm), observed streamflow (1925 mm) and 

simulated streamflow (2018 mm) are shown in Figure 3a. The modelled ET of ~211 mm for 

2007 is lower than both the observed value of 304 mm and the nearby eddy covariance 

estimate of ET of 388 mm for the hydrological year 2006/2007 reported by Sottocornola and 

Kiely, (2010). Monthly totals of simulated flow compare well with observed values (Figure 

3b) as do the instantaneous values of simulated and observed flow (Figure 3c) with the 
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exception of the very highest flows. We believe this is due to the overbank flow for which our 

high observed flows are likely to be underestimated. The observed and simulated WT depths 

are shown in Figure 4. The model simulates WT over the full extent of the bog, and will be 

somewhat different to the observed WT which was from one WT sensor point. From Figures 

2, 3 and 4 we suggest that GEOtop simulates well the hydrological process in the peatland for 

the calibration year. Once the model was calibrated for 2007 it was then validated (no change 

to parameters) for 2008. Figures 5, 6 and 7 and Table 1 show the results of the 2008 

simulation. 

The Nash-Sutcliffe efficiency of 0.89 for 2008 showed a slight improvement on the 2007 

value of 0.87 while the simulated flow was slightly greater than the observed flow (Figure 6). 

The simulated WT had an annual mean value of 29 mm below the surface whereas the 

observed WT had an annual mean depth of 35 mm below the surface for 2008. The overall 

goal of this project is to study the change in hydrological response of peatland when land use 

is changed from its natural state to forestry. It is not possible to do this by simply changing 

the land use in the model, as in practice, peatlands are drained prior to planting (Holden et al., 

2004). To reflect this, the drainage network in the model was modified and a series of new 

network drains were inserted into the model. The model was then run again for the two years, 

2007 and 2008 with land use change Scenarios A and B. While the model was run for two 

years, the cumulative flow and ET values are shown in Figure 9 for 2008 only, after allowing 

the model to spin up during 2007. 

 
Figure 2. Observed and Simulated flows for 2007 at hourly intervals 
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Figure 3. For 2007 (a) Cumulative rainfall, observed flow and simulated flow (b) 

Monthly observed and simulated flows (c) Observed and simulated flows 

 
Figure 4. For 2007; Daily rainfall (top); observed and simulated water table 
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Figure 5. Observed and Simulated flows for 2008 at hourly intervals 

 

 

Figure 6. For 2008 (a) Cumulative rainfall, observed flow and simulated flow (b) 

Monthly observed and simulated flows (c) Observed and simulated flows 

 

 
Figure 7. For 2008, daily rainfall (top); observed and simulated water table depth 

The changes in WT due to the drainage and land use change scenarios are shown in Figure 8. 

The simulated drained peatland showed a drop in WT, particularly in the summer months 

with the annual mean drained WT 150 mm below the surface and 115 mm below the observed 

WT. The annual mean observed WT depth for 2008 was 35 mm below the surface while with 

mean simulated WT depths for scenarios A and B were 120 and 240 mm, respectively (see 

Figure 8). 
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Table 1. Observed and modelled scenarios; rainfall, evapotranspiration and 

streamflow values 

Scenario Year 
Rainfall 

(mm) 

Evapotranspiration 

(mm) 

Streamflow 

(mm) 

Streamflow/ 

rainfall ratio 

Observed 2007 2229 304 1925 0.75 

Calibrated 

Model 
2007 2229 211 2018 0.82 

Observed 2008 2826 421 2405 0.85 

Validated 

Model 
2008 2826 330 2496 0.88 

Scenario A 2008 2826 501 2325 0.83 

Scenario B 2008 2826 913 1913 0.67 

 

From Table 1 we can see that Scenario A showed little change in ET from the undisturbed 

peatland whereas the ET for Scenario B was 913 mm, an increase of 492 mm when compared 

to the observed ET in 2008. The total annual simulated streamflow for Scenarios A and B 

were reduced to 96 and 80%, respectively of the observed flow. A comparison of the 

streamflow between the observed flow and Scenario B did not show that Scenario B was 

consistently reduced by 80%. It showed rather, that Scenario B had at different times of the 

year both higher (typically in winter) and lower streamflow (typically summer) than the 

observed streamflow. This is illustrated in Figures 9a and 9b. Figure 9a shows the observed 

flow and the flow from Scenario B from Julian day 134 to day 140, 2007. April and May 

2007 were unusually dry with April being one of the driest on record at two nearby Met 

Eireann synoptic weather stations. This resulted in a large drop in WT. An analysis of the 

precipitation and streamflow on Julian days 134 to 140 show that the observed and simulated 

streamflow from Scenario B produced two very different rainfall runoff responses. The 

observed streamflow showed a large peak in flow whereas the simulated Scenario B flow 

showed only a small response to precipitation. The Scenario B flow for Julian days 134 to 

136, results in almost no flow in the stream. Figure 9b shows that the converse occurred 

between days 340 and 344 where the simulated flow from Scenario B was higher than the 

observed flow. As there is a slight discrepancy between the peak flows and simulated flows 

for reasons outlined earlier, thesimulation of the undisturbed peatland is also shown in Figure 

9b. 
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Figure 8. For 2008 Water table for observed, drained peat, scenario A & scenario B 

 

 

4 DISCUSSION 

 

The comparisons of observed flows and WT depths with the corresponding simulated values 

from the GEOtop model in the calibration and validation years show that the current 

configuration of GEOtop is capable of reliably simulating the hydrological processes. Central 

to this configuration for the peatland is the spatial variation of hydraulic conductivity. Areas 

of low hydraulic conductivity at the margins near the stream are essential in maintaining the 

elevated WT in the centre of the bog. For the drainage scenarios, once these areas of lower 

hydraulic conductivity were modified by the insertion of a drainage network, the WT level in 

the centre of the bog fell. Given that even a slight drop in WT impacts the vegetation 

distribution and composition (Sottocornola et al., 2009), any disturbance of these relatively 

small areas of lower hydraulic conductivity will likely affect a much larger area of a bog. 
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Figure 9. (a) for summer 2007: Observed and modelled Scenario B flows (b) for 

winter 2007 Observed, simulated and Scenario B flows. The simulated winter (b) 

  and summer (a) WT is also shown. 

While the practice of drainage prior to afforestation of peatlands lowers the WT, its depth will 

also be affected by the increase in transpiration and canopy interception with the change of 

land use from natural peatland to Sitka spruce afforestation. From Table 1 we note that the 

simulated ET increased in the mature forest (Scenario B) to 492 mm greater than the pristine 

peatland. The ET rate of the younger forest (Scenario A) was similar to the undisturbed 

peatland. 

The estimated ET (913 mm) of Scenario B, of a more mature forest was 412 mm higher than 

Scenario A. Such increases in ET as a result of changing peatland land use from grass, mosses 

and bare peat to Sitka spruce have been noted by others. Studies by others in areas such as the 

Scottish highlands that may be considered similar in soil type and climate to our Irish study 

site, have found that Sitka spruce may intercept between 28% (596 mm) (Johnson, 1990) and 

52% (1514 mm) (Heal et al., 2004) of precipitation. Transpiration of Sitka spruce in Cumbria 

has been estimated at 12% of precipitation or 172 mm (Anderson et al., 1990). We note that 

our estimates of ET from Scenario B at 32% of rainfall is in the range of values cited in the 

literature. Results from a study by the Institute of Hydrology (1991) into the effects of upland 

afforestation on water resources, suggest that ET on a forested catchment receiving 2800 mm 

precipitation annually was approximately 1190 mm, which is similar to the ET value of 913 

mm in our Scenario B. Other studies on afforested peatlands such as the Marcell experimental 
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forest in Minnesota and the Huhtisuo catchment in Finland found that ET represented a larger 

percentage of precipitation than values noted in this study. A study by Verry and Timmons 

(1982) found that ET from a mature Black Spruce forest represented up to 66% of annual 

precipitation with Iritz et al (1994) reporting ET values of 61% of precipitation in the 

Huhtisuo catchment in Finland. The climate at both locations is described as continental with 

streamflow tending to cease for 2 to 4 months of each winter due to lower temperatures in 

Marcell (Kolka et al., 2001). The difference in climate is likely to have resulted in the 

difference in simulated and observed ET values in our study and that of those reported from 

the Huhtisuo catchment and Marcell forest. In our site, the average precipitation over a 5 year 

period was 2597 mm with an average ET of 394 mm representing approximately 15% of 

precipitation. The increased ET associated with afforestation in conjunction with the drainage 

network resulted in a WT draw down in dry periods (Figure 8). The WT in Scenarios A and B 

was on average 165 and 205 mm below the observed WT for the calendar year 2008. 

As the runoff from peatlands in their natural state (in Western Europe) is known to be flashy 

due to saturation excess overland flow, a lowering of the WT is expected to reduce the 

volume of runoff produced from saturation excess. This is noted in the hydrograph for a 

summer period in Figure 9a, which shows the observed flow and the simulated flow from 

Scenario B, for Julian days 134 to 140. The rain event on day 135 was preceded by a dry 

period in April and May 2007, the end of which the WT was observed to be at its lowest level 

since records began in 2003. At the start of the precipitation event of day 135, the WT of 

Scenario B was 698 mm lower than the observed WT of the pristine peatland and 592 mm 

below the drained simulation. With this lower WT and reduced precipitation reaching the 

ground due to canopy interception, the streamflow from the simulated forest catchment is 

greatly reduced. However, the converse applies for the streamflow in winter as shown in 

Figure 9b. Prior to day 340 there had been frequent rain events which had resulted in a much 

higher WT both in the simulated and observed cases. A total of 53 mm fell on day 340, 

resulting in a higher simulated than observed flow. As the observed WT was 19 mm below 

the surface and Scenario B was just 25 mm below the surface, we consider that both 

simulations produced saturation excess overland flow. However, the forested simulation had a 

more extensive drainage network which was able to convey any surface runoff to the 

catchment outfall more rapidly resulting in a higher peak flows. Such a phenomenon has also 

been noted by others: with Ahti (1980) finding that increasing density of drainage ditches 

increased peak flows in a Finish peatland; and model simulations by Iritz et al. (1994) noting 

that peak flows may be increased by forest drainage when the WT is close to the surface. The 

studies of Anderson et al. (2000) and (Ballard et al., 2011b) also drew similar conclusions. 

This phenomenon of increasing the streamflow following afforestation of peatlands may have 

implications in larger catchments where afforestation may be falsely considered as a flood 

mitigation measure. Likewise the reduction of flows from peatlands throughout the summer 

and in particular after dry periods may be of concern for water resource managers. 

 

5.0 CONCLUSION 
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With regard to applying the hydrological GEOtop model to an Atlantic blanket peatland we 

found that GEOtop was suitable for the purposes of modelling the hydrological processes. 

Central to this was the input of the spatial variation of the saturated hydraulic conductivity. 

Peat with a lower hydraulic conductivity at the margins results in elevating the WT depth in 

the centre of the bog, which in turn results in saturation excess overland flow during 

precipitation events. It is also clear from the scenario modelling that afforestation and its 

associated drainage can change the hydrological response of this pristine peatland catchment. 

While the ET rates from a young Sitka spruce catchment were similar to the existing pristine 

peatland catchment, a semi-mature Sitka Spruce forest resulted in an increase in ET of 492 

mm through increased transpiration from the canopy and interception. This increase in ET 

was particularly noticeable in summer and resulted in an increase in depth of the WT and 

reduction in streamflow. However, in winter, following periods of heavy rainfall, the WT 

depth approached that of an unforested drained peatland. This shallow WT depth in 

combination with a drainage network results in an increase in peak flow in times of heavy 

rainfall. This suggests that there is limited or no benefit to flood attenuation from peatland 

afforestation during winter periods when the WT is high while the converse applies to 

summer flows where the rainfall runoff was reduced in dry periods. 
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