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ABSTRACT: 15 

This paper investigates the water table dynamics in a peatland showing a wide range of water table 16 

fluctuations. A reservoir model of water table fluctuations in a double-porosity peat is proposed, by 17 

calculating the stored water in effective porosity of the peat from precipitation and 18 

evapotranspiration datasets. Calculations conceptualize vascular plant consumption through a crop 19 

coefficient. Changes in water storage, located in the effective porosity of the peat, are described 20 

through a maximum infiltration rate and a maximum storage capacity. Water discharges take place in 21 

runoff and percolation reservoirs. The runoff coefficient is considered to be water table dependent. 22 

This model was tested on a peatland that has experienced strong water table fluctuations caused by 23 

summer drought and/or by vascular plant water consumption. A water table dependent runoff 24 

model appeared to be adequate to describe the water table fluctuations in peatland. From this 25 

model, vascular plants were found to increase the crop coefficient and to limit percolation through 26 

the peat. The high water table depth in winter was found to change with the year and is related to an 27 

equilibrium between slow infiltration in peat versus percolation plus evapotranspiration. In this 28 

disturbed peatland, even if overland flows occurred after a drought, the re-saturation of effective 29 

porosity was slow with about 30% of air trapped in the porosity 6 months after the drought period. 30 

The effects of drought on peat saturation were observed over more than a single hydrological cycle. 31 

This can affect the biogeochemical processes controlling the C cycle in peatland.  32 

Key words: Peatland ; Hydrological model ; water balance; storage capacity; plant consumption 33 

34 
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Introduction: 35 

Peatland ecosystems are the major natural continental carbon (C) store as well as an important CH4 36 

source (Gorham, 1991, Morris et al., 2011). Their response to global change is uncertain as positive 37 

or negative feedback can be triggered (Lashof et al., 1997). This uncertainty creates the need to 38 

better assess and predict their C source or sink functioning to be able ultimately to take the peatland 39 

contribution into account in the global climate model (Limpens et al., 2008). In the carbon cycle, 40 

hydrological functioning controls the physical, chemical and biological processes (Weiss et al., 2006) 41 

and hence is one of the most important factors regulating carbon fluxes. 42 

The usual hydrological conceptual model in peatland, according to Ingram’s definition (1983), 43 

distinguishes an acrotelm and a catotelm layer. The acrotelm is affected by a fluctuating water table 44 

(WT). It is the compartment that supports the growing vegetation and where most of the biological 45 

activities take place. The catotelm is a waterlogged compartment which is permanently anoxic and 46 

where microbial communities are composed only of strict anaerobic organisms (Holden and Burt 47 

2003). Linked to this microbial activity, Moore and Knowles (1989) showed in laboratory 48 

experimental studies of peat cores that the molar ratio of CO2 and CH4 emission may rise from as low 49 

as 10 with the WT 10 cm above the peat, to >10 000 when the WT is 70 cm below the peat surface. 50 

This relationship between WT and biogeochemistry is also observed in other multi-porosity aquifers, 51 

where successive WT fluctuations change the water bicarbonate content in response to CO2 52 

dissolution and modify the water exchanges between the different reservoirs of the aquifers 53 

(Charmoille et al., 2009). Thus, because of the control the WT exerts on gas availability within the 54 

peat column, WT depth and variations are key factors in understanding the C cycle. 55 

Under environmental changes (such as global warming, precipitation changes or vascular plant 56 

invasion), the WT dynamics can change and create feedback effects on the C cycle. Frequent WT 57 

drawdowns creating a deeper and thicker acrotelm than is observed in intact peatlands may lead to 58 

further degradation and to a reinforcement of the runoff generation by erosion phenomena, change 59 
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the water quality (Daniels et al., 2008) and modify evapotranspiration (Restrepo et al., 1998). This is 60 

also evidenced in harvested sites where drainage and peat extraction lower the WT, expose relatively 61 

decomposed peat and increase the runoff (Van Seters and Price, 2001), whereas creating artificial 62 

drain blocking increases the WT, modifies the runoff and the water quality (Worrall et al., 2007). 63 

To explore WT impact on hydrological processes (runoff and infiltration) and on the carbon cycle, 64 

some studies have monitored peatlands located in areas with a higher average air temperature than 65 

in sub-boreal peatlands (Rosenberry and Winter, 1997; Sarkkola et al.2009; Gogo et al., 2011a). The 66 

mechanisms described in these kinds of peatlands can help to understand how ecosystems situated 67 

in high latitudes may react to global change. From a hydrological point of view, the peatlands located 68 

in these areas may experience strong summer drought, high WT fluctuations and even higher 69 

precipitation (IPCC, 2008). 70 

The second approach is to model these mechanisms to propose prospective scenarios. To do so, 71 

hydrological peatland models are based on the regular concept of soil hydrology (Restrepo et al., 72 

1998). For large scale areas and for geochemical modeling, hydrologists usually prefer to apply a 73 

reservoir model with a limited number of calibrated parameters (Perrin et al. 2001; Violette et al., 74 

2010). Most hydrological peatland models focus on runoff production (e.g. Quinton et al, 1999; 75 

Tetzlaff et al., 2007). Few of them try to model the WT dynamics to evidence possible feedbacks in 76 

the hydrological processes. 77 

In this paper, a reservoir model of WT fluctuations in a multi-porosity peat is proposed based on a 78 

literature review. The aim was to identify the four parameters that explain more than 80% of the WT 79 

fluctuations, from the precipitation and evapotranspiration datasets. The calculations include: 80 

vascular plant consumption through a “crop” coefficient, water supply of peat through a maximum 81 

infiltration rate and a maximum water storage capacity and the flows with runoff and percolation 82 

coefficients. To improve the description between the WT and other parameters, the runoff 83 
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coefficient is considered to be WT dependent. This model was tested on a peatland that has 84 

experienced strong WT fluctuations caused by summer drought and/or by vascular plants.  85 

1. Materials and methods 86 

1.1. Study site 87 

The site studied is La Guette peatland (Fig. 1) located in Neuvy-sur-Barangeon in the South-East part 88 

the French Région Centre, 200 km south of Paris (altitude: 160m, N: 47°19’, E: 2°16). The site is 89 

composed of patches of acidic Sphagnum fen with peaty heathland dominated by Calluna vulgaris 90 

and Erica tetralix. The site is colonised by Molina caerulea and Betula spp (Betula pendula and Betula 91 

pubescens). The dominant Sphagnum species are Sphagnum cuspidatum and Sphagnum rubellum. 92 

The maximum peat thickness is 2 m. 93 

1.2. Field and laboratory measurements 94 

In March 2009, 268 measurements of WT elevations were made with a level (for elevation) and a 95 

Global Positioning System (for x and y location) to produce a WT map and to delineate the catchment 96 

area of the peatland. The horizontal accuracy was 2 m, the elevation accuracy was 1.8 cm. The 97 

results are presented in Figure 1, using a flow accumulation method (Gruber and Peckham, 2009) in a 98 

Geographic Information System.  99 

Precipitation was recorded by the French weather institute (Meteo-France) 0.8 km from the peatland 100 

and potential evapotranspiration (ET0) was calculated using a Penman formula from data recorded in 101 

the town of Bourges (25 km south-east of the peatland). For the thirty-year period 1971-2000 in 102 

Bourges, annual average precipitation was about 732 mm and annual average ET0 about 831 mm. 103 

Between 2008 and 2011, precipitation and ET0 were about 767 mm and 957 mm, respectively. Daily 104 

records were not available for the catchment for the overall period of the WT monitoring. The 105 

precipitation and ET0 datasets were validated by comparing the dataset from the weather institute 106 

with datasets from a Campbell scientific weather station® installed on the peatland catchment in 107 
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2010. For the years 2010-2011, the comparison shows a 1.0 slope and a regression coefficient of 108 

about R²= 0.98 for the precipitation dataset (Table 1). 109 

Runoff was measured manually at the Q0 discharge point using a dilution method (described in Binet 110 

et al., 2007). An automatic device was installed during the fall of 2011. As the discharge area can be 111 

connected with the river during the high water level period, the data do not represent only the 112 

outflow of the peat. Manual measurements were performed on each field trip if the river was not 113 

connected to the drainage zone. 114 

Within the peatland the WT levels were monitored in four sites: in the western part, site WO is 115 

dominated by open vegetation and site WC is dominated by Molinia caerulea and especially Betula 116 

spp vegetation, which tend to “close” the system. Two sites were located in the eastern part of the 117 

peatland: site DO has an open vegetation and site DC has a closed vegetation (by Molinia caerulea 118 

and Betula spp) (Gogo et al., 2011b).  119 

Shallow wells were installed to provide data on the fluctuations of the WT for the four sites (Fig. 1). 120 

These wells were constructed by hand-augering a hole and installing a PVC screen and a pipe 5.1 cm 121 

in diameter. The depth was about 1.2 meter. As peat depth was less than 1 m in the four monitoring 122 

sites, the four wells were instrumented with a WT monitoring system (OTT® Orpheus mini and 123 

Orphimede). WTs were queried each hour by a data logger and the logs were averaged to provide 124 

daily heads. Manual check measurements were made on each field trip to validate the automatic 125 

measurements. Water-level accuracy was about 0.001 m. 126 

Following Fetter (1994), the change in water storage in the peat (Sp) caused by WT fluctuations is:  127 

Sp = dh (e + bSs) (equation 1) 128 

where Sp is the change in water stored in the peat for a dh change in the WT, and e is the effective 129 

porosity (assuming an unconfined aquifer). Ss is the specific storage due to peat compressibility and 130 

b is the thickness of peat. 131 
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The total, effective and retention porosities T, e, r were determined in the laboratory using 40 cm 132 

diameter cores extracted from the four WT measurement plots. The cores were drained 24h and cut 133 

into 49.09 cm3 samples (V) every 5 cm along the peat column using a metallic cylinder. The samples 134 

were weighed (W1) and dried for 24 h at 90°c, then weighed again (W2). Three replicates were 135 

prepared for each sample. 136 

- Total porosity is:  T = 1-[(W2/t)/V] where t is the peat density (here 2.2 according to 137 

Kennedy and Price, 2005). 138 

- Retention porosity is: r = [(W1-W2)/w]/V where w is the water density (here 1). 139 

- Effective porosity is: e = T - r.  140 

The Ss term is defined as the amount of water that is expelled from aquifer storage due to 141 

compressibility of the soil matrix per unit change in head (Kennedy and Price, 2005), and is calculated 142 

as: 143 

Ss = (db/dh)/b (equation 2)  144 

where db is the change in peat thickness, measured as a change in surface elevation (Van Seters and 145 

Price, 2001). Surface elevation changes (db) were monitored at the four well locations with different 146 

peat depths by measuring the distance between the Sphagnum capitulum elevation and the top of 147 

the wells. The slopes inferred from the WT depth versus peat elevation are estimates of storage 148 

changes associated with the mechanism of dilatation storage. The slope divided by the intercept is an 149 

estimate of the depth-averaged specific storage (Schlotzhauer and Price, 1999).  150 

Retention and effective porosity were integrated from the bottom of the peat column to the surface 151 

to provide the retention and effective stored water amount related to the WT depth (Sr and Se). The 152 

maximum storage capacity in effective porosity (Semax) is the amount of stored water when WT 153 

depth is null. (Table 2). Changes in the retention and unsaturated reservoir (Sr) were not 154 

monitored.  155 

2. Model description: daily WT fluctuations in the peatland 156 
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A daily conceptual model of WT fluctuations was developed, based on the water balance concept.  157 

Peat is considered as a dual porosity medium (Ours et al., 1996). In dual-porosity aquifers, the WT 158 

fluctuations take place in the effective porosity, but the other porosities are key parameters to 159 

understand water exchanges between the reservoirs (Charmoille et al., 2009, Charlier et al., 2010). 160 

Thus a two-reservoir model, derived from Weiss et al. (2006) and Chaubey and Ward (2006) was 161 

designed to describe the WT fluctuations. All the terms discussed below are conceptualized in Figure 162 

2. The units are expressed in liter per square meter or millimeter.  163 

3.1. Water balance 164 

A general formulation for the water balance is: 165 

PP = ET + Ron + Roff + P + Sp (equation 3) 166 

where PP is the precipitation, ET is the evapotranspiration, Ron and Roff are horizontal run-on and 167 

run-off, respectively, P is the percolation through the peat and Sp is the change in the peat column 168 

water storage. 169 

3.2. Definition of the reservoirs as a function of water storage within the peat column 170 

The water stored in the peatland (Sp) is divided into 3 reservoirs: (1) the runoff reservoir is located in 171 

the highly connected macropores and channels (Sm). The Sm reservoir is an unlimited reservoir and 172 

contributes to the overland flows; (2) the percolation reservoir is composed of a smaller and /or 173 

deeper part of the effective porosity (Se); the amount of water in this reservoir is limited by a 174 

maximum storage capacity (Semax); and (3) the retention reservoir (Sr) with no-flow water. Thus the 175 

observed changes in the water storage (Sp) are the sum of storage changes in the macropores and in 176 

the effective reservoirs. 177 

3.3. Evapotranspiration 178 

For irrigation purposes concerning a given tree species (Wanga et al., 2007), or here for peat invaded 179 

by vascular plants, the consumed water use or evapotranspiration (ET) is estimated from ET = Kc ET0 180 
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where Kc is the crop coefficient used to adjust the known reference crop evapotranspiration (ET0) 181 

(Campbell and Williamson, 1997; Spieksma et al. 1997; Binet et al. 2006; Wanga et al., 2007). 182 

Depending on the availability of water in the peatland, the model considers that ET first consumes 183 

the water from precipitation and runoff in the Sm reservoir. The amount of evapotranspired water in 184 

the Sm reservoir is called ETm. If ET is higher than the water available in the Sm reservoir, then 185 

evapotranspiration can use water from the percolation reservoir of the peat (Se). Evapotranspired 186 

water in the Se reservoir is called ETe (see n°2 in figure 2). When precipitation is higher than 187 

evapotranspiration, an effective precipitation (EP) is produced.  188 

3.3. Infiltration, runoff, and discharge 189 

Infiltration and runoff are antagonistic processes as when the former increases, the latter decreases 190 

in the same magnitude (under constant rainfall intensity). The effective precipitation supplies the 191 

runoff reservoir (Sm). Then infiltration takes place at the interface between the runoff (Sm) and the 192 

percolation (Se) reservoir (Fig.2). A maximum infiltration rate (Imax) was used to describe the 193 

amount of water flowing from the Sm to the Se reservoir (Carlesso et al., 2011). The amount of water 194 

infiltrated in the percolation reservoir (I) is the lowest value of the following 3 parameters: the 195 

maximum infiltration rate (Imax), the free volume available in the percolation reservoir (Se - Semax), 196 

and the amount of water available in the Sm reservoir.  197 

 3.4. Development of a WT dependent runoff model 198 

In peat two kinds of flow take place. If overland flows occur, water flows through macro-pores 199 

(drains and channels) close to the peat surface. Following Holden et al. (2008), the model combines a 200 

partially submerged flow in the Sm reservoir for overland flows (n°5 in Figure 2) with a fully 201 

submerged flow in the Se reservoir for flows which are representative of the depths of flows that 202 

percolate across the peatland (n°4 in figure 2).  203 

According to reservoir model theory (Maillet 1905; Fiorillo, 2011), the percolation rate through the 204 

Se reservoir can be considered as following a linear relationship with Se:  205 
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P = p.Se (equation 4)  206 

where p is the percolation coefficient (unit = 1/day).  207 

Similarly, the Runoff flow rate is described as follows: 208 

R= r.Sm (equation 5) 209 

Considering a Darcy reservoir, r can be expressed as follows: 210 

r = (K/L).(S1/S2) (equation 6) (Fiorillo, 2011)  211 

where S1 is the outflowing section, S2 the watershed area, K the hydraulic conductivity and L the 212 

characteristic length of the reservoir. 213 

In the literature, runoff is found to decrease with WT depth in accordance with the decreases in 214 

macropores with depth (Holden et al., 2008, Daniels et al. 2008). In a regular reservoir model S1 is a 215 

constant. To model this relationship between WT and r, we propose to define the outflowing 216 

surface S1 in equation 5 as WT dependent. Thus r will change and create a feedback on the runoff 217 

generation. 218 

For overland flow, the conceptual model (Figure 2) proposes that the runoff reservoir has a triangular 219 

outflow section. For a given water amount in the effective reservoir (Se), the outflowing surface will 220 

be: 221 

S1 = (Se.w)/2 (equation 7) 222 

where w is the width of the triangle at the WT surface.  223 

If rmax is the runoff coefficient when Se = Semax (the peatland is saturated), by combining (5) and 224 

(6), and writing S1 as a function of Semax, r becomes: 225 

r = r max . (Se/Semax)² (equation 8) 226 

Thus a WT depth dependent runoff rate is proposed (equation 9): 227 

R= r max . (Se/Semax)².Sm (equation 9) 228 
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where r max . (Se/Semax)² is the WT dependent runoff coefficient. A Runoff coefficient close to 1 229 

means that all the water from precipitation is evacuated in less than one time step of the model 230 

(here 1 day). If r max is considered to be 1, the runoff can be described without adding a new 231 

parameter to the model. 232 

3.5. Objective function for model optimization 233 

From the RR and ET0 measurements and applying the following conceptual model, a model of peat 234 

water storage change was constructed. Four parameters, Kc, , Imax and Semax needed to be 235 

estimated in order to model the daily water storage changes. The parameters were estimated by 236 

comparing the observed stored water change Se (equation 1) and the calculated storage changes in 237 

the effective porosity (Sm + Se). The parameters were optimized by using a nonlinear excel solver® 238 

with a convergence of about 0.0001 and an accuracy of about 5%. 239 

The objective function selected to calibrate the models is of the least-squares type. It is based on the 240 

formulation proposed by Nash and Sutcliffe (1970) and given by: 241 

  (equation 10) 242 

These measures vary between -∞ and 100% for perfect agreement and are easy to interpret. They 243 

quantify the ability of the model to explain WT variance, i.e. the improvement achieved by any model 244 

in simulating WT compared to a basic reference model simulating a constant WT equal to the mean 245 

observed one. 246 

Klemes (1986) proposed a hierarchical assessment methodology to test model performances in 247 

calibration simulation mode (split sample test). This scheme places great importance on model 248 

verification by assessing the transposability of models in time or under changing environmental 249 

conditions. For each site, the models were successively calibrated on a sub-period (2009-2010 250 

dataset) and then tested in verification mode on all the remaining periods (see the calibrated and 251 

verified Nash values in Table 3). The sensitivity of parameters was defined as the value that needs to 252 
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be added to or subtracted from the best fit results to decrease the Nash criteria by about 5% (Table 253 

3). 254 

4. Field results  255 

4.1. Catchment and discharge 256 

The drainage network inferred from WT measurements conducted in March 2009 evidenced that the 257 

Peatland is divided into two watersheds, outflowing into the La Guette river close to the discharge 258 

points Q0 and Q1 (Fig.1). The watershed area is respectively 2.6 105 m² and 4.104 m² for the western 259 

and the eastern areas. Q0 percolation for the days without runoff ranged from 0.3 to 0.8 l/s (Fig.3). 260 

The specific yield was estimated to be about 60 mm/year. 261 

4.2. WT fluctuations 262 

WT fluctuations were monitored during 3 hydrological cycles. Table 1 presents the annual averages, 263 

the minimum and the maximum of the WT depth, the precipitation (PP) and the evapotranspiration 264 

(ET0). The average values of the WT changed with the 3 hydrological cycles. In the DO well, for 265 

example, the average WT depth varied from 83 to 163 mm. In all the observation wells a WT 266 

decrease of 80 mm in 2009 was observed. The dynamics of the WT changed with time. Figure 3A 267 

shows an example of the effective rainfall and stored water time evolution observed in the WO 268 

observation wells, with a low variability before June 2009, when a strong decrease occurred. After 269 

June 2009, greater variability is observed. 270 

The maximum value of the WT depth (which delineates the acrotelm and the catotelm, Ingram, 271 

1983), decreased by about 140 - 240 mm below the surface between the hydrological cycle 2008- 272 

2009 and 2009-2010 (Table 1). The highest value (424mm) was recorded in an area invaded by 273 

vascular plants. In summer the deepest values of WT appear to be correlated with annual 274 

evapotranspiration. The 2009-2011 hydrological cycles show that the ET0 are higher than the 30 275 

years’ average. 276 
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The minimum values of the WT depth were recorded in winter and changed over the years. In the 277 

WO wells, minimum values were 56, 101 and 74 mm depth for years receiving 767, 700 and 744 mm 278 

of precipitation respectively (Table1). In winter WT depth appears to be negatively correlated with 279 

the annual precipitation (R = -0.896 and R = - 0.998, n = 3, for DO and WO respectively). 280 

4.3. Daily change of water storage (Sp) 281 

The effective porosity varied between 3 to 70 % decreasing with the depth, and the retention 282 

porosity was 20 to 84 %. The specific storage (Ss) ranged from 0 to 18 10-4 cm-1. This value means 283 

that water release by peat compressibility was on the same order of magnitude as water release 284 

through effective porosity. From these measurements, water storage in the peat column was 285 

computed with equation 1. The drainage table (Table 2) shows the amount of water stored in the 286 

peat for a given WT in effective and retention porosity. The maximum storage capacity in effective 287 

peat porosity (Semax) in the four observation wells was found to be 66 - 107 mm (Table 2). The 288 

maximum amount of water located in the retention porosity ranged from 300 to 612 mm.  289 

5. Model of WT fluctuations. 290 

For each observation well, the optimization of the four parameters (Kc, p, I and Semax) with 291 

equation 10 gives the optimized parameters presented in Table 3. The objective function shows 292 

values up to 80% for the calibration stage and up to 70% for the validation stage. The proposed 293 

model can be considered as consistent with WT measurements. Figure 3b shows that the model 294 

calibrated with the 2009-2010 WT dataset reproduces the WO WT throughout the period of 295 

observation. The same model estimates the daily runoff in accordance with observed runoff (Figure 296 

4). This suggests that the WT dependent runoff coefficient model is efficient and takes into account 297 

part of the possible feedback between WT and runoff. 298 

5.1. Impact of vascular plants on the WT (Kc) 299 
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The crop coefficient was found to be 0.20 in the open areas versus 0.29 in closed ones. These results 300 

are in agreement with Campbell and Williamson (1997) who found a value of 0.22 in an open 301 

peatbog, and with theory (Spieksma et al. 1997) which suggests that vascular plants increase 302 

evapotranspiration. Vascular plants increase the ET of the peatland, and increase the water deficit 303 

calculated for these 3 years. Vascular plants increase the summer drought effect on the WT, and thus 304 

increase the thickness of the acrotelm layer, exposing previously catotelm peat to aerobic conditions.  305 

From this model, an average water balance of the peatland can be estimated for open and closed 306 

areas (Table 4). Over the 3 years studied, the water storage in peat decreased, showing that the 307 

inter-annual variability of precipitation and evapotranspiration influenced the peat water balance 308 

and the WT. The water storage decrease was 20mm/year higher in closed areas, showing that 309 

vascular plants contributed to the drying of the peatland.  310 

For the period 2008-2011, the model describes the observed WT fluctuations with a crop coefficient 311 

(Kc) that is time-independent. This means that the invasion of the site by vascular plants is not 312 

directly the cause of the observed WT change between 2008 and 2011.  313 

5.2.  Impact of vascular plants on the water flows (p and r) 314 

The percolation coefficients were always less than 3 10-3 1/s. Thus the averaged percolation rate was 315 

about < 60mm/year and be considered negligible for the observation wells located in the closed 316 

areas with vascular plants. This is close to Van Seters and Price (2001), who omitted percolation in 317 

their water balance of Quebec peatlands. The runoff coefficient changes with the WT depth 318 

(equation 9). The yearly average value was close to 1 and it fell to 0.8 during the dry summer period, 319 

in accordance with the usual values in wetland (Fetter, 1994). 320 

Percolation in peat is slow compared to runoff. The comparison between the four modeled WT 321 

shows that an increase in the water consumption of the vascular plants decreased the percolation 322 

velocities into the peat (Table 3). These mechanisms act to enable the water supply of the plants in 323 

dried peat. Thus, in the areas with vascular plants, without subsurface flows, the proposed model can 324 

be reduced to a 3-parameter model including runoff and storage reservoirs.  325 
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5.3. Saturation state of the peat (Semax) 326 

Table 3 shows that in La Guette peatland the calculated maximum storage (Semax) was 81 – 138mm, 327 

which is consistent with the maximum storage capacity observed in effective porosity (Table 2).  328 

Therefore the water stored in the retention porosity (Sr) does not directly influence the WT 329 

fluctuations in the effective porosity (Se). However, the water from retention and unsaturated zones 330 

may be used by evapotranspiration. In a Sphagnum peatland (Fuhrengawa Mire), estimates of water 331 

balance showed that an almost identical amount of water lost to evapotranspiration was re-supplied 332 

from deeper layers to the surface (Yazaki et al., 2006). Schlotzhauer and Price (1999) showed that the 333 

volumetric water content of unsaturated zones has a linear relationship with WT depth. Flows occur 334 

in the unsaturated and in the retention zones, but they are directly (< 1 day) offset by the percolation 335 

reservoir. Thus this model cannot address the question of water mixing between effective and 336 

retention reservoirs. 337 

5.4. Equilibrium positions of the WT in winter (Imax)  338 

The peat appeared to be rarely fully saturated (Se < Semax in Fig.3) and the WT depth in winter 339 

changed over the years (Fig.3). The calculated Imax values (0.2 to 2.4 mm/day) were on the same 340 

order as the usual hydraulic conductivity of peat (Fetter, 1994), suggesting that infiltration is the 341 

limiting factor controlling the maximum WT observed during winter. Due to the low infiltration rate, 342 

saturation of the peat (Semax, 128 mm for the WO in Figure 3) is rarely reached in this peatland, 343 

even in winter. The runoff reservoir (Sm) can contain water, even if the percolation reservoir (Se) is 344 

not saturated. The model suggests that the observed WT variability in winter is controlled by input / 345 

output of water in the Se reservoir. In winter, when flows in the runoff reservoir are observed, the 346 

peat is recharged by infiltration (Table 4). The WT is in equilibrium with respect to the Se reservoir 347 

input (Imax) and output (ETp + P). Related to these two terms, the WT in winter will stabilize at a 348 

given depth. In this disturbed peatland, the maximum storage capacity and overland flows are not 349 

the dominant parameters to explain the amount of stored water in the peat.  350 
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Similarly, when the peat is submitted to a strong WT decrease (here a strong drought in summer 351 

2009), the calculation suggests that the peat will need more than one year to reach a saturated state 352 

again due to the low rate of infiltration. If another drought occurs in the following years, the peat 353 

may accumulate the effects of the two droughts and the WT will strongly decrease. In this disturbed 354 

peatland, the air entrapment between runoff and the effective reservoirs (Semax-Se) caused by the 355 

2009 summer drought was around 30 l/m² or 30% of the water storage capacity. This air entrapment 356 

is observed even in the winter following the drought and several hydrological cycles are required 357 

before it disappears, showing that a drought may have a long-term effect on peat hydrology. The 358 

presence of 30% of air blocked in the peat for several years can be useful to understand the 359 

biogeochemical process controlling the C cycle in disturbed peatland.  360 

Conclusion 361 

This paper has investigated the water table dynamics in a peatland showing a wide range of water 362 

table fluctuations. A reservoir model of water table fluctuations in a multi-porosity peat is proposed 363 

from a literature review, by calculating the stored water in effective porosity of the peat from 364 

precipitation and evapotranspiration datasets. Calculations include vascular plant consumption 365 

through a crop coefficient, using a maximum infiltration rate and storage capacity, runoff and 366 

percolation coefficients. The runoff coefficient is considered to be water table dependent. This model 367 

has been tested on a peatland that has experienced strong water table fluctuations caused by 368 

summer drought and/or by vascular plant invasion. A water table dependent runoff model is able to 369 

to describe the WT fluctuations in a peatland. With this model, vascular plants are found to increase 370 

evapotranspiration and to limit percolation. The maximum water tables in winter are found to 371 

change over the years and are related to an equilibrium between infiltration versus percolation plus 372 

evapotranspiration.  373 

In this disturbed peatland, even if overland flows occur after a drought, the re-saturation of effective 374 

porosity is slow, with about 30% of air trapped in the peat porosity. The effects of drought on peat 375 
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saturation are observed on more than one hydrological cycle. This can significantly affect the 376 

biogeochemical processes controlling the C cycle in peatland.  377 
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 481 

FIGURES:  482 

Fig.1: Map of the la Guette peatland: location of the peatland (blue), of the piezometers (WO, DO, 483 

WC and DC); accumulation flux of water calculated from the piezometric map (blue lines), 484 

watersheds (dashed lines) and discharge areas (Q0 and Q1). Elevation in meter above sea level. 485 

 486 

Fig.2: Conceptual model of water balance in a peatland: (1) Recharge; (2) evapotranspiration: 2a in 487 

the runoff reservoir, 2b in the percolation reservoir; (3) Infiltration; (4) percolation; (5) Runoff; Sm: 488 

runoff reservoir = dashed area; Se: percolation reservoir; Semax: maximum storage capacity of the Se 489 

reservoir; w: width of the channel at the water table surface 490 

 491 

Table 1: Annual average, minimum and maximum water table depth, in millimeters for the 4 492 

observation wells compared to the precipitation (RR) and evapotranspiration (ET0) in mm. 493 

 494 

 495 

Table 2: Drainage Table (in millimeters), measured  496 

 497 

Fig.3: Water storage fluctuations (in liter/m²) through time in the WO well. (a) Effective rainfall 498 

(mm/day); (b) comparison between observed (Sp) and calculated (Sm + Se) stored water. The dashed 499 

line represents the Smax. 500 

 501 

Fig.4: Discharge in autumn 2010. (a) Effective rainfall; (b) comparison between observed discharge 502 

(Q0) and discharge (R + P) calculated from a model calibrated with WT measurements. 503 
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 504 

Table 3: Parameter estimations and sensitivity of the model for open / closed observation wells. 505 

 506 

Table 4: Water balance of the La Guette peatland for open and closed observation wells. 507 

 508 
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Aver.        Min.      Max Aver. Min. Max

 08 -  09 90 127 56 77 136 49

 09 -  10 171 267 101 149 271 77

 10 -  11 180 329 74 / / /

W. Open W. Closed

Table
Click here to download Table: table 1.xlsx

http://ees.elsevier.com/hydrol/download.aspx?id=581599&guid=267e0bf1-4241-414c-8c4c-7d9660a5601b&scheme=1


Depth (mm) Se Sr Se Sr Se Sr

0 128 408 132 449 90 305

25 111 401 116 440 73 298

75 91 373 96 412 53 270

125 83 335 87 374 45 232

175 77 294 82 334 39 192

225 71 255 78 294 33 152

275 68 215 74 254 30 112

325 62 177 68 215 24 74

375 47 145 59 179 9 42

425 40 105 53 144 2 3

475 19 79 38 119 0 0

max. 0 0 0 0

W. Open D. Open W. Closed

Table
Click here to download Table: table2.xlsx

http://ees.elsevier.com/hydrol/download.aspx?id=581595&guid=e9f4a25d-1636-470a-afe2-8484faca867d&scheme=1


Crop coef., 

Kc (/) 0.21 ± 0.02 0.20 ± 0.007 0.27 ± 0.02

Semax, (mm) 138 ± 5 113 ± 2.5 81 ± 3

Infiltration, I 

(mm/d) 0.25 ± 0.03 0.22 ± 0.012 0.24 ± 0.05

Percolation 

coef  α,(1/d) 3.E-03 ± 0.0002 7.E-07 ± 0.0002 < 0.0003

Calibrated 

Nash (%) 82 81 80

Verified Nash 

(%) 76 77 72

W. Open D. Open W. Closed

Table
Click here to download Table: table 3.xlsx

http://ees.elsevier.com/hydrol/download.aspx?id=581596&guid=7057e98f-e2ed-4d4b-b963-e2add59745ad&scheme=1


Water balance for 2009 - 2011 period in mm/Years Wet Open Dry Open Wet Closed

Actual evapotranspiration (ET) 198 183 183

Actual evapotranspiration in peat (ETp) 64 67 63

Runoff (R) 587 615 623

Infiltration (I) 77 52 63

Percolation (P) 32 0 0

storage change (DSp) -48 -30 -38

Table
Click here to download Table: table4.xlsx

http://ees.elsevier.com/hydrol/download.aspx?id=581597&guid=b2bf30da-5eea-4488-be69-ff8113316a08&scheme=1

