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Abstract This study examined the hydrological conditions and water balance of a tall hummock in Fuhrengawa mire for 2 years. We clarified the hydrological processes by which Sphagnum can survive on hummocks of a mixed mire. Surface-layer water content was almost constant irrespective of continuous sunny days and heavy-rain days. Water content of deeper layers and the overall water level fluctuated more widely. Estimates of water balance showed that an almost identical amount of water that was lost to evapotranspiration was re-supplied from deeper layers to the surface on sunny days. Conversely, during rainy periods, rainwater rapidly infiltrated through unsaturated layers to deeper layers. Thereby, some fraction of the rainwater was stored in deeper layers or as groundwater. These water movements are attributable to the physical properties of Sphagnum peat, which forms hummocks. During our 2-year observation, precipitation was 1.1–1.5 times higher than the evapotranspiration. The longest period without rainfall was 11 days. Such a frequent and abundant rainwater supply, which exceeds evapotranspiration loss, maintains wet conditions and quantitative predominance of rainwater in hummocks. Accordingly, Sphagnum hummocks in the Fuhrengawa mire maintain their wet and ombrotrophic conditions because of the physical properties of peat and humid climate. Sphagnum survives because of these suitable conditions for growth. q 2005 Elsevier Ltd All rights reserved. Keywords: Hummock; Sphagnum fuscum; Water balance; Sphagnum peat



1. Introduction Peatland surfaces are unique compared to those of other land ecosystems such as forests or cultivated lands because their surfaces maintain a wet condition because of topographical, geological, meteorological, * Corresponding author. Tel.: C81 11 706 4144; fax: C81 11 727 0805. E-mail address: [email protected] (T. Yazaki).



0022-1694/$ - see front matter q 2005 Elsevier Ltd All rights reserved. doi:10.1016/j.jhydrol.2005.06.037



and hydrological conditions. These hydrological characteristics in peatlands control the distribution of plants through direct effects such as drought or flooding (Malmer, 1986; Wilcox et al., 1986; Yabe and Onimaru, 1997) or through indirect influences such as the supply of nutrients and minerals under ombrotrophic or minerotrophic conditions (Karlin and Bliss, 1984; Malmer, 1986; Wilcox et al., 1986). Plant communities on peatland surfaces inversely affect hydrological and micrometeorological
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Nomenclature A0 as C



C1 C2 C3 CV E Eeq G GL l LD LU p P RN S SD SU t t0 TA



amplitude of the surface temperature wave (8C), surface albedo the amount of water transferred within the hummock (mm; positive C when water moves upward) amount transferred from the second to first layer (mm) amount transferred from the third to second layer (mm) amount transferred from below the third layer to second layer (mm) specific heat capacity of peat (J mK3 8CK1) evapotranspiration rate from the hummock surface (mm) equilibrium evaporation (mm) soil heat flux at hummock (mm) Ground surface level (m) latent heat of vaporization of water evaporation (J kgK1) downward long-wave radiation (W mK2) upward long-wave radiation (W mK2) the hummock area fraction of the mire surface precipitation (mm) net radiation (W mK2) gradient of saturation vapor pressuretemperature curve (hPa 8CK1) downward short-wave radiation (W mK2) upward short-wave radiation (W mK2) local time phase shift of surface-temperature wave air temperature at 2.0 m from the hummock bottom (8C)



conditions such as water movement and the energy balance at the surface (Takagi et al., 1997; Price and Maloney, 1994; Kim and Verma, 1996; Bridgham et al., 1999). Accordingly, it is necessary to clarify details of interactions between hydrological conditions and the plant community to understand ecosystem functions and consider methods to conserve wetland ecosystems. Nevertheless,



TG TS V WL x a g DQ1 DQ2 DQ3 DQ 0 3 q k l r s t



soil temperature (8C) surface temperature (8C) relative peat volume water level (water table depth from the bottom of hummock, mm) volume proportion of a phase (m3 mK3) a constant for Priestley–Taylor model (Z1.05) psychrometric constant (Z0.66 hPa 8CK1) water-storage change in the first layer (mm) in the second layer (mm) in the third layer (mm) water-storage change with consideration of probable peat-volume change (mm) infrared emissivity (Z0.96) water content (m3 mK3) thermal diffusivity (m sK1) thermal conductivity (W mK1 8CK1) density of water (kg mK3) Stefan–Boltzmann constant (Z5.67! 10K8 W mK2 KK4) square-wave transmission time of TDR (ms) period (Z2p/86,400 sK1)



u Suffixes Microtopography hum values of hummock hol hollow mire mire including hummocks and hollows Soil phase s values of solid phase w liquid phase g gas phase



inter-relationships between growth of vegetation and hydrological environments in wetlands are not understood well. Most northern mire surfaces are uneven, comprising a microrelief of hummocks, hollows, ridges, and pools (Ivanov, 1981). Interactions between vegetation and surrounding environments in each microrelief are also not fully understood.
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Within a mire, the hydrochemical gradient from Sphagnum hummocks to hollows is a prominent factor determining the distribution of plants as well as the gradients of minerotrophic fen to ombrotrophic bog and mire margin to mire expanse (Malmer, 1986). The oligotrophic, acidic, and low-alkalinity conditions of interstitial water in hummocks are formed by hydrological processes in which ombrotrophic water constantly prevails over minerotrophic water (Ingram, 1983). However, the detailed mechanism of that prevalence remains unknown. The cation-exchange capacity and nutrient-use efficiency of Sphagnum spp. in a hummock are usually greater those of plants in hollows (Clymo and Hayward, 1982; Jauhiainen et al., 1998). Moreover, the efficiency of the external capillary system through interstitial spaces among hummock Sphagnum individuals and the ability to hold capillary water in the mass of their shoots are estimated to be high (Hayward and Clymo, 1982, 1983; Titus and Wagner, 1984; Rydin, 1985; Gerdol, 1995). Accordingly, hummock Sphagnum can tolerate acidic, oligotrophic, and dry conditions on the hummock top that many competitors cannot withstand (Mulligun and Gignac, 2001). It is reported that water supplied into an unsaturated zone by frequent atmospheric recharge of rainwater and fog deposition, and by capillary uptake from shallow ground-water table, is important for bog development (Lapen et al., 2000). Hence, elucidation of the conditions of Sphagnum growth demands clarification of the hydrological regime in unsaturated zones. Hydrological processes and its influences on Sphagnum are researched in a managed peatland. According to these studies, Sphagnum can establish and grow better in a wet condition such as high water level, moisture content, and soil–water pressure (Price et al., 1998; Price and Whitehead, 2001). Sphagnum can no longer extract water from the lower layer (Price, 1997) and shows difficulty in surviving (Price and Whitehead, 2001) when soil– water pressure in the underlying peat layer drops below K100 cmH2O. In particular, peatlands that have experienced drainage and moss-layer removal suffer irreversible peat deformation by decomposition and water-level decline (Price, 1996, 1997, 2003), resulting in the restriction of the water supply to the surface by a high water-retention capacity and a low hydraulic conductivity (Price, 1997;



Schlotzhauer and Price, 1999; Price, 2003). Watersupply restriction might be an important selfpreservation mechanism against further water loss (Price, 2003), but it might increase the water limitations to plants (Price, 1997; Price and Schlotzhauer, 1999; Price and Whitehead, 2001). Those studies demonstrate phenomena in mires with anthropogenic changes such as drainage and peat removal. Few studies have demonstrated hydrological processes and their influences on Sphagnum in the unsaturated zones of a natural wetland. This study is intended to clarify the hydrological environment and water balance of the unsaturated zone of an extremely raised hummock to examine the hydrological processes of Sphagnum domination and growth from hydrological viewpoints.



2. Study site Fuhrengawa mire (43828 0 N, 14589 0 E, 0–10 m m.s.l.) is located 30 km east of Nemuro in eastern Hokkaido, the large northernmost island of Japan. Its climate is influenced by the Oyashio Current (cold current), which frequently drives advection fogs in summer (Sapporo District Meteorological Observatory, 2001). The record from 1979 to 2000 at Attoko Meteorological Station, located at 6 km south of this mire, indicates that the mean annual temperature is 5.1 8C. The monthly air temperature ranges from K6.5 (January and February) to 17.3 8C (August). Mean annual precipitation is 1114 mm; only 17% of it falls as winter snow. Maximum snow depth is only 0.35 m. Formation of frozen-soil is up to the depth of 0.4 m deep (Yabe, 1993; Sapporo District Meteorological Observatory, 2001). The size and shape of hummocks differ markedly among regions throughout Hokkaido: low and flat hummocks occur in the northern region and next to the Sea of Japan; moderately raised and conical hummocks are found in the western part of the Pacific coast; and extremely raised and cylindrical hummocks are common to the eastern region (Yabe, 1993; Yabe and Uemura, 2001). The extremely raised hummocks of the eastern region can develop best on prolonged foggy days in summer, which restricts evapotranspiration loss of water from the hummock surface (Yabe and Uemura, 2001).
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The mire area of 2300 ha extends throughout a floodplain between terraces in the lower reaches of the Fuhren river. The peat depth is about 1.5 m. In this mire, fen communities dominated by Phragmites australis (Cav.) Trin. ex. Steud., Calamagrostis longsdorffii (Link) Trin., and Carex lasiocarpa Ehrhart var. occultans (Franch.) Kukenth spread widely with peripheral forests of alder (Alnus japonica (Thunb.) Steud.). The study site is located around the foot of a terrace where many hummocks of Sphagnum fuscum are distributed. These hummocks are cylindrical; they rise up to 0.55 m from their base (0.36 m on an average) (Yabe and Uemura, 2001). Hummocks have typical bog species: Vaccinium oxycoccus L., Andromeda polifolia L, Chamaedaphne calyculata (L) Moench, and Eriophorum vaginatum L. frequently occur in hummocks. Hollows between hummocks are covered with fen species, P. australis, C. lasiocarpa var. occultans, and Carex limosa L.



3. Methods 3.1. Field measurements Field data were collected from 15 June to 27 October 2000, and 13 May and 28 August 2001. We examined meteorological conditions such as net radiation at hummock RNhum (W mK2), air temperature TA (8C) and precipitation P (mm) as well as water-table depth from a hollow surface (i.e. from the hummock base) water level (WL; m, upward C). A well-developed hummock of S. fuscum was chosen. It was 0.4 m high from the base, with 2.0 m diameter. We investigated physical conditions at the inner part of the hummock, such as vertical profiles of soil temperature TG and volumetric water content q. Regarding data, RNhum, TA, and q were collected at 10 min intervals; those for TG were taken at 30 min intervals; and those for P and WL were taken at 60 min intervals. Net radiation was measured using a net radiometer (Q*7, REBS) at the height of 0.5 m from the hummock surface. Air temperature was measured using a thermistor thermometer (KDC-S2-V; Kona System, Inc., Japan in 2000 and TR3110; T and D Corp., Japan in 2001) at a height of 2.0 m from the hollow surface. Precipitation was measured using a
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tipping-bucket rain gauge (No. 34-T; Ota Keiki Seisakusho, Japan) at a neighboring meadow. Water-table depth was monitored in the hollow using a self-recording water gauge (WL14; Global Water Instrumentation, Inc.) installed in the well of a PVC pipe with 40-mm inner diameter and 1.2-m length, which was perforated along its entire length. Soil temperature in the hummock was measured using thermistor thermometers (TR3110; T and D Corp., Japan) at depths of 0 (surface), 0.05, 0.15, 0.2, and 0.3 m from the hummock surface from 16 June to 3 July 2000, at depths of 0, 0.05 m from 10 July to 27 October 2000, and at depths of 0, 0.05, 0.15, and 0.25 m from 13 May to 29 August 2001. Soil temperature TG at a depth of 0.25 m from 16 June to 3 July 2000 was estimated from average TG at depths of 0.20 and 0.30 m. Volumetric water content in the unsaturated zone of the hummock was measured using time domain reflectometry (TDR). We cut and removed a peat block using a saw to expose a vertical face within the hummock, and inserted TDR probes (CS615S; Campbell Scientific, Inc.) horizontally at depths of 0.05, 0.15, and 0.25 m. After installing the sensors, peat block was replaced into the hummock. The output from the TDR sensor was the square-wave transmission time t (ms). Then, we acquired the following relationship between t and q using an extracted peat block of the hummock in the laboratory q Z 1:13t3 K4:15t2 C 5:77tK2:51 ðR2 Z 0:989Þ (1) The effect of temperature-dependent error (Pepin et al., 1995) was removed according to the instruction manual (Campbell Scientific Inc., 1996). Hummocks are distributed in a sedge-reed fen, creating heterogeneous surface features. Therefore, it is difficult to determine the evapotranspiration rate using a micrometeorological approach such as Bowen-ratio method (Bowen, 1926). Therefore, we carried out further field experiments to estimate the evapotranspiration rate from the hummock surface during the daytime in July 2004 (see Appendix A). 3.2. Water-balance calculations We determined the monthly, daily, and hourly water balances in the hummock to clarify the seasonal
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water exchange between the hummock surface and the atmosphere. Although Sphagnum hummocks are semi-ellipsoidal, their center areas are considered flat. The center of the hummock seems to have a close hydraulic potential in horizontal direction, resulting in little lateral water flow. Therefore, we inferred that water moves mainly in a vertical direction (upward or downward), as shown in Fig. 1: first, second, and third layers, respectively, represent 0–0.1 m, 0.1–0.2 cm, and 0.2–0.3 m depths from the surface. First, we calculated the daily change of water storage in each layer (DQ1, DQ2, and DQ3: mm) from water content q at depths of 0.05, 0.15, and 0.25 m. We ignored the peat-volume change in calculating water-storage change because the water-level fluctuation is small and the volume change is assumed to be small compared with peatlands, which have large waterlevel fluctuations and peat-volume changes (further discussion about this effect is undertaken in Section 5.1). A 0.01 change of q corresponds to a 1-mm change in stored water because each layer is 0.1 m thick. The water balance in each layer is calculated



0



using the following equations DQ1 Z PKE C C1



(2)



DQ2 Z C2 KC1



(3)



DQ3 Z C3 KC2



(4)



In these equations, E is the evapotranspiration rate in millimeters, and DQ1, DQ2, and DQ3 are waterstorage changes in the first, second, and the third layers in millimeters. The parameters C1, C2, and C3 are the amounts of water transferred from the second to the first layer, from the third to the second layer, and from below the third layer to the third layer in millimeters. In this study, water moves upward when CO0. We did not measure soil temperature at depths of 0.15 and 0.25 m after 3 July in 2000. First, we showed the q without correcting temperature-dependent error. Then we considered a probable gap in water-storage change for cases with and without temperature-dependent error using data of 2001. The gap of daily DQ2 was large with a maximum of ca. 1.0 mm dK1 , whereas DQ 3 was small (less than 0.02 mm dK1). The gap in monthly DQ2 and DQ 3 was estimated as very small (less than 0.0001 mm dK1). Thus, we did not use data after 3 July in 2000 for estimating hourly and daily water balances because the error is expected to be large. The gaps of total DQ2 and DQ3 (from 19 June to 28 August) between cases with and without correcting temperature-dependent error were estimated, respectively, as 2–3 and 0.1 mm. Evapotranspiration rate E was estimated by measuring latent heat flux lE (W mK2) by the Priestley–Taylor method (Priestley and Taylor, 1972). This method estimates the evapotranspiration rate by assuming that surface wetness is invariant during the study period. Evapotranspiration rates (E) were calculated as E Za



Fig. 1. Schematic figure showing the water balance of unsaturated zones in hummocks. The one-dimensional water-balance model includes precipitation (P), evapotranspiration rate (E), changes of water storage of the first (DQ1), second (DQ2), and third layer (DQ3), and water movements from the second layer to the first layer (C1), from the third layer to the second layer (C2), and from below the third layer to third layer (C3).



S ðRNhum KGÞ ; S Cg lr



(5)



where RNhum is the net radiation in hummock (W mK2), G is the soil heat flux in the hummock (W mK2), S is the gradient of saturation vapor pressure–temperature curve (hPa 8CK1), g is the psychrometric constant (0.66 hPa 8CK1), l is the latent heat of vaporization of water evaporation (lZ2,500,000 2400 TA J kgK1,
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where TA is the air temperature at 2.0 m height), r is the density of water (kg mK3), and a is a constant (Z1.05) (see Appendix A). When the coefficient a is 1, E is equilibrium evaporation Eeq. Although the Priestley and Taylor model is a method for estimating daily evapotranspiration rate, this model is useful for estimating hourly E because the ratio of hummock lE to lEeq does not change very much with the time of day (see Appendix A). Soil heat flux G was calculated as (Campbell and Norman, 1998) pﬃﬃﬃ   2A0 l sin uðtKt0 Þ C p4 qﬃﬃﬃﬃ GZ ; (6) 2k u



where A0 is the amplitude of the surface temperature wave (8C), l and k, respectively, represent the soil thermal conductivity (J sK1 mK1 8CK1) and diffusivity (m2 sK1) in the hummock surface layer, u is the period (Z2p/86,400 s), t is the local time, and t0 is the phase shift. Parameters l and k were determined as (Granberg et al., 1999) l Z ð1Kxw Kxs Þlg C lsxs =ðxwCxs Þ lxww =ðxwCxs Þ



(7)



CV Z CVs xs C CVw xw C CVg ð1Kxw Kxs Þ;



(8)



kZ



l CV



(9)



where xs and xw represent proportions of solid and liquid phases in the first (surface) layer, ls, lw, and lg are the thermal conductivities of solid, liquid, and gas phases, CV is the total specific heat capacity (J mK3 8CK1), and CVs, CVw and CVg are the respective specific heat capacities of solid, liquid, and gas phases in soil. Values of ls, lw, lg, CVs, CVw, and CVg were taken from Granberg et al. (1999). The value of xs was measured directly in the peat sample from 0 to 0.20 m layer (Z0.042). Finally, xw is the average volumetric water content at a depth of 0.05 m (Z0.154). We estimated E from the regression equation between daily E in mire and daily solar radiation SD (W mK2) at the mire (EZ0.171SDK0.409, R2Z 0.814) when any of RNhum, TA, and G was missing. Solar radiation in the mire is estimated by the fraction of sunshine recorded at the Attoko Meteorological Station (Ninomiya et al., 1998; Sapporo District Meteorological Observatory, 2000, 2001).
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4. Results Table 1 shows seasonal variations and total water balance in the hummock in 2000 and 2001. The ratios of P to E between 19 June and 28 August were 1.5 (312.0 to 201.3 mm) in 2000, and 1.1 (205.5 to 191.8 mm) in 2001. Total P of 19 June–28 August in 2000 and 2001 were 110 and 80% of the long-term normal (1971–2000) recorded at Attoko (Sapporo District Meteorological Observatory, 2000, 2001). Precipitation in 2000 varied more widely among months than that in 2001. It was 254 mm in July 2000, which was more than twice normal, but it was smaller than normal in late June and August. Fig. 2 shows variations of hydrological and meteorological elements such as daily P, daily E, WL (from the hummock base), and volumetric water contents (q) at depths of 0.05, 0.15, and 0.25 m from the hummock surface. Daily E varied from 0.2 to 5.6 mm dK1 throughout the study periods. In 2000 and 2001, the highest evapotranspiration (approximately 4.0 mm dK1) was observed in late June. The WL fluctuated from C0.14 to K0.10 m and was usually around 0 m. Fluctuation was greater in 2000 than in 2001. The WL remained high continuously in September 2000, when heavy precipitation occurred frequently. When E showed a high value on sunny days in late June of both 2000 and 2001, WL decreased to about K0.1 m. Volumetric water content q was constantly higher in deeper layers than in shallower layers. Water contents at depths of 0.05 (q0.05), 0.15 (q0.15), and 0.25 m (q0.25) were, respectively, 0.154, 0.204, and 0.403 m3 mK3 on an average. Values of q0.05 and q0.15 were almost constant throughout the study period, whereas q0.25 fluctuated greatly in response to changes in WL. Net water losses from the hummock surface, shown as E minus P, varied seasonally with large positive values in June and August 2000 (Table 1) with large positive values in June and August 2000. These values indicate that the mire was dry during these periods. In contrast, a large water gain occurred in July and September 2000. These values show that it was a wet period. Though ‘EKP’ varied seasonally, water-storage change in each layer (DQ1, DQ2, and DQ3) was generally small, ranging from K0.2 to 0.3 mm dK1, irrespective of dry or wet periods. Net water movements were almost identical in all layers
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Table 1 Seasonal variations of water balance and total water budget of respective layers in the hummock in (a) 2000 and (b) 2001 Month



2000 June July August September October 2001 May June July August Total



Date



16–30 1–31 1–31 1–30 1–27 13–31 1–30 1–31 1–28



2000 16 June–27 October 19 June–28 August 2001 13 May–28 August 19 June–28 August



Number of days



Precipitation and evapotranspiration (mm d-1)



Water-storage change (mm dK1)



Upward water movement (mm d-1)



P



DQ1



C1



15 31 31 30 27 19 30 31 28 Number of days



E



EKP



1.5 8.2 1.2 7.2 2.4



4.2 2.5 2.6 1.8 1.5



2.7 K5.7 1.4 K5.4 K0.9



0.0 0.0 0.0 0.1 0.0



1.5 2.6 3.4 2.8



2.8 3.4 2.5 2.9



1.2 0.8 K0.9 0.1 EKP



0.2 K0.1 0.1 K0.1 DQ1



DQ2



DQ3



K0.1 0.0 0.0 0.1 0.0



K0.2 0.2 K0.1 0.2 0.0



0.1 0.0 DQ2 mm



0.0 K0.1 DQ3



P



E mm



134 71



591.5 312.0



314.3 201.3



K277.2 K110.7



2.0 K0.4



1.7 K0.4



108 71



289.0 205.5



307.1 191.8



18.1 K13.7



0.7 1.7



4.7



C2



C3



2.7 K5.7 1.4 K5.3 K0.8



2.6 K5.7 1.4 K5.3 K0.8



2.4 K5.5 1.2 K5.1 K0.8



1.4 0.7 K0.8 0.0



K0.7 0.0



K0.7 K0.1



C1



C2 mm



C3



4.8 0.0



K275.2 K111.1



K273.5 K111.6



K268.7 K111.6



K1.5



18.8 K12.0



K7.4



K8.8



Symbols are identical to those in Fig. 1. The water-balance components are not always balanced because of rounding errors. Values of DQ2, DQ3, C2, and C3 are missing for May–June 2001 because the deep part of the hummock was frozen.



(C1, C2, and C3); they were as much as ‘EKP’ (Table 1). These trends were also evident over longer periods. From 19 June to 28 August in both 2000 and 2001, the net water movement in each layer (C1, C2, and C3) was as much as net water losses of K110.7 and K13.7 mm in 2000 and 2001, respectively, whereas water-storage changes (DQ1, DQ2, and DQ3) were small (Table 1). Table 2 shows the daily water balance on sunny and rainy days when the water level was lowest during the study period (23–25 and 27–29 June 2000). The values of E were 3.2 mm dK1 or more during these days. On sunny days, WL declined in the daytime, but was constant during night-time. Consequently, WL decreased gradually during continuous sunny days (Fig. 3(a)). Water content at a depth of 0.05 m declined in the daytime 2.0–3.0%, but recovered in the night-time to almost the same value as that before declining: it changed little each day. In contrast, the water content at 0.25 m declined in the daytime and was constant in the night-time, similarly to water level (Fig. 3(a)). Water content at 0.15 m was almost constant throughout the sunny days (Fig. 3(a)).



On sunny days except 29 June, the changes of water storage in shallower layers (DQ1, and DQ2) ranged from 0.0 to K0.3 mm, whereas that of the deeper layer (DQ3) varied from K0.3 to K0.6 mm (Table 2). Accordingly, the amount of water loss of the deepest layer was larger than those of the shallower layers. Water movements C1, C2, and C3 were all positive indicating that water moved upward in the unsaturated zone of the hummock. The amount of water recharged into the first and second layers (C1 and C2) was as much as the net water loss (EKP), whereas that in the third layer (C3) was smaller than the net water loss and q0.25 decreased. On 29 June, the day after a heavy rainfall event, DQ1 was the smallest value in this period (K0.6 mm dK1) and DQ3 was very small (C0.1 mm dK1) (Table 2). When rain began on 28 June, WL and q rose immediately. However, features of that increase differed slightly for WL and q at each depth. Values of q0.05 and q0.15 rose sharply compared with that of q0.25; these values peaked when the hourly P was maximum. The delay times from maximum P to the peak of q were largest, about 20 h, in the deepest layer (0.25 m)
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Fig. 2. Variations of daily precipitation, evapotranspiration, water level, and volumetric water content in each layer in (a) 2000 and (b) 2001. Shading indicates periods of no data.



(Fig. 3(b)). On the rainy day of 28 June, the change of water storage was positive in all layers; DQ3 was larger than DQ1 and DQ2. Values of C1,C2, and C3 were all negative indicating that rainwater infiltrated downward



through these layers. Absolute values of C1, C2, and C3 were slightly smaller than that of ‘EKP’(Table 2). Fig. 4 shows the hourly water movement on (a) sunny and (b) rainy days. On sunny days, upward water
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Table 2 Daily water-balance variations of respective layers in an unsaturated zone of the hummock in the period presented in Fig. 3 Date



June 2000



Sunny or rainy



23 24 25 27 28 29



Sunny Sunny Sunny Sunny Rainy Sunny



Precipitation and evapotranspiration (mm dK1)



Water-storage change (mm dK1)



P



E



EKP



DQ1



DQ2



DQ3



C1



C2



C3



0.0 0.0 0.0 0.0 21.5 0.0



5.3 3.8 5.2 3.3 0.6 4.9



5.3 3.8 5.2 3.3 K20.9 4.9



K0.2 0.0 0.0 K0.2 1.3 K0.6



K0.1 K0.1 K0.1 K0.3 1.2 K0.3



K0.6 K0.3 K0.5 K0.3 2.7 0.1



5.1 3.8 5.2 3.1 K19.5 4.3



5.0 3.6 5.1 2.8 K18.3 4.0



4.4 3.3 4.5 2.5 K15.6 4.1



Upward water movement (mm dK1)



Symbols are identical to those in Fig. 1. The water-budget components are not always balanced because of rounding errors.



movement (positive C) was observed in all layers from 7:00 to 20:00 with peaks around 13:00. Maximum water movement was observed 2–3 h after peak E. The relationship of EOC1OC2OC3 was observed especially from 7:00 to 14:00. In contrast, water moved very little in the night periods from 21:00 to 6:00 (Figs. 3a and 4a). On rainy days, downward water movement (negative C) was observed in all layers as soon as rain began. The value of C varied in response to the rainfall intensity, indicating that most rainwater



rapidly descended from the surface layer to deeper layers. Within 3 h after rain ceased, there was little water movement within the peat of hummock. The absolute value of C in shallower layers was larger than values of deeper layers. This fact implies that greater amounts of water moved downward in the shallower layer. In addition, the downward water movement during rain was a little smaller than the precipitation showing that some rainwater was stored in the unsaturated zone (Fig. 3b, Fig. 4b).



Fig. 3. Variations of hourly precipitation, evapotranspiration rate, water level, and volumetric water content in each layer in the (a) sunny days (23–25 June 2000) and (b) rainy period (27–29 June 2000).
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Fig. 4. Changes of subsurface water movement (C1, C2, and C3) on (a) sunny days (from 23 June to 25 June 2000) and in (b) rainy period (from 27 June to 29 June 2000). A positive value of C indicates that water moved upward.



5. Discussion 5.1. Water-balance accuracy We estimated the water balance and water flow using the water-balance model, as shown in Fig. 1. Indeed, hummocks have lateral faces and the direction of water movement will not be simple because the hummock margin might have some gradient of hydraulic potential horizontally at a depth, resulting in lateral water movement. However, the waterbalance model is applied to the center of hummock, where the surface is flat in this study. The center of hummock seems to have a close hydraulic potential in horizontal direction, leading to slight lateral water flow. For that reason, the water movement result shown by the model will not be reliable when it is applied to whole hummock including the margin, but it seems reliable when it is applied to the center of hummock. Reportedly, peat layers are highly anisotropic with larger horizontal hydraulic conductivity (Chason and Siegel, 1986; Schlotzhauer and Price, 1999; Beckwith et al., 2003). They may have an implication for the



assumption to the water-balance model. However, a large vertical saturated hydraulic conductivity is observed especially in the uppermost acrotelm (aerobic layer) because the peat structure with predominated vertical orientation is preserved (Chason and Siegel, 1986). The upper 20–25 cmpeat layer is preserved for the macrostructure of Sphagnum in hummocks in the study site. However, these reports assess the saturated hydraulic conductivity, not the unsaturated hydraulic conductivity. The relation of magnitude of saturated hydraulic conductivity of soils is not always consistent with that of unsaturated hydraulic conductivity (Hillel, 1998). Therefore, a soil with greater horizontal saturated hydraulic conductivity does not always have higher horizontal unsaturated hydraulic conductivity at any given soil–water pressure. The magnitude relation between vertical and horizontal unsaturated hydraulic conductivity in the unsaturated zone of hummock is not known. However, the relation of the magnitude between horizontal and vertical hydraulic conductivity does not present an important obstacle to the accuracy of the water-balance results because the model is applied to at the hummock’s center. There,
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close soil–water pressure exists in the horizontal direction, resulting in little lateral water flow. The surface of peatlands moved upward and downward in unison with water-level fluctuation (Roulet et al., 1991; Tsuboya et al., 2001; Price, 2003), and the peat-volume change affects the waterstorage change (Kellner and Halldin, 2002; Price and Schlotzhauer, 1999; Schlotzhauer and Price, 1999; Price, 2003). The present study ignores the peatvolume change in calculating water balance because the water-level fluctuations are not large and the volume change is assumed to be small. We estimated a probable peat-volume change to infer the gap separating water-balance results obtained with and without consideration of peat-volume change. First, we estimated the peat-volume change in the hummock of study site using the relationships between WL change and ground surface level (GL) change reported in a Japanese bog (Tsuboya et al., 2001, unpublished data) assuming that the relationship in Fuhrengawa mire can be approximated by that in the bog. The estimated GL (assuming that GL at 0:00 on 19 June in both years is zero) ranged from K0.019 to C0.016 m in 2000, and from K0.017 to C0.004 m in 2001 (except for the peat-freezing period), which is similar to the range in an undisturbed bog (Price, 2003). It is reported that the significant peat-volume change occurs in the zone above the water table (Price, 2003). Therefore, we assumed that peatvolume change takes place in the layer above K0.109 m from the hummock base (the lowest WL in two-year observation) and that volume change occurs at the same ratio in all layers. The waterstorage change before (i) and after (iC1) the volume change DQ 0 (mm) can be expressed as DQ 0 Z 100ðqðiC1Þ VðiC1Þ KqðiÞ VðiÞ Þ;



(10)



where q is the volumetric water content (m3 mK3) measured using TDR, V is the relative peat volume. Daily water-storage change with consideration of the volume change is estimated to be a little smaller than that without consideration of volume change. On sunny days in Table 2, the daily loss of water storage with consideration of volume change is smaller than that without consideration of volume change by up to 0.2 mm. In the rainy day shown in Table 2, on the other hand, the increase of water storage with



consideration of the volume change is smaller than that without consideration by 0.6–1.3 mm in the rainy day. Differences in water-storage change results obtained with and without consideration of peat volume change cannot be disregarded. However, the pattern of water flow was similar for those results. Water movement with consideration of peat-volume change is slightly smaller than that without consideration by up to 10%. Consequently, the pattern of water movement was consistent with and without consideration of volume change, but the water-storage change was underestimated when peat-volume change was ignored. Although the water balance is calculated using the model shown in Fig. 1, the actual water behavior is considered to be more complex. For example, when plants on the hummock were wet and the water on the plants had evaporated, water was lost preferentially from the dew deposition of the plant rather than from the hummock surface. Under this condition, it is expected that the water-balance result contains some error. In contrast, this study used the model of Fig. 1 because it is considered that the amount of dew deposition intercepted by plants on hummocks is very small compared with the amount implied by the evapotranspiration rate (Garratt and Segal, 1988; Richards, 2002). 5.2. Water movement within hummocks The average value of volumetric water content was 0.154 m3 mK3 at a depth of 0.05 m below the hummock surface. This value was slightly smaller than that in a ridge (hummock; approximately 0.25 m3 mK3) of a Swedish bog (Kellner and Halldin, 2002). The value is much smaller than that in a hummock (from 0.6 to 0.7 m3 mK3) in a Japanese bog (Tsuboya et al., 1997). The differences of volumetric water content in surface layer depend largely on the water table depth (e.g. Hayward and Clymo, 1982). Water table depth from Sphagnum surface was approximately 0.4 m in Fuhrengawa, 0.4–0.5 m in the Swedish bog, and 0.1–0.2 m in the Japanese bog. The water content in the surface layer (at depths of 0.05 and 0.15 m) was almost constant throughout the growing season, whereas that of the deeper layer fluctuated together with the change of water level.
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These trends are similar to those of ridges in the Swedish bog (Kellner and Halldin, 2002). The daily decrease in water storage was smaller than the evapotranspiration rate on sunny days because water was recharged from lower layers. The water-storage decline in the surface layer was greater on 29 June 2000, a day after a rainfall event, than that of other sunny days. This decline is attributable to the preferential loss of excess water that adhered to and was stored in the surface layer. Upward water movement is probably caused by high capillary-water-transport capacity of Sphagnum peat (Hayward and Clymo, 1982; Titus and Wagner, 1984). Pore spaces become small because hummock species are small and produce dense communities. Water will exist in the ‘external capillary space’ between leaves and stems of Sphagnum, forming a capillary film (Hayward and Clymo, 1982). Moreover, when the intact Sphagnum surface-peat layer loses water, the leaves are more easily drawn toward one another as the plant dries (Hayward and Clymo, 1982). Consequently, water is extracted from deeper positions. This ‘capillary film’ continues from the water table to capitula of Sphagnum. At this study site, volumetric water content and matric potential in the surface layer of the hummock were approximately 0.15 m3 mK3 and K45 cmH2O, respectively. In these conditions, water will exist in ‘external capillary spaces’, forming a ‘capillary film’ in the surface layer (Hayward and Clymo, 1982). Meanwhile, Price (1997) reported that when the water level drops far from the surface (below 0.6 m from the surface, for example) in a cutover peatland, general water loss was generated not from the water table, but from the unsaturated zone of the peat layer. It is suggested that the ‘capillary film’ was interrupted from the water table to the surface because the peat can no longer generate the capillary force needed to extract water from underlying layer at low soil–water pressure (below K100 cmH2O). However, the water level continued to decline in this study, whereas water content in the surface layer was almost constant even when non-rainy day continued and water level considerably dropped in late June 2000. This indicates that water was re-supplied from the ground water table to the hummock surface by capillary rise. Thus, upward water movement in daytime during sunny days maintained the surface water content as stable.
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Results of this study showed less water movement in the deeper layer on both sunny and rainy days. The undecomposed peat of the surface layer in hummocks preserves its vertically oriented macrostructures, which collapse because of decomposition in the lower layer as indicated in previous reports (Hayward and Clymo, 1982; Johnson et al., 1990; Wallen and Malmer, 1992). Differences in water movement characteristics may be attributed to differences in physical properties of peat such as peat structure and consequent higher water-retention capacity and lower hydraulic conductivity, as reported in undrained and drained peatlands (Silins and Rothwell, 1998). However, we were unable to explain the physical mechanism of water movement in hummocks because we did not measure suction and hydraulic conductivity profiles. Further measurements of water retention characteristic and unsaturated hydraulic conductivity are required to clarify the physical mechanism of unsaturated Sphagnum peat. Hummocks in Fuhrengawa mire exist in minerotrophic mire. Local ombrotrophic microhabitats exist in hummocks. Such types of communities that have heterogeneity of both ombrotrophy and minerotrophy are known as ‘mixed mires’ (Sjo¨r, 1983). When raining, most rainwater supplied on the hummock surface moved rapidly through surface layer to the subsurface water table and some water was stored in the peat pore above the water table. It is suggested that the local ombrotrophic environment is formed only in hummocks because of characteristics of water movement and water storage, as mentioned before. The water content was stable in the surface layer even when sunny days continued. Notwithstanding, the water content decreased in the deepest layer during sunny days because water movement from the deepest layer was smaller than that into the upper layer. Surface-layer water content decreases if rainwater is not supplied for a long time. However, extremely dry conditions do not occur because sufficient rainfall exists in excess of evapotranspiration. Moreover, rainwater can be stored in deeper layers in the hummock. Then, it recharges groundwater periodically as excess water flows from deeper layers into the ground. Such water ensures a constant water supply to the upper layer. The amount of rainfall from June to August is vastly greater than evapotranspiration (Yabe and Uemura, 2001). The longest
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continuous period without rain was 11 days in our 2-year observation, which seems insufficient to desiccate Sphagnum. The frequent and heavy rainfall stabilizes hydrological conditions such as water storage in deeper layers. Thereby, the groundwater level remains steady through the hummocks’ growing season. Our results show that a sufficient and frequent rainwater supply can maintain a stable water level. The study site is a natural peatland that has never been disturbed by human activity such as drainage and surface-peat removal. For that reason, peat of hummocks does not exhibit decomposition and deformation like that reported in a managed peatland. The decomposition and deformation of peat increase the water-retention capacity and a decrease hydrological conductivity, thereby restricting the water supply to the surface (Price, 1997; Schlotzhauer and Price, 1999; Price, 2003). In marked contrast, the hummock in this study site has a well-preserved peat structure and a stable water level because of the abundant rainwater supply. Thus, the surface layer of hummocks in the study site received water from a stable water table and the deeper peat layer without restricting the water supply. This phenomenon leads to stable water content, which ensures Sphagnum growth.



6. Conclusion Hydrological conditions are stabilized in hummocks as a result of hydraulic properties of Sphagnum peat and climatic conditions, such as frequent and heavy rainfall in excess of evapotranspiration. Moreover, a large rainwater supply produces a local ombrotrophic environment only in hummocks. The hummock peat consists of Sphagnum remains. Accordingly, it is suggested that Sphagnum developed hummocks through accumulations of their dead components (van Breemen, 1995). Those accumulations created the necessary conditions for their more rapid growth and eventual domination of this habitat.
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Appendix A: Determination of the coefficient a for Priestley–Taylor model We carried out further field experiment to estimate the evapotranspiration rate from the hummock surface to apply to Priestley–Taylor model (Eq. (5)). Measurements were carried out during 8–25, July 2004. Three lysimeters consisting of a plastic container (each 117 cm2 and 5.0 cm deep) were used to determine evapotranspiration rate from the hummock. These lysimeters were filled with undisturbed peat and its vegetation. Then they were installed at the top of hummocks. They were weighed manually using an electronic balance (GX8K; A&K Co. Ltd, Japan) at intervals of 1.3–7.7 h. Evapotranspiration was determined by averaging the weight loss of three lysimeters in millimeters. We replenished lost water into the peat layer in lysimeters using a syringe every 2 days to prevent Sphagnum from desiccation. Concurrently, as gravimetric measurement, surface temperatures at the top of seven hummocks and the neighboring hollows were measured using an IR thermometer (HR-1FL; Optex Co. Ltd, Japan). Air temperature was observed using a thermocouple thermometer (hand-made) at 2.0 m height from hummock base. Net radiation in the mire (including hummocks and hollows) was monitored using a net radiometer (Q*7, REBS) installed at 1.3 m height from the hummock base. Soil temperature at a depth of 0 m (hummock’s surface) was measured using thermistor thermometers (TR0106; T and D Corp., Japan). We did not use evapotranspiration data obtained in foggy periods. Net radiation in the mire RN mire (W m K2 ) (including hummocks and hollows) is given as
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where p is the hummock area fraction of the mire surface, and RNhum and RNhol are the respective net
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radiations in hummock and hollow (W mK2). At the study site, p was determined as 0.46 by a field survey. Net radiations at the hummock and hollow RNhum and RNhol (W mK2) were expressed as RNhum Z SDKSUhum C LDKLUhum



(A2)



RNhol Z SDKSUhol C LDKLUhol



(A3)
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When SDO0 TShum Z 0:0221RNmire C 0:372TA C 11:5 ðR2 Z 0:696; P! 0:01Þ



(A7)



TShol Z 0:0131RNmire C 0:406TA C 10:4 ðR2 Z 0:525; P! 0:01Þ



where SD (W m ) is the solar radiation, SU (W mK2) is the upward short-wave radiation, LD (W mK2) is the downward long-wave radiation, and LU (W mK2) is the upward long-wave radiation. Suffixes hum and hol indicate values at the hummock and hollow, respectively. From (A2)–(A4), RNhum is expressed as



When SDZ0



RNhum Z RNmire C ð1KpÞðSUhol KSUhum



ðR2 Z 0:659; P! 0:01Þ



(A8)



K2



C LUhol KLUhum Þ:



(A4)



Values of SU at the hummock and hollow are obtained using albedo a in the hummock and hollow and SD as follows: SU Z as SD



(A5)



We applied as, respectively, to 0.130 and 0.102 in hummock and hollow, using the result of albedo measurement in the study site in June and September 2001. Solar radiation SD was estimated from the hourly percentage of sunshine (Ninomiya et al., 1998) at the Attoko Meteorological Station (Sapporo District Meteorological Observatory, 2004). Upward long-wave radiation LU in each microtopography is given as LU Z 3sðTS C 273:15Þ4 ;



TShum Z 0:0468RNmire C 0:909TA C 1:15 ðR2 Z 0:736; P! 0:01Þ



(A9)



TShol Z 0:0197 RNmire C 0:751 TA C 4:08 (A10)



Fig. A1 shows the latent heat flux at hummocks lE (average of three lysimeters) against the equilibrium evaporation lEeq. A linear relationship between lE (average of three lysimeters) and lEeq was observed. The slope of the best-fit line in each plot in Fig. A1 (Z 1.05) represents the a co-efficient of Eq. (5). The relationship between lE (average of three lysimeters) and lEeq did not change irrespective of morning



(A6)



where 3 is the infrared emissivity, s is the Stefan– Boltzmann constant (Z5.67!10K8 W mK2 KK4), and TS is the surface temperature (8C). The value 3Z0.96 was applied for this study site. Although the surface temperature was not measured continuously, we estimated surface temperatures at the hummock and hollow from micro-meteorological data. Wang (1994) reported that the surface temperature with sparse vegetation is correlated with air temperature and net radiation. We estimated the surface temperature TS (8C) continuously using the following multiple regression equations:



Fig. A1. The relationship between latent heat flux for hummock evapotranspiration (lE) and equilibrium evaporation (lEeq). Plots are classifiable according to the mid-time of each observation: morning (before 9:00, triangle); daytime (between 9:00 and 15:00, circle); and late afternoon (after 15:00, rhombus). Bold and dotted lines, respectively, show the best-fit line for all plots and the 1:1 line.
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(before 9:00), daytime (9:00–15:00), and late afternoon (after 15:00). Although the Priestley–Taylor model is used for estimating the daily evapotranspiration rate, it is useful for estimating hourly evapotranspiration because the ratio of hummock evapotranspiration to equilibrium evaporation does not change much over time during the day.
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