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A B S T R A C T 

Components of duff water balance (throughfall, evapotranspiration and vertical 

drainage/capillary rise) were compared between locations under canopy and in the open 

within and between a Pinus and a Picea stand located on a glaciofluvial hillslope in the 

Canadian boreal forest. Water content of the top 10 cm of the mineral soil layer is similar 

between the Pinus stand dominating the upslope position and the Picea stand dominating 

the downslope position indicating the predominance of local (canopy cover density) 

control in July-August. Duff is drier in the Pinus stand suggesting hillslope lateral flow 

(nonlocal control) in the spring. Within the Pinus and the Picea stands, duff under canopy 

is drier than duff in the open. Due to the difference in canopy architecture, variation in 

duff water balance is greater within the Picea stand than within the Pinus stand. Within 

and between stand differences in duff water balance helped explain the observed patterns 

of duff consumption in Pinus and Picea stands created by wildfires in the region. The 

results of this study provide implications for predicting duff consumption patterns and thus 

the availability of suitable seedbed for regeneration. 
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INTRODUCTION 

Regeneration of boreal trees after wildfires is greater on parts of the forest floor 

where the duff layer has been consumed by smoldering combustion (Charron 1998, 

Chrosciewicz 1974, Chrosciewicz 1976, Weber et al. 1987, Wein 1983, Zasada et al. 

1983). The duff layer consists of the fermentation and humus layers overlying the mineral 

soil layer of the forest floor. Smoldering, a non-flaming oxidation of a solid char forming 

fuel (Ortiz-Molina et al. 1978, Schult et al. 1995) is primarily controlled by duff water 

content, bulk density (Hartford 1989, Miyanishi 2001) and duff depth (Bakhman 1993). 

Miyanishi and Johnson (2001) have shown that duff consumption varied on 

different hillslope positions and under and between tree canopies. Duff is generally 

thinner on top of hillslopes and thicker at bottom of hillslopes (Wein 1983). Under 

wetter conditions, thicker duff at the bottom of a hillslope is consumed in larger patches 

than the thinner duff at the top of the hillslope. However, under drier condition, all part 

of the hillslope have similar large duff consumption patches (Miyanishi and Johnson 

2001). Within a forest stand, duff consumption is patchy with many deeply burned holes 

spread among unburned or slightly burned areas (Dyrness and Norum 1983, Miyanishi 

and Johnson 2001). This pattern is correlated with the distribution of tree canopy which 

intercepts precipitation (Miyanishi and Johnson 2001, Wein 1983) resulting in areas of the 

duff around the tree bases being drier than areas further away from the tree bases. Duff 

depth is relatively constant at hillslope and within-stand scales. Thus variation in duff 
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consumption patterns along the hillslope and within a forest stand appears to be 

determined primarily by variation in duff water contents (Miyanishi and Johnson 2001). 

Although most studies of duff consumption by fire recognize the important role of 

duff water content in determining the amount of duff consumed (eg. Artley et al. 1978, 

Brown et al. 1991, Brown et al. 1985, Frandsen 1987, Little et al. 1986, Sweeney and 

Biswell 1961, Van Wagner 1972, Van Wagner 1963), they are empirical and only predict 

the mean and percentage depth, or weight, of duff consumed in a whole forest stand using 

a stand- averaged value of duff water content. Reports of mean and percentage duff 

consumption in a forest stand do not provide information about patterns of duff 

consumption and therefore cannot be used to predict regeneration patterns. This 

shortcoming is the consequence of stand-scale spatial variability of duff water content 

being overlooked, i.e. duff moisture content is often described as an average value for a 

whole forest stand. Moreover, investigation on duff water content in these studies is also 

site-specific, providing little explanation for between-site differences in duff consumption 

patterns. 

Therefore, the objectives of this study are: (1) to examine variation in duff water 

content within and between forest stands on different hillslope positions to explain 

observed duff consumption patterns, using field measurements and simulation results of 

the Soil Water In Forested ecosystems (SWIF) model (Tiktak and Bouten 1992), (2) to 

identify predominant variables that control the within- and among-stand patterns of duff 
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water content on a hillslope using the simulation results of the model and empirical data, 

and (3) to suggest the applicability of the model SWIF in predicting duff water content 

for inclusion in a duff consumption model. 

Duff water content is determined by the forest floor energy and water balances. 

Duff water content is increased by precipitation (or throughfall through the tree canopy), 

horizontal drainage, and capillary rise from the underlying mineral soil. Duff water 

content is decreased by loss of water due to evaporation, transpiration (via root water 

uptake), and horizontal drainage (Figure 1). Applying the mass conservation principle, 

changes in duff water storage AY (cm) over a time interval At (days) can be expressed as: 

^t=ap-qE-q^qm'qR+qHDr)-q0Ut{Dr) (1) 

where qE is the evaporation flux (cm.day"1), qP is the precipitation flux (cm.day"1), qin(Dr) 

(cm.day1) and qm„{Dr) (cm.day"1) are the horizontal drainage fluxes into and out of the duff 

volume, qR (cm.day"1) is the root water uptake or transpiration flux, qv(I) (cm.day"1) is the 

vertical flux downward as drainage/percolation, and qv(C) (cm.day1) is the vertical flux 

upward as capillary rise. The hydrological properties of duff (Figure 1) are represented 

by pressure head h (cm), volumetric water content 0(cm3water .cm"3soil), hydraulic 

conductivity K (cm.day1), and water capacity C9(cm~]). 

The organic material of duff has macrospores constituting a large proportion of its 
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Figure 1. A schematic diagram of duff water balance. The box represents a two-

dimensional view of a duff volume on the forest floor. Solid arrows 

indicate water fluxes from duff to the surroundings and broken arrows 

indicate water fluxes from the surrounding into duff; qE is the evaporation 

flux (cm.day"1), qP is the precipitation flux (cm.day"1), qm(Dr) (cm.day"1) and 

clo„t(Dr) (cm. day"1) are the horizontal drainage fluxes into and out of the duff 

volume, qR (cm.day"1) is the root water uptake or transpiration flux, qv(1) 

(cm.day"1) is the vertical flux downward as infiltration/percolation, and 

qv(C) (cm.day"1) is the vertical flux upward as capillary rise. Hydrological 

properties of duff are represented by pressure head h (cm), volumetric 

water content f?(cm3water.cm"3soil), hydraulic conductivity K (cm.day"1), and 

water capacity C0(cm'1). 
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> q out(Dr) 



volume resulting in a great reduction in lateral hydraulic conductivity under unsaturated 

condition of duff water. In addition, saturation of duff water content occurs only during 

snow melt period or large rainfall events. Therefore, vertical gradients of hydraulic head 

usually exceed horizontal gradients in the duff layer and horizontal transport of water in 

the duff can be considered negligible, i.e. the terms qmfDr) and qmt(Dr) can be considered to 

be zero for unsaturated duff. Thus, equation (1) can be rewritten as: 

—=qp-qE-qm+q<C)-aR (2) 

Most studies have calculated duff water content using only weather conditions 

such as precipitation, air temperature and relative humidity as predictors (Chrosciewicz 

1989, Fosberg et al. 1970, Frandsen and Bradshaw 1980, Stocks 1970, Van Wagner 

1982). These predictors essentially only account for the wetting by precipitation {qP) and 

drying by evaporation (qE) components of the duff water balance equation (2). In 

addition, one set of values of those predictors is often used for the whole study areas. 

However, precipitation input and evaporation from duff are spatially variable at both 

hillslope and stand scales (Choudhurry 1999, Denmead 1984, Ford and Deans 1978, 

Halldin et al. 1999, Johnson 1990, Scatena 1990, Tallaksen et al. 1996). 

The duff water balance equation (2) demonstrates that precipitation (or 

throughfall in forest stands) and evaporation are not the only two variables determining 

duff water content. Interaction of duff water with mineral soil water by vertical fluxes 
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(qv(1) and qv(C)) and with plant water relations via transpiration (qR) can also have 

significant effects on the duff water balance. Spatial and temporal variations in duff water 

content patterns within a forest stand and among forest stands on different hillslope 

positions are a result of variation in duff water balances within and among forest stands. 

In this study, all components of the duff water balance (equation 2) will be examined to 

understand how they control duff water content variation between and within a forest 

stand on a hillslope. Such understanding will help explain the between and within stand 

patterns of duff consumption observed by Miyanishi and Johnson (2001) at different 

locations on a hillslope. Consequently, a duff consumption model that predicts duff 

consumption patterns in forest stands can be developed. This model can be used by 

foresters to indirectly predict regeneration patterns associated with a pre-fire duff water 

status. Foresters can also use the duff consumption model to determine the appropriate 

time for conducting prescribed burning to obtain a desired pattern of seedbed for 

regeneration. 

The S o i l Water In Forested ecosystems (SWIF) model 

Takken (1993) showed in laboratory and field experiments that water content of 

the organic soil layer exhibits similar dynamics as the underlying mineral soil. Applying 

this result, Schaap (1996) used the soil water model SWIF (Tiktak and Bouten 1992) to 

simulate the water content dynamics of the organic soil layer (duff) in a Douglas-fir forest 

by considering the organic soil layer as an integral part of the soil profile with a water 
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retention curve and conductivity characteristics. The soil profile is delineated into 

different layers to quantify vertical fluxes of water between soil layers within the profile. 

Each of these layers is assumed to be homogeneous regarding soil characteristics. 

Temporal change in volumetric water content 0 of a soil layer having thickness z 

within a soil vertical profile can be described using the Richards' equation (Richards 

where / is the time interval, K(h) is the hydraulic conductivity which is a function of 

pressure head h. Water capacity Cg, which is the change of water content per unit 

change of pressure head, is introduced so as to have only one variable h instead of two (h 

and 0) in equation (3): 

Substituting (4) into (3) gives: 

1931): 

ot dz dz 
(3) 

(5) 

In equation (5), no account is made for water uptake by roots (transpiration). This term 
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can be represented as a volumetric sink term and is added to the flow equation (5): 

dh 1 d .,dh 1V. 

dt Ce dz dz R (6> 

In equation (6), the term: 

q=-KW%+l) (7) 
dz 

will represent the vertical drainage qv(]) when the pressure head gradient is positive 

downward from duff surface {dh 0) and will represent the capillary rise qv(C) when the 

pressure head gradient is negative downward (dh < 0). 

The SWIF model uses pressure head /?, a defined water retention curve (having 

water capacity C0 as the slope) which describes the relationship between volumetric water 

content #and pressure head h), and hydraulic conductivity K to simulate the vertical 

transport of water between duff and mineral soil layers given inputs of precipitation or 

throughfall qP and evapotranspiration qE + qR fluxes. The model calculates water content 

#from water capacity C0 (equation 4). 

Precipitation (throughfall in forest stands) and evapotranspiration constitute the 

upper boundary conditions for the SWIF model to solve for the pressure head h in the 

differential equation that describes vertical fluxes (see Appendix for details on numerical 
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solution to the differential equation). Depth of a static water table is the lower boundary 

condition for solving the differential equation 

The root water uptake (transpiration) term is calculated by the SWIF model as 

follows. Water uptake by plant roots is considered for a bulk volume of soil and roots. 

This approach assumes that the actual transpiration rate is a function of soil water 

pressure head, potential transpiration and root length distribution. Thus, root uptake qR 

from a layer is calculated as: 

qR=Epl*RED(h)*-^L (8) 

eftot 

where Epl is the potential plant transpiration (cm.day"1), which is calculated as: 

Epl=fc.Er,pl (9) 

Here,/t. is an empirical, dimensionless plant factor and Er pl is the reference transpiration 

calculated as: 

Er,pr-d-fg).Er (10) 

where fg is an empirical, dimensionless canopy gap fraction and Er is the potential 

evapotranspiration (kg.nK.s"1) calculated as Makkink reference crop evapotranspiration 
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(Hooghart 1987): 

(11) 
5+Y 

where A is the specific heat of evaporation of water (J. kg"1), P is an empirical constant, 5 

is the slope of the saturation water vapor pressure curve with respect to air temperature 

(Pa.K"1), y is the psychrometer constant (Pa.K"1), and O is the net radiation above the 

canopy (W.m"2). 

RED (h) (in equation 8) is a prescribed function of soil water pressure head h (m) and is 

dimensionless (Belmans et al. 1983). This factor accounts for reduced root water uptake 

in unfavorable wet or dry conditions and is defined as: 

where h, is the soil water potential at saturation (or anaerobiosis) point and h4 is the soil 

water potential at wilting point. Root water uptake is highest between h2 and h3. 

Between h3 and the wilting point h4, root water uptake gradually decreases to zero. An 

uptake reduction also occurs near saturation (between h, and h2) because oxygen content 

R ED (h)= O f o r h > h,orh< h4 

RED (h) = (h-hj / (hj-hj f o r h,>h>h2 (12) 

RED (h) = 1 f o r h 2 > h > h3 

RED (h) = l - ( h - h j / ( h 4 - h j f o r h 3 > h > h 4 
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of the soil limits root activity. At soil water potential greater than h,, root water uptake is 

zero. Therefore, note that /?, //: h3 h4. 

Z,e/(cm.cm"3) (in equation 9) is the "effective" root length of the soil layer and is defined 

as: 

VIXQ- (13) 
s 

where L (cm.cm"3) is the root length distribution in the soil layer; 6 and 0,. are the actual 

and the saturated volumetric water content of the soil layer, respectively. Finally, Lef tot 

(cm. cm"3) is the total effective root length of all soil layers in the soil profile. 

METHODS 

1) Study area 

The study area is located in the upland mixedwood boreal forest in central 

Saskatchewan, Canada (53°59' N and 105°71' W). The area has a gently rolling 

topography with elevations ranging from 520 to 800 m above sea level. The two main 

surficial deposits dominating the region are glacial till and glaciofluvial (Bridge and 

Johnson 2000). Glacial till substrates are fine-textured while glaciofluvial substrates are 

coarser-textured with sand making up a high percentage (63-73%) of soil particles. On 

hillslopes with homogeneous substrate, the soil of the upper part of the slopes is drier 

compared to soil at the lower or bottom part of the slopes (Bridge and Johnson 2000). 
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This moisture gradient has been shown to control the distribution of vegetation (Bridge 

and Johnson 2000). On glacial till hillslopes, trembling aspen stands (Populus 

tremuloides Michx.) dominate the top slope positions, while mixedwood stands of 

trembling aspen, white spruce (Picea glauca (Moench) Voss) and balsam fir (Abies 

balsamea (L.) Mill.) are found on down-slope positions. On glaciofluvial hillslopes, jack 

pine stands (Pinus banksiana Lamb.) dominate the top slope positions while black spruce 

stands (Picea mariana (P. Miller) B.S.P.) dominate the middle and bottom of the slopes. 

The study was conducted from early July to the end of August, 2000. July and 

August are the warmest months of the year with mean daily temperature exceeding 20°C 

in three out of four days (Bridge and Johnson 2000). Average annual precipitation is 

from 400 to 500 mm, of which approximately 70% occurs as rain in the spring and 

summer. Most rainfalls of long duration and high intensity occur from April to June, 

while from July to September there are few rainfall events greater than 5 mm. Increasing 

daily average temperature and decreasing precipitation from April to September result in 

high water discharge to streams maintained by water drained from hillslopes from April to 

June and small water discharge from July to October (Pomeroy et al. 1997). According 

to Johnson et al. (1999), 97% of the area burned in the region is caused by fires occurring 

from April to June although fires can occur in any month of the year. In addition, fires 

occurring in July and August usually burn larger areas than fires occurring in April - June 

(Johnson et al. 1999). 
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2) Sampling 

i) Stand selection and descriptions 

A jack pine (Pinus) stand and a black spruce (Picea) stand (~ 3 ha in size), which 

were approximately 110 years old, were selected on a glaciofluvial hillslope located about 

4.2 km southeast of the Old Black Spruce site of the Boreal Ecosystem Research 

Monitoring Sites (BERMS). BERMS is one of the monitoring sites of the Boreal 

Ecosystem-Atmospheric Study (BOREAS) (Cuenca et al. 1997). Mineral soil in both 

stands has similar sandy loam texture (laboratory analysis using the Hydrometer method 

(McKeague 1978)). 

The Pinus stand is located on top of the hillslope and has a density of 2000 

canopy trees/ha. The Picea stand is located at the bottom of the hillslope and has a 

density of 6000 canopy trees/ha. Most canopies of trees in both stands are at least 3 m 

high (measured from the ground surface to the lowest level of the defined canopy) with 

the canopy in the Pinus stand having higher canopy than the Picea stand. The Picea 

stand has denser canopy compared to the Pinus stand (Figure 2). The forest floor of the 

Pinus and Picea stands have mean duff thicknesses of 5 cm and 11 cm respectively. Bulk 

densities of duff in the Pinus and Picea stands are 0.057 and 0.069 g.cm"3 respectively. 

The forest floor of both stands is covered with Pleurozium shreberi (Brid.) Mitt, and 

Dicranum polysetum Sw. mosses, and with Cladina, Cladonia and Peltigera lichen 

species. Low shrubs of bearberry (Arctostaphylos uva-ursi (L.) Spreng.) and twinflower 

(Linnaea borealis L.) are found growing in patches throughout both stands. 



Figure 2. View of canopy structure in a) Picea stand and b) Pinus stand. 
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In each stand, a 10 m x 10m plot was set up in the middle of the stand. In this 

plot, five canopy trees were chosen randomly. At each tree, two duff locations were 

marked: under canopy (located between the tree bole and its canopy edge) and in the 

open (located between canopies) - herein referred to as duff at Loc. U and Loc. O, 

respectively. 

ii) Meteorological data 

Precipitation / through/all. - Rainfall was collected with standard non-recording 

raingauges located in a large clearing near the study area. Each of these raingauges 

consists of a metal can with a diameter of 20.32 cm and a height of 60.96 cm. The upper 

part of this container consists of a removable funnel that conducts the captured rain into 

another removable inner container. The inner container is 6.43 cm in diameter and 60 cm 

in height. Throughfall at each duff location was collected with commercial plastic 

buckets which are 24 cm in diameter and 40 cm in height. After each rainfall event, the 

collected rain was poured into a graduated cylinder to get the volume of rainfall (cm3). 

The volume of rainfall was then divided by the receiving areas of the collectors (324.13 

cm2 for the standard non-recording raingauges and 452.16 cm2 for the plastic bucket) to 

get the amount of rainfall as depth of water (cm). 

Evapotranspiration. - Evapotranspiration qE + qR (cm.day"1) was measured as the change 

in weight of duff blocks cut from the forest floor. Two duff blocks (15 cm x 20 cm) were 

cut at Loc. U and Loc. O located at two of the five selected trees in each stand. These 
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duff blocks were put into 2 mm mesh and returned to the original locations. The duff 

blocks were weighed twice a day, in the morning (around 9:30 am) and in the afternoon 

(around 3:00 pm), for at least three days a week from July 8-July 29 (Julian days 190-

211), and from August 19-25 (Julian days 232-238). Changes in duff weight (g) between 

the morning and the afternoon were divided by the numbers of hours elapsed between 

morning and afternoon measurements and multiplied by 24 hours to obtain the daily 

volumes of water (in cm3 as lg water = 1cm3) evapotranspirated from duff. The volumes 

of evapotranspirated water were then divided by the areas of the duff block to obtain the 

evapotranspiration flux through duff as cm.day"1. 

The Penman-Monteith equation (Monteith 1965) was also used to calculate duff 

evapotranspiration: 

=8640 
sA+pC D l r 

__E ±_ (14) 

where factor 8640 converts the evapotranspiration (qE + qR) from kg.m̂ .s"1 to cm.day"1, .s' 

is the slope of the saturated vapour pressure curve (Pa.K"1), A is the available energy at 

the forest floor (W.m"2), p is the density of air (kg.m"3), Cp is the specific heat of air (1012 

J.kg'VK"1), ra is the aerodynamic resistance to heat and vapour transport (s.m"1), A is the 

latent heat of vaporization of water (J.kg'1), y is the psychrometer constant (Pa.K1), rs is 

the surface resistance (s.m"1) which is a combination of the resistance to vapour release 

from the organic (duff) material and the subsequent diffusive resistance to the duff 



surface, and D is the vapour pressure deficit (Pa). 

Values of air density p (kg.m"3), psychrometer constant y (Pa.K"1), slope of the 

saturated vapor pressure curve s (Pa.K'1), and latent heat of vaporization of water X 

(J.kg"1) are temperature dependent, and were obtained from the literature (Jones 1983). 

Available energy A (W.m"2) at the forest floor was calculated as: 

where Rn (W.m"2) is the net radiation, G is the soil heat flux (W.m"2), and &SH is the 

forest floor heat storage change (W.m"2). 

Net radiation Rn (W.m"2) was measured with the NR-Lite net radiometer 

(Campbell Scientific Corp., Canada). Soil heat flux G (W.m"2) was calculated as: 

where KT (W.rn'.K"1) is the thermal conductivity of the mineral soil (KT - 0.3 W.m'VK"1, 

obtained from Nijssen et al. 1997), and Zl7"is the temperature gradient (K) between 0 and 

5 cm (Az) depth of mineral soil. 

ASH was calculated using the formula (Lee 1980): 

A = R„ - G + ASt 7/ 
(15) 

G = -KT(AT/Az) (16) 
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A 6 > - A T (17) 
t 

where ̂  crf (J.m"3.K"1) is the thermal capacity of duff and is defined as the product of 

density pd (kg.m"3) and specific heat cd (J.kg'VK"1), z is the thickness of duff (m), and AT 

is the change in mean temperature of the duff layer (K) over period of time t (s) (elapsed 

time between measurements of duff temperature in a day; t = 1.1 x 104 to 2.2 x 104 s). 

The negative sign indicates that heat is transferred away from the duff. The value of pjcd 

(5.6 x 105 J.m"3.K"1) is obtained from Nijssen et al. (1997). Soil temperatures T(K) were 

measured with thermocouples type K (Omega, Canada Inc.) at the duff surface, at the 

middle of the duff layer, at the interface between duff and mineral soil layers, and at 5 and 

15 cm depth from the mineral soil surface. 

The measured evapotranspiration qE + qR was used to estimate the surface 

resistance rs and the aerodynamic resistance ra using equation (14) and the following 

equations (Monteith 1965): 

D 
(18) 

yXE 

T 
surface air (19) 

rn = PCn 
a r p H 
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where E is the evapotranspiration flux (qE + q^) in kg.m^.s1, Tsurface - Tair is the difference 

in temperatures (K) of the duff and the air, and H (W.m"2) is the sensible heat flux 

calculated by: 

H = A- AE (20) 

Vapour pressure deficits D (Pa) were measured with a HMP45C-Relative 

humidity probe (Campbell Scientific Corp., Canada) and air temperatures Tair (K) were 

measured with a 1000 Ohm PRT air temperature probe (Campbell Scientific Corp., 

Canada). 

Surface resistance rs and aerodynamic resistance ra were correlated with the 

vapour pressure deficit D and TsulfiKe - Tair respectively. The correlations were then used 

to estimate rs and ra to calculate duff evapotranspiration (qE + qj for days without 

measurement of (qE + q^). 

Net radiation, vapour pressure deficits and air temperature were automatically 

sampled at 1.5 m above the forest floor at one minute intervals and 15-minute average 

values were recorded by the dataloggers type CRIOx (Campbell Scientific Corp., 

Canada). Temperatures of duff and mineral soil were recorded with a HH11 

thermometer (Omega, Canada Inc.) at the same schedule as duff evapotranspiration 

measurements. For days without measurements of duff temperatures, correlations of duff 
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surface temperatures and air temperatures were used to estimate duff surface 

temperatures. 

iii) Soil water data 

Volumetric duff water content was measured to calibrate the model and to 

construct the water retention curve and hydraulic conductivity characteristics. A 

ThetaProbe type ML2x and Thetameter type HH (Delta-T Devices Ltd., Cambridge, UK) 

were used to measure duff water content at all duff locations at the same time when 

measurements of duff evapotranspiration (by weighing the duff blocks in the field) were 

taken. Morning and afternoon duff water contents were averaged to obtain the average 

duff moisture content of the day. Volumetric water contents of the top 10 cm layer of the 

mineral soil under the duff blocks were measured with the ThetaProbe and the 

Thetameter at the same time when the duff blocks were weighed. 

Mineral soil water potentials (soil pressure head h) at 5, 15 and 25 cm depth from 

the mineral soil surface were measured with a Quick Draw Soil Moisture Probe model 

2900FI (SOILMOISTURE Equipment Corp., California, USA) on July 8, July 25, July 

29, August 19 and August 22 (Julian days 190, 207, 211, 232, and 235 respectively). 

Depth of water table was estimated to be 2 m in the Picea stand and 3 m in the 

Pinus stand using the elevation difference between the two stands, their distances from 

the location of BERMS and the water table depth of 1.7 m at BERMS. 
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Water retention 6(h) and hydraulic conductivity K(h) characteristics. - Water retention 

6(h) and conductivity characteristics K(h) were described with van Genuchten (1980) 

curves: 

(0 -0) 
d(h)=Qr+ s r) (21) 

(l+(cc|/*|)T 

m - K ( i - f r i A i r a + f r w r r r (22) 

(l+(a|//|)T/2 

where 6S (cm3.cm"3) is the saturated water content, 6r is the residual water content 

(assumed to be zero for highly porous duff material), a (cm"1) and n (dimensionless) are 

curve shape parameters, m = 1-1/n, and Ks (cm.day"1) is the saturated hydraulic 

conductivity. Values of those parameters for sandy loam mineral soil were obtained from 

Cuencaet al. (1997). 

Since the high porosity of duff constrains the use of tensiometers, the duff water 

retention curve was obtained indirectly by combining duff water content measurements 

and mineral soil pressure head measurements at -5 cm depth in periods without distinct 

vertical gradients of soil water potentials (Schaap 1996). Van Genuchten's (1980) 

method was then used to estimate 0S, a and n. Saturated hydraulic conductivity Ks (=240 

cm.day"1) for duff was obtained from a study on hydrological properties of duff with 

similar bulk density (Heiskanen 1999). 
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iv) Variables for root water uptake calculation 

The graphical method of Leyton et al. (1967) was used to calculate canopy gap 

fraction fg using rainfall and throughfall data. Canopy gap fraction is defined as the ratio 

of the rainfall amount reaching the forest floor (throughfall) and the total rainfall amount 

of events having amounts less than interception capacity of the canopy. Interception 

capacity of the canopy cover at different duff locations was determined by plotting 

throughfall against total rainfall. The y-intercept of the line of best fit having a slope of 1 

is the canopy interception capacity according to the relationship: 

Throughfall = Total rainfall - Canopy interception capacity (23) 

Canopy gap fraction is the slope of the best fit line having a zero y-intercept describing 

the relationship of throughfall and total rainfall of events having amounts less than the 

canopy interception capacity as: 

Throughfall = Gap fraction x Total rainfall (24) 

Only events with rainfall amounts less than canopy interception capacity were used in 

equation (24). 

Plant factor fc (in equation 9) was obtained from calibration runs of the model 

SWIF. The range of fc values from 0.5 to 1.2 was considered. Plant factor of 1.2 is 



25 

usually used for a healthy coniferous stand (Hooghart 1987). 

Above-canopy meteorological conditions (air temperature and global radiation) 

for calculation of potential plant transpiration E , were obtained from the BERMS 

weather tower. Empirical constant P (=1.2) (in equation 12) was obtained from the 

calibration runs of the model and validated with mean potential evapotranspiration of 

0.45 cm.day"1 for the months of July and August obtained from Atlas of Climatic Maps 

(1970) and with Penman equation for potential evapotranspiration (Penman 1948). 

Soil water pressure heads that define the RED (h) function (in equation 8) were 

obtained from Kimball et al. (1997): h, = -1 cm, h3 = -2 cm, h3 = -5,000 cm, and 

h4 =-17,000 cm. 

Root length L. - A root auger (6.0 cm in diameter) was used to collect 6 root samples per 

forest stand (one sample at Loc. U and one sample at Loc. O at 3 of the 5 selected trees) 

down to a depth of 40 cm in the mineral soil. Each sample was vertically separated into 

duff layer and 4 x 10 cm sections of mineral soil. Root length L (cm.cm"3) of each layer 

was measured using the line intersect method (Tennant 1975): roots were separated from 

the duff or mineral materials by sieving the samples; roots were then washed and spread 

out in a tray. The bottom of the tray had drawing of a grid with squares having 

dimension of 0.5 cm x 0.5 cm. Root length was calculated as: 



Root length (cm) = (11/14) x Number of intercepts x Grid unit (cm) 
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(25) 

where the numbers of the intercepts were calculated by counting the number of 

intersections between the roots with the vertical and horizontal lines of the squares on the 

grid. The root length (cm) of each sample was then divided by the volume of the root 

sample to obtain root length density (cm.cm"3). 

RESULTS 

Input variables for the model SWIF 

a) Throughfall 

There were six rainfall events in the study area during the study period. The 

rainfall events on Julian days 190, 194 and 201 resulted in throughfall amounts ranging 

from 1.4 to 3.2 cm.day"1 in Picea and Pinus stands (Figure 3). Throughfall measurements 

on Julian days 207, 209 and 234 were less than 0.5 cm.day"1 (Figure 3). 

Mean throughfall measurements under canopy (Loc U) and in the open (Loc. O) 

were similar between Picea and Pinus stands (two-sample t-test, Loc. U: t = 0.411, df= 

10, p > 0.05; Loc. O: t = 0.376, df = 10, p > 0.05). In the Picea stand, mean throughfall 

measurements at Loc. U were significantly less than that at Loc. O (paired two-sample t-

test: t = -2.51, df = 5, p < 0.05) but in Pinus stand there was no significant difference in 

throughfall between Loc. U and Loc. O (paired two-sample t-test: t = 0.777, df = 5, p > 

0.05). These results indicate that canopy interception is similar between upslope and 
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Figure 3. Mean precipitation input as throughfall onto duff under canopy (Loc. U) 

and in the open (Loc. O) in Picea (a) and Pinus (b) stands during 

the study period in the summer 2000. Vertical bars indicate standard 

errors (SE), n=5. Julian day 190 corresponded to July 8. 
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downslope position on this glaciofluvial hillslope. Within the Pinus stand on top of the 

slope, there was no spatial variation in canopy interception but within the Picea stand at 

the bottom of the slope, more precipitation was intercepted by the canopy near the tree 

bases than further from the tree bases. 

b) Evapotranspiration 

Mean evapotranspiration flux over the study period at Loc. U was significantly 

lower in the Picea stand than in the Pinus stand (two-sample t-test, t = -1.884, df = 28, p 

< 0.05). At Loc. O, evapotranspiration fluxes were similar between the Picea and Pinus 

stands (two-sample t-test, t = 0.403, df = 28, p > 0.05). Measured daily evapo

transpiration fluxes in the Picea stand were significantly less at Loc. U (0.156 ± 0.023 

cm.day"1) than that at Loc. O (0.231 ± 0.025 cm.day"1) (Figures 4a-b; paired two-sample 

t-test, t = -3.52, df = 14, p < 0.05). However, evapotranspiration fluxes in the Pinus 

stand were not significantly different between Loc. U (0.223 ± 0.027 cm.day"1) and Loc. 

O (0.214 ± 0.032 cm.day"1) (Figures 4c-d; paired two-sample t-test, t = 0.607, df = 14, p 

> 0.05). These results indicate that the latent heat flux of the energy balance under 

canopy is different between the Picea and Pinus stands whereas the latent heat flux in the 

open is similar between the Picea and Pinus stands. Within the Pinus stand on top of the 

slope, there was no spatial variation in latent heat flux but within the Picea stand at the 

bottom of the slope, there was less latent heat flux under the canopy than in the open. 

The Pinus stand had significantly more below-canopy net radiation than the Picea 
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Figure 4. Mean (n = 2) measured and estimated evapotranspiration fluxes (qE + qR) 

from duff at a) Loc. U in Picea stand, b) Loc. O in Picea stand, c) Loc. U 

in Pinus stand, and d) Loc. O in Pinus stand. 
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stand during the simulation period (Figure 5; two-sample t-test, t = 6.88, df = 56, p < 

0.05). Mean soil heat flux and duff heat storage change are very small compared to mean 

net radiation (Table 1), resulting in available energy and net radiation showing a 

significant 1:1 relationship for duff at Loc. U and Loc. O in both Picea and Pinus stands 

(Figure 6). Therefore net radiation Rn was used as an estimate of available energy A in 

calculating evapotranspiration flux from duff (equation 14). Soil heat flux G and duff 

heat storage change ASH were not needed. 

Surface resistance rs and aerodynamic resistance ra (Figure 7) in the Penman-

Monteith evapotranspiration (equation 14) were estimated using the measured 

evapotranspiration qE + qR (Figure 4), net radiation below canopy R„ (Figure 6), the slope 

of the saturation vapour pressure curve s and psychrometer constant y (Figure 8a), air 

density p and latent heat of vaporisation A (Figure 8b). Linear relationships (Figure 9) of 

surface resistance rs versus vapour pressure deficit D and of aerodynamic resistance ra 

versus the differences in temperatures between duff surface and air {Tsurface - Tair) (Figure 

10) were used to estimate surface resistance rs and aerodynamic resistance ra. Surface 

temperatures Tsurface for days without their measurements were obtained from the linear 

relationships of surface temperatures Tsurface and air temperatures Tmr (Figure 11). 

In the Picea stand, the surface resistance rs at Loc. U and Loc. O had mean 

values of 2926.12 s.m"1 and 1899.92 s.m"1 respectively, and aerodynamic resistance ra at 

Loc. U and Loc. O had mean values of 29.23 s.m"1 and 60.44 s.m"1 respectively. In the 



33 

Figure 5. Mean daily net radiation measured below canopy (at 1.5 m above the 

forest floor) in Picea and Pinus stands. 
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Table 1. Means (± SE) of net radiation Rn, soil heat flux G and duff heat storage 

change ASh in Picea and Pinus stands for the period from July 8 to 

August 25 (Julian days 190 to 238). Negative values indicate vertical 

flux downward and positive values indicate vertical flux upward. 

Downward fluxes of net radiation and duff heat storage, and upward flux 

of soil heat flux result in more energy available to evaporate duff water 

(equation 15). 

Picea Pinus 
Loc. U Loc O Loc U Loc. 0 

R„ (W.rrf2) - 247.52 ± 18.09 - 658.59 ± 66.02 

GfW.m"2) -0.80 ±0.22 -0.94 ± 0.48 -5.64 ±0.72 -2.66 ±0.48 

AS//(W.m'2) 2.85 ± 1.67 -1.68 ±1.17 -1.87 ± 0.78 -1.54 ±0.99 
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Figure 6. Relationships of available energy for evapotranspiration to below canopy 

net radiation at a) Loc. U in Picea stand, b) Loc. O in Picea stand, c) Loc. 

U in Pinus stand, and d) Loc. O in Pinus stand. 
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Figure 7. Aerodynamic resistance ra and surface resistance r, calculated using 

evapotranspiration measurements for a) Loc. U in Picea stand, b) Loc. O 

in Picea stand, c) Loc. U in Pinus stand, and d) Loc. O in Pinus stand. 
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Figure 8. Curves (obtained from Jones (1983)) describing relationships of air 

temperatures and a) slope of saturated vapour pressure curve s and 

psychrometer constant y and b) air density p and latent heat of 

vaporization A. These relationships were used to estimate 

evapotranspiration from duff for days without evapotranspiration 

measurements. 
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Figure 9. Relationships of aerodynamic resistance ra and temperature difference 

between duff surface and air Tmtface - Tair at a) Loc. U in Picea stand, 

b) Loc. O in Picea stand, c) Loc. U in Pinus stand, and d) Loc. O in Pinus 

stand. 
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Figure 10. Relationships of surface resistance rs and vapour pressure deficit D at a) 

Loc. U in Picea stand, b) Loc. O in Picea stand, c) Loc. U in Pinus stand, 

and d) Loc. O in Pinus stand. 
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Figure 11. Relationships of duff surface temperatures Tsurface and air temperature Tair 

used to estimate duff surface temperatures for days without duff surface 

temperature measurements at a) Loc. U in Picea stand, b) Loc. 0 in Picea 

stand, c) Loc. U in Pinus stand, and d) Loc. 0 in Pinus stand. 
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Pinus stand, the surface resistance rs at Loc. U and Loc. O had mean values of 802.30 

s.m"1 and 821.72 s.m"1 respectively, and aerodynamic resistance ra at Loc. U and Loc. O 

had averaged values of 15.73 s.m"1 and 14.74 s.m"1 respectively. Estimated surface 

resistance rs and aerodynamic resistance ra were used to calculate evapotranspiration 

fluxes for days without measurements (Figure 4). 

c) Water retention and hydraulic conductivity characteristics of duff and mineral soil 

Estimated parameters of van Genuchten curves for water retention and hydraulic 

conductivity characteristics of duff (Figure 12) and mineral soil (Figure 13) in Picea and 

Pinus stands are listed in Table 2. Mineral soils of Picea and Pinus stands had similar 

sandy loam texture. Therefore, the van Genuchten curves obtained by Cuenca et al. 

(1997) for similar soil texture were used for mineral soils of both stands. 

Duff water contents in the Picea stand were significantly higher than in the Pinus 

stand at both Loc. U and Loc. O (two-sample t-test, Loc. U: t = 3.11, df = 30, p < 0.05; 

Loc. O: t = 5.31, df = 30, p < 0.05). Measured duff water contents during the study 

period (Figure 14a) at Loc. O were significantly higher than at Loc. U for both stands 

(paired two-sample t-test, Picea stand: t = -10.19, df = 15, p < 0.05; Pinus stand: t = -

3.42, df = 15, p < 0.05). Also, the difference between duff water content between Loc. U 

and Loc. O is greater for the Picea stand than for the Pinus stand as it would be expected 

given the observed patterns of throughfall and evapotranspiration. 
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Figure 12. Van Genuchten curves of a) water retention characteristics of duff in 

Picea and Pinus stands, and b) hydraulic conductivity of duff in Picea and 

Pinus stands. 
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Figure 13. Van Genuchten curves of a) water retention characteristics of sandy loam 

mineral soil, and b) hydraulic conductivity of sandy loam mineral soil 

(from Cuenca et al. 1997). 
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Table 2. Parameters of van Genuchten curves for water retention and hydraulic 

conductivity characteristics of duff and mineral soil in the Picea and the 

Pinus stands. 

Stands Soil substrate Ksat 0s Or a n 

(cm.day1) (cm3, cm"3) (cm3, cm'3) (cm1) (-) 

Picea Duff 240 0.35 0.0 0.053 1.75 

Mineral soil * 79 0.51 0.01 3.4 1.28 

Pinus Duff 240 0.25 0.0 0.021 4.29 

Mineral soil * 70 0.51 0.01 3.4 1.28 

* Note: Parameters for the mineral soil were obtained from Cuenca et al. (1997). 
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Figure 14. Mean (± SE) duff (a) and mineral soil (b) water content during the study 

period at Loc. U and Loc. 0 in Picea and Pinus stands. 
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Measured mineral soil water contents (Figure 14b) were similar between Picea 

and Pinus stands for both Loc. U (paired two-sample t-test, t = -1.20, df = 31, p > 0.05) 

and Loc. O (paired two-sample t-test, t = 1.64, df = 31, p > 0.05). Mineral soil water 

content in the Picea stand was significantly lower at Loc. U than at Loc. O (paired two-

sample t-test, t = -7.71, df = 32, p < 0.05). There was no significant difference in mineral 

soil water content between Loc. U and Loc. O (paired two-sample t-test, t = -1.032, df= 

32, p> 0.05). 

d) Root water uptake 

Canopy gap fraction f . - Mean interception capacity of the canopy cover (y-intercept of 

the line of best fit having slope = 1, (equation 23, Figure 15) above duff at Loc. U and 

Loc. O was determined to be 0.54 (± 0.060) cm and 0.12 (± 0.041) cm respectively for 

the Picea stand (Figure 15a), and 0.28 (± 0.035) cm and 0.23 (± 0.045) cm respectively 

for Pinus stand (Figure 15b). Slopes of the linear regressions of total rainfall amounts 

(only events with rainfall amounts < canopy interception capacity) vs. throughfall 

amounts (equation 24, Figure 16a-b) indicated that Loc. U and Loc. O in the Picea stand 

had canopy gap fractions of 0.37 (± 0.103) and 0.92 (± 0.070) respectively and Loc. U 

and Loc. O in the Pinus stand had canopy gap fractions of 0.47 (± 0.023) and 0.64 (± 

0.019) respectively. At Loc. U, canopy gap fraction was similar between the Picea and 

Pinus stand (Figure 17, two- sample t-test, t = -0.95, df = 8, p > 0.05). At Loc. O, 

canopy gap fraction was significantly higher in the Picea stand than the Pinus stand 

(Figure 17, two-sample t-test, t = 3.90, df = 8, p < 0.05). In both Picea and Pinus 
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Figure 15. Graphical method (Leyton et al. 1967) for determination of interception 

capacity of canopy at Loc. U and Loc. O in a) Picea stand, and b) Pinus 

stand. 
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Figure 16. Graphical method (Leyton et al. 1967) for determination of canopy gap 

fraction at Loc. U and Loc. O in a) Picea stand, and b) Pinus stand. 
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Figure 17. Canopy gap fractions at Loc. U and Loc. O in Picea and Pinus stands, 

calculated with graphical method of Leyton et al. (1967). Vertical bars 

indicate standard error (SE) of means (n =5). 
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stands, canopy gap fraction was significantly less at Loc. U than at Loc. O (Figure 17, 

paired two-sample t-test, Picea stand: t = -3.18, df = 4, p < 0.05; Pinus stand: t = -11.10, 

df=4, p<0.05). 

It appeared that the similar canopy gap fraction at Loc. U between the Picea and 

Pinus stands correlated with the patterns of similar throughfall at Loc. U between the 

Picea and Pinus stands. However, evapotranspiration at Loc. U is less in the Picea stand 

than in the Pinus stand indicating that the energy balance partitioning does not necessarily 

depend only on the canopy gap fraction, which allows solar energy to penetrate the forest 

floor. This inference is repeated for the patterns of higher canopy gap fraction at Loc. O 

in the Picea stand than the Pinus stand but similar evapotranspiration at Loc. O between 

the Picea and Pinus stands. Within the Picea stand, lower canopy gap fraction at Loc. U 

than Loc. O correlated with the lower throughfall and evapotranspiration at Loc. U than 

Loc. O. However, in the Pinus stand, duff at Loc. U has lower canopy gap fraction but 

similar throughfall and evapotranspiration compared to duff at Loc. O. 

Potential evapotranspiration. - Potential evapotranspiration (Makkink reference crop 

evapotranspiration) calculated using above-canopy weather data obtained from the 

BERMS site is shown in Figure 18. Mean potential evapotranspiration over the study 

period was 0.447 cm.day"1. 

Root length distribution. - In both the Picea and Pinus stands, root length had the highest 
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Figure 18. Potential evapotranspiration (Makkink reference crop evapotranspiration) 

calculated with above canopy meteorological data obtained from BERMS. 
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densities in the top 20 cm of mineral soil layers (Figure 19). In the Picea stand, root 

length densities at different soil depths were similar between Loc. U and Loc. O (Figure 

19a). In the Pinus stand, root length densities at different soil depths were relatively 

higher at Loc. U than at Loc. O (Figure 19b). Overall, root length densities in the Picea 

stand were higher than in the Pinus stand. However, statistical analyses of within and 

between stands comparisons for root length densities were not conducted due to the 

limited number of root samples. 

Simulation results 

a) Duff water content 

In the Picea stand, simulated duff water contents agreed well with measured duff 

water contents at Loc. U and at Loc. O respectively (Figure 20). The regressions of 

measured versus simulated duff water contents at Loc. U and Loc. 0 (Figure 20b) show 

that the model predicted approximately 72% of the variance in the actual duff water 

content measured (R2LocU = 0.7171, slope = 0.9528; R21^.0= 0.7217, slope = 1.048). 

In the Pinus stand, the simulated duff water content followed the patterns of 

measured duff water content (Figure 21a). However, the measured duff water contents 

at Loc. U and Loc. O were poorly predicted (Figure 21b, Loc. U: slope of regression = 

0.828, R2 = 0.2165; Loc. O: slope of regression = 0.814, R2 = 0.105). Underprediction 

of duff water content for dry days (more than 2 days elapsed since the last rainfall event) 

accounted for the discrepancy between the measured and simulated duff water content. 
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Figure 19. Root length densities at Loc. U and Loc. O in a) Picea stand and b) Pinus 

stand. Vertical bars represent standard error (SE), n=3. 
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Figure 20. a) Temporal patterns of measured and simulated duff water content at 

Loc. U and Loc. O in Picea stand. Plant factor fe = 0.9 and 0.6 was 

obtained for Loc. U and Loc. 0 respectively. 

b) Relationships of measured and simulated duff water content at Loc. U 

and Loc. 0 in Picea stand. 
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Figure 21. a) Temporal patterns of measured and simulated duff water content at 

Loc. U and Loc. O in Pinus stand. Plant factor/c = 1.1 and 1.0 was 

obtained for Loc. U and Loc. O respectively. 

b) Relationships of measured and simulated duff water content at Loc. U 

and Loc. O in Pinus stand. 
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Removing the simulated duff water content data for those dry days in the Pinus stand 

resulted in a better fit between measured and simulated duff water content for Loc. O but 

not for Loc. U (Loc. U: Figure 22a, slope = 0.9157, R2 = 0.2063; Loc. O: Figure 22b, 

slope = 0.791, R2 = 0.7795). 

The SWIF model distributes values of variables as averages of one-day time 

intervals while rates of throughfall, evapotranspiration, transpiration and percolation can 

change throughout a day depending on the dynamics of the factors driving these 

processes. As a result, the model may not have captured the transient nature of the 

processes included in the energy and water balances of the soil-vegetation-atmosphere 

continuum. For example, the below canopy temperatures measured in the morning were 

higher in Pinus stand than in Picea stand. This suggests that evapotranspiration was 

higher in the Pinus stand than in Picea stand early in the morning. Later in the day, the 

evapotranspiration rate of duff water in Pinus stand is reduced and limited by duff water 

content. This is not the case in Picea stand because of higher duff water content. Also 

thin duff and moss layers in Pinus stand may have resulted in quick downward drainage 

to mineral soil and fast evapotranspiration of water from the duff layer. 

For both the Picea and Pinus stands, the mean simulated duff water content of 

different soil layers was higher at Loc. O than at Loc. U (Figure 23). The differences in 

water content were most apparent in the duff and the top 10 cm of the mineral soil. In 

the Picea stand, duff water content exhibited similar dynamics to the water content 
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Figure 22. Relationships of measured and simulated duff water content at a) Loc. U, 

and b) Loc. 0 in Pinus stand without dry days. 
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Figure 23. Mean simulated water content of different soil layers at Loc. U and Loc. O 

in Picea and Pinus stands. 





78 

dynamics of the top 10 cm of mineral soil layer (Figure 24a-b). In the Pinus stand, duff 

water content exhibited similar dynamics to the water content dynamics of the top 5 cm 

of mineral soil layer (Figure 24c-d). 

b) Vertical drainage and root water uptake components of the duff water balance 

Vertical drainage qv(1) and qv(Cj of water between duff and underlying mineral soil. - The 

number of days that vertical drainage occurred was greater in the Picea than in the Pinus 

stand (Figure 25). In general, there were greater upward fluxes of water from the mineral 

soil layer to duff in the Picea stand than in the Pinus stand (Table 3) indicating that there 

was more water input as capillary rise from the underlying mineral soil layer to duff in the 

Picea stand than the Pinus stand. There was greater difference in downward fluxes of 

water from duff to the underlying mineral soil layer between Loc. U and Loc. O in the 

Picea stand than the Pinus stand. This pattern seems to correlated with the observed 

pattern of throughfall. 

Root water uptake (transpiration) qR. - Simulated water uptake was very low in the top 

30 cm of the soil profile and very high at a depth of 100 cm for all duff locations in both 

stands (Figure 26). Highest water uptake occurred on days following a rainfall event 

greater than 0.5 cm. Transpiration constituted about 19.8% and 1.2% of 

evapotranspiration simulated for duff at Loc. U and Loc. O respectively in the Picea 

stand and about 3.9% and 11.5% for forest floor at Loc. U and Loc. O respectively in the 

Pinus stand. 
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Figure 24. Simulated water content of different soil layers at a) Loc. U in Picea 

stand, b) Loc. O in Picea stand, c) Loc. U in Pinus stand, and d) Loc. O in 

Pinus stand. 
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Figure 25. Simulated vertical drainage of water between the duff and the underlying 

0-5 cm mineral soil layers in a) Picea stand and b) Pinus stand. Negative 

fluxes indicate duff water draining downward to the mineral soil and 

positive fluxes indicate mineral soil water rising upward to duff layer. 
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Table 3. Mean vertical drainage between duff layer and the top 5 cm of the mineral 

soil layer during the study period in the Picea and the Pinus stands. 

Stand 

Picea 

Duff 

locations 

Loc. U 

Upward fluxes from 

mineral soil to duff 
(cm.day') (A) _ 

0.035 

Downward fluxes 

from duff to mineral 
soil (cm.day') (B) 

0.080 

Net vertical flux 

(cm.day1) 

(B)-(A) 

0.045 

Loc. O 0.063 0.103 0.040 

Loc. U 

Pinus 

Loc. O 

0.031 

0.025 

0.093 

0.074 

0.062 

0.049 



84 

Figure 26. Simulated water uptake of different soil layers at a) Loc. U in Picea stand, 

b) Loc. O in Picea stand, c) Loc. U in Pinus stand, and d) Loc. O in Pinus 

stand. 
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Sensitivity analysis results of the SWIF model 

For the study period, with the input data collected or estimated for the study area, 

the SWIF model appeared to be insensitive to the pressure heads h,, h2, h3 and h4 of the 

function RED (h) (equation 12), saturated volumetric duff water content 0S, saturated 

duff hydraulic conductivity Ks and water table depth in the Picea and Pinus stands. The 

model was most sensitive to the plant factor f. Thus, the model was calibrated by 

maintaining other estimated input variables while varying/^ within the suggested range. 

The simulation results were reported when the highest possible R2 value was obtained 

from validating by linear regressing the simulated against the measured duff water content 

for each duff location. 

DISCUSSION 

LOCAL AND NONLOCAL CONTROL OF DUFF WATER BALANCES ON A GLACIOFLUVIAL 

HILLSLOPE 

In the forested landscape which is dominated by networks of hillslope like the 

Canadian boreal forest, duff and mineral soil water content in a forest stand is controlled 

by hydrological processes driven by the energy and water balances influenced by hillslope 

positions and by the distribution canopy cover. The predominant hydrological processes 

shift between hillslope (nonlocal) and stand (local) scales depending on the regional 

meteorological conditions. Soil water is considered to have nonlocal control when the 

effect of hillslope positions is predominant in controlling soil water content (Grayson et 



al. 1997). Soil water is considered to have local control when the effect of canopy cover 

is predominant in controlling soil water content (Grayson et al. 1997). The balance 

between precipitation and evapotranspiration processes determines whether local or 

nonlocal control predominates in characterizing the spatial variation of duff water 

content, both within forest stands and between forest stands located at different hillslope 

positions (Grayson et al. 1997). 

During the period when evapotranspiration generally exceeds precipitation, soil is 

relatively dry. During such time, there is no contribution of water from an upslope 

position to a position further down on the hillslope because the lateral hydraulic 

conductivity is greatly reduced when soil, especially sandy soil, is dry due to high 

evapotranspiration (Bronstert and Plate 1997). Spatial variation of canopy cover within 

forest stands is the predominant influence on the spatial patterns of soil water content (i.e. 

"local control") during such dry period. 

During the period when precipitation continually exceeds evapotranspiration, the 

soil is relatively wet and lateral hydraulic conductivity is high enough to result in 

significant lateral flow. Having a larger drainage contributing area, downslope soil 

locations receive more water and are therefore wetter than upslope soil locations. This 

condition where the importance of hillslope positions predominates over within-stand 

processes on soil water content can be referred to as "nonlocal control" (Grayson et al. 

1997). 
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A switch between local and nonlocal control does not necessarily occur at the 

same time for all soil layers. In the study region, evapotranspiration (a local control 

process) withdraws water mostly from the top 30 cm of mineral soil layer until the soil 

becomes water-stressed for water uptake by lateral roots in the upper soil layers and trees 

use tap roots to withdraw water from deeper soil layer (Oren et al. 1998). Thus, nonlocal 

control mechanism on surface soil layer can effectively cease when water in the upper soil 

layers is depleted, while lateral flow (a nonlocal control process) still occur at the lower 

soil layers. During the months of July and August, evapotranspiration is high in the study 

region (Baldocchi and Vogel 1997, Canada Department of Transport Meteorological 

Branch 1970) and topsoil water content became locally controlled as indicated by the 

similar water content of the 0-5 cm mineral soil layers between Pinus stand located at the 

top and Picea stand located at the bottom of a hillslope (Figure 14b). The occurrence of 

the local control on mineral soil water implies that the water content of the overlying duff 

layer is also under local control. Knowing that local control is predominant during the 

study period allowed for the examination of the relative importance of local processes of 

throughfall, vertical drainage, capillary rise and evapotranspiration in determining spatial 

patterns of duff water content within the forest stands. 

Water contents of duff located upslope (in Pinus stand) were significantly lower 

than duff located downslope (in Picea stand) (Figure 14a) although there were no 

differences in mineral soil water content (Figure 14b), throughfall, and evapotranspiration 

in the open canopy between hillslope positions. This suggests that the similar water 
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contents of the top mineral soil layer between hillslope positions during the study period 

were preceded by nonlocal control in which mineral soil downslope in the Picea stand 

was wetter than in the Pinus stand on the upslope. As water of the duff layer and the 

underlying mineral soil interact via water transfer processes of infiltration or drainage 

(Price et al. 1997) and capillary rise (Samran et al. 1995), wetter mineral soil resulted in 

wetter duff in the Picea stand than in the Pinus stand. During the study period, 

evapotranspiration coupled with capillary rise (upward flux of water) from mineral soil to 

duff maintained the higher water content status of duff at the bottom slope, as indicated 

by the higher upward fluxes of water from the top mineral soil layer to duff in the Picea 

stand than in the Pinus stand (Figure 25, Table 3). The ability of duff in the Picea stand 

to retain more water at a given pressure head (Figure 12a) also contributed to the higher 

duff water content compared to duff in the Pinus stand. The greater upward fluxes in the 

Picea stand at the bottom slope also contributed to reducing mineral soil water content in 

the Picea stand to a similar level as in the Pinus stand. This suggests that local processes 

are more important than nonlocal processes in controlling water distribution in the top 

mineral soil layers. However, it is important to note that nonlocal control may still be 

predominant at lower mineral soil layers. The mineral soil at depths ranging from 20-30 

cm below the mineral soil surface appeared wetter in root cores collected at the bottom 

(in the Picea stand) than on top (in the Pinus stand) of the hillslope (field observations). 

Water content of duff in a forest stand is locally controlled by the spatial 

distribution of vegetation canopy. As a result of differences in canopy distribution 
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(Figures 2 and 17), the balance between throughfall and evapotranspiration in controlling 

within stand variation of duff water content is different between the Picea and Pinus 

stands. 

The spatial patterns of duff water content in the Picea stand appear to be 

determined by the predominance of throughfall over evapotranspiration and vertical 

fluxes. Duff under the canopy received less throughfall and lost less water by 

evapotranspiration than duff in the open. The net water flux between the duff and the 

underlying mineral soil layers were approximately similar between under the canopy and 

in the open. 

The spatial patterns of duff water content in the Pinus stand appear to be 

determined by the net flux of throughfall, evapotranspiration and vertical fluxes. Duff 

under the canopy had the same amounts of throughfall and evapotranspiration as the duff 

in the open. Greater net verical flux (downward flux minus upward flux) under the 

canopy than in the open resulted in lower duff water content under canopy than in the 

open 

DUFF CONSUMPTION PATTERNS AS RELATED TO VARIATIONS IN DUFF WATER CONTENT 

WITHIN AND BETWEEN FOREST STANDS ON A GLACIOFLUVIAL HILLSLOPE 

Duff was consumed mostly around the tree boles in Picea and Pinus stands that 

were burned by the Bittern (June, 1996) and Waskesiu (July, 1998) fires in Saskatchewan 
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(Miyanishi and Johnson 2001). The observed duff consumption pattern within those 

forest stands can be explained by the observation that duff under the canopy or around 

the tree boles is significantly drier than duff in the open located further away from the tree 

boles. 

Duff bulk density is similar between Picea and Pinus stands in the study area 

(Sang Vo, unpublished study). Thus, variation in duff depth and water content can be the 

explanation for the variation between the Picea and Pinus stands in duff consumption 

patterns created by the Bittern and Waskesiu fires. 

During wet periods, the difference in duff water contents between Picea and 

Pinus stands is reduced. A large rainfall (for example, amount greater than mean canopy 

interception capacity of 0.54 cm for Loc. U in the Picea stand) will result in more water 

input into the duff under the canopy in the Pinus stand (having mean canopy interception 

capacity of 0.28 cm) than in the Picea stand. Up to a certain high water content duff can 

burn if it has sufficient depth to sustain the heat required for combustion (Miyanishi and 

Johnson 2001). Thus, during the wet period observed at the time of the Bittern fire, duff 

depth controls how much heat is generated for smoldering combustion. As a result, 

smaller areas of thinner duff in a Pinus stand was consumed than in a Picea stand having 

thicker duff (Miyanishi and Johnson 2001). 

During dry periods, the difference in duff water content between Picea and Pinus 
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stands is greater. Similar evapotranspiration rates in the open between Picea and Pinus 

stands, and higher evapotranspiration rates under the canopy in the Pinus stand than 

Picea stand maintain drier condition of duff in the Pinus stand. Drier duff can burn with 

smaller duff thickness (Miyanishi and Johnson 2001). Thus, during the prevailing dry 

condition of the Waskesiu fire, duff depth had a smaller limiting effect and the dry and 

thin duff of the Pinus stand burned in larger patches (Miyanishi and Johnson 2001). In 

the Picea stand, although the duff is thicker, its consumption was limited by the higher 

water content. In the Pinus stand, although the duff is drier, its consumption was limited 

by the lower thickness. As a result, there was much smaller difference in areas of duff 

consumption between the Picea and Pinus stands during dry conditions. 

PREDICTION OF DUFF WATER CONTENT FOR INCLUSION IN A DUFF CONSUMPTION MODEL 

As shown in this study, spatial variation of duff water content is determined by the 

balance of precipitation, evapotranspiration, and vertical movement of water between the 

duff and the underlying mineral soil layers. Components of duff water balance were 

shown to be spatially variable in a forest stand and the degrees of variation are dependent 

on stand types. Thus, previous studies using only regional precipitation and evaporation 

variables cannot accurately depict spatial patterns of duff water content in a forest stand 

(e.g. Chrosciewicz 1989, Van Wagner 1982, Frandsen and Bradshaw 1980, Fosberg et al. 

1970, Stocks 1970). Since regeneration has stand-scale spatial patterns (Charron 1998), 

knowing spatial patterns of duff water content within a forest stand is important in 

predicting duff consumption patterns associated with the post-fire suitable seedbed 
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availability. 

The SWIF model, which includes all components of the duff water balance, was 

able to reasonably predict duff water content in a forest stand. Although the SWIF model 

appears to be complicated and requires numerous variables, many of these variables are 

easy to obtain or available in forestry management systems. Forest managers need to 

determine what is the spatial scale of duff water content they wish to describe or predict. 

For example, to predict regeneration patterns, they will be interested in stand-scale spatial 

variations of duff water content. Throughfall which depends on canopy cover density can 

be measured directly or estimated using a simple model by Liu (1997), which predicts 

rainfall interception by forest canopies, and a forest inventory map or an air photo image 

of vegetation type and canopy cover. The number of canopy density classes within a 

forest stand is determined by the resolution of the spatial patterns of duff water content as 

desired by forest managers. A nearby weather station will supply meteorological data to 

calculate evapotranspiration in the whole forest stand. The calculated evapotranspiration 

can be considered as an approximation of the duff evapotranspiration under the lowest 

canopy density. Duff evaporation constitutes a major proportion of duff 

evapotranspiration in the boreal forest and is determined primarily by the energy budget 

influenced by canopy cover density. Thus, evapotranspiration of duff under other canopy 

densities can be estimated accordingly using canopy density ratios between these canopy 

densities and the lowest canopy density. Initial duff and mineral soil water content, 

pressure heads, and root length density can be measured or sampled according to the 
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canopy density classes. Using a soil map, they will determine how the mineral soil 

substrate is spatially variable to use appropriate water rention and hydraulic conductivity 

characteristics. Foresters can calibrate and then use the SWIF model to predict duff 

water content at a particular location on the forest floor using those variables. 

CONCLUSIONS 

This study has shown that duff water content is spatially variable within and 

between forest stands on a hillslope. Most forest fire literature (Frandsen and Bradshaw 

1980, Hillhouse 1983) only statistically describes duff water distribution within a forest 

stand, and/or simply report whole-stand average values of duff water content. The use of 

water balance in this study provided more insight into the processes and variables that 

determine the spatial patterns of duff water content within and between forest stands. 

Both local (controlled by vegetation characteristics) and nonlocal (controlled by hillslope 

positions) processes interact in characterizing the spatial distribution of duff water 

content. However, the scope of this study did not permit the definite quantification of the 

contribution of local and nonlocal controls. Nevertheless, duff water content during the 

study period was shown to be under local control state using empirical evidence of soil 

water content patterns (similar water content of mineral soil between upslope and 

downslope positions) and meteorological conditions (high evapotranspiration) necessary 

for the predominance of local control. This local control may have been preceded in the 

spring by a nonlocal control in which hillslope positions determined duff water conditions. 
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This is supported by results showing that most important components (e.g. throughfall, 

evapotranspiration) of the duff water balances were similar between hillslope positions 

during the study period but that duff water content at the bottom slope was higher than at 

the top slope. 
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APPENDIX 

Solving Richards' equation using finite differences and iterative procedure in SWIF 

(Tiktak et al. 1990) 

1. Discretization of the soil profile: 

When finite diffferences are used for finding the solution to the soil water flow 

equation (eg. Richards' equation), the soil profile is divided into a number of 

homogeneous layers of variable thickness Az. Fluxes from and into every layer are 

calculated to determine the new values of the variables at time t+At. This process is 

repeated until the end of the simulation period. 

A nodal point (node) /' in the center of each layer is assumed to be representative 

of the whole layer. Water content 6n pressure head h, and water uptake qR, are assigned 

values only at these discrete nodal points. Water retention characteristics can be applied 

to calculate the soil water content from the soil pressure head. However, the hydraulic 

conductivity across the node /' to *'+/ (Ki+1/2) must be calculated from the pressure head of 

the surrounding nodal points by an arithmetic mean averaging technique: 

K,+m =f(hl+1/2) with 

Km = (Az,-i/2 • K + Az,+i/2 • h)/(Az,_l/2 + Azl+1/2) 

where Az,_, 2 is the difference in height between the upper and lower boundary of layer i 

and Azi+1/2 is the height of the layer boundary. 

2) Temporal discretization: 

Time steps At (i.e. integration steps) are affected by fluctuating water content. 

Long time steps can be used for near stationary conditions such as dry days with low 
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transpiration. High numbers of integration steps (i.e. short time steps) are necessary 

during dry periods with high transpiration rates and in situations of significant infiltration 

following rainfall. 

The flow equation (3) is solved directly by the Thomas algorithm (Remson et al. 

1971) after substitution of the hydraulic conductivity K(h) and water content 0 at the 

start of the integration time step (explicit linearization). The new estimates of the 

hydraulic conductivity and water content are then calculated using the calculated pressure 

head h. The flow equation is then solved again. This iteration procedure continues until 

some preset criteria (specified by users) are met. 




