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Abstract
Forest management presents challenges to accurate prediction of water and carbon
exchange between the land surface and atmosphere, due to its alteration of forest
structure and composition. We examined how forest species types in northern
Wisconsin affect landscape scale water fluxes predicted from models driven by remotely
sensed forest classification. A site-specific classification was developed for the study site.
Using this information and a digital soils database produced for the site we identified
four key forest stand types: red pine, northern hardwoods, aspen, and forested wetland.
Within these stand types, 64 trees representing 7 species were continuously monitored
with sap flux sensors. Scaled stand-level transpiration from sap flux was combined with
a two-source soil evaporation model and then applied over a 2.5 km  3.0 km area around
the WLEF AmeriFlux tower (Park Falls, Wisconsin) to estimate evapotranspiration. Water
flux data at the tower was used as a check against these estimates. Then, experiments
were conducted to determine the effects of aggregating vegetation types to International
Geosphere± Biosphere Program (IGBP) level on water flux predictions. Taxonomic
aggregation resulting in loss of species level information significantly altered landscape
water flux predictions. However, daily water fluxes were not significantly affected by
spatial aggregation when forested wetland evaporation was included. The results demonstrate the importance of aspen, which has a higher transpiration rate per unit leaf area
than other forest species. However, more significant uncertainty results from not including forested wetland with its high rates of evaporation during wet summers.
Keywords: eddy covariance, evapotranspiration, forested landscapes, hydrology, remote sensing,
sap flux, spatial aggregation, vegetation classification
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Introduction
Land surface process models are widely used to study
water, carbon and energy at stand to regional scales,
or as parameterization schemes in mesoscale and atmospheric global circulation models (GCM). Because specieslevel detail and finely resolved vegetation classification
data are typically lacking, most prior studies aggregate in
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space and make simple assumptions about the similarity of species within a forest. With respect to modeling
water and energy fluxes, the representation of vegetation
has historically been either parameterized (e.g. Entekhabi
& Eagleson, 1989; Wood et al., 1992), modeled in a rudimentary way (e.g. Deardorff, 1978; Pan & Mahrt, 1987),
or mechanistically portrayed in terms of potential vegetation (e.g. Dickinson, 1984; Sellers et al., 1986, 1996;
Pielke & Avissar, 1990; Avissar & Pielke, 1991; Foley
et al., 1996, 2000; Xue et al., 1996). Improvements in
vegetation modeling have in turn increased the demand
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for remote sensing based vegetation classification
schemes. Some schemes, such as biosphere atmosphere
transfer scheme (BATS) (Dickinson et al., 1998), SiB2
(Sellers et al., 1996), and International Geosphere±
Biosphere Program (IGBP) (Loveland & Belward, 1997),
emphasize vegetation structure; others are more functionally based (e.g. Running et al., 1995). To some extent
all schemes recognize the need for functional grouping
of vegetation. For example, different leaf longevity and
surface resistance properties of conifer needle-leaf and
deciduous broad-leaf species are routinely needed in
land surface process models, and so these functional
differences are incorporated into classification schemes
(e.g. Running et al., 1995).
Since the vegetation classification schemes are modeldriven they too focus on potential vegetation, which does
not take into account earlier seral stages resulting from
natural or human-based disturbance. When disturbance
is considered it is because of a major shift in vegetation
composition, such as conversion of forest to pasture or
agricultural crops to urban (DeFries et al., 2000). These
major changes are generally detectable from satellite imagery. Changes in forest composition can increase the
spatial variability, especially of mixed stands, which can
be beyond the ability of many satellite remote sensors to
detect. Solutions to this problem have emphasized the
mix of vegetated and non-vegetated areas (Moody,
1998) and differences in phenology among species
(Wolter et al., 1995). The modeling community is using
these advancements in remotely sensed classification
procedures to improve estimates of leaf area index
(LAI) and fraction of absorbed photosynthetically active
radiation (e.g. DeFries et al., 2000; Pauwels & Wood, 2000;
Zeng et al., 2000). Less attention is given to the problem of
changes in vegetation type or LAI within a biome, which
might arise as a result of forest management.
Forest management in northern Wisconsin and other
regions of the world alters forest ecosystem structure and
function. In northern Wisconsin, the forested vegetation
composition is a reflection of the natural variability
of drainage properties of different glacial landforms
(Fassnacht & Gower, 1997, 1999) combined with the influences of over a century of forest clearing, succession and
subsequent management. With respect to forest evapotranspiration, the assumption has been that natural and
human-induced vegetation variability averages out at the
landscape level. This allows for the aggregation of subgrid spatial and taxonomic variability in vegetation
parameterization. The purpose of this paper is to test this
assumption in the context of predicting daily evapotranspiration from the forested landscape around the WLEF
AmeriFlux tower in northern Wisconsin. With respect to
natural variability we ask how much topographic variability, in particular the stratification of the landscape by

upland and wetland, influences overall evapotranspiration. With respect to forest management we ask how
much species level differences, in particular those relating to surface resistance, influence water fluxes.
We begin by producing a site-specific classification
of forest composition, for use as a spatial framework
for scaling stand-level flux measurements to the landscape, and as a taxonomic framework for aggregating
from species-level to the IGBP vegetation classification
(Loveland & Belward, 1997). Representative types of
forest composition are then identified and detailed
water flux measurements and modeling are made.
Transpiration measurements at the stand level are combined with model estimates of upland soil and wetland
soil evaporation, and aggregated to the landscape level.
We then test for aggregation effects of including or excluding spatial variability in scaling up. Sensitivity tests
are then conducted in which the taxonomic level of forest
composition classification is varied to obtain alternate
land surface parameterizations that reflect a loss of sitespecific detail expected with global classification
schemes.

Materials and methods
Site description
The study was conducted in northern Wisconsin, near
Park Falls WI (45.945878  N, 90.272304  W). The study
area was centred on a 447-meter tall communications
tower instrumented to measure energy, water and carbon
exchange between the forest landscape and the atmosphere (Bakwin et al., 1998; Berger et al., 2001). The tower
and surrounding area is located in the ChequamegonNicolet National Forest. The area is situated in the
Northern Highlands physiographic province, a southern
extension of the Canadian Shield. The bedrock is comprised of Precambrian metamorphic and igneous rock,
and overlain by 8±90 m of glacial and glaciofluvial material deposited approximately 10K to 12K years before
present. Topography is slightly rolling with a range of
45 m within the defined study area. Outwash, pitted outwash, and moraines are the dominant geomorphic landforms. The growing season is short and the winters are
long and cold. Mean annual July and January temperatures are 19  C and 12  C, respectively.
The forest vegetation reflects glacial topography
(Fassnacht & Gower, 1997, 1999) and forest management
activities, such as thinning, selective and clear-cut harvests. Red pine (Pinus resinosa Ait) and Jack pine (Pinus
banksiana Lamb) dominate areas of excessively drained
glacial outwash. Northern hardwood forests, comprised
of sugar maple (Acer saccharum Marsh), red maple (Acer
rubrum L.), green ash (Fraxinus americana), yellow birch
ß 2002 Blackwell Science Ltd, Global Change Biology, 8, 1253±1265
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(Betula alleghaniensis Britton) and basswood (Tilia americana L.), occur in the finer textured moraines and drumlins. Intermediate sites support a wide variety of broadleaf deciduous tree species, such as paper birch (Betula
papyrifera Marsh), quaking aspen (Populus tremuloides
Michx), bigtooth aspen (Populus grandidentata Michx),
red maple, and red and white pine (Pinus strobus).
Poorly drained lowland sites are dominated by white
cedar (Thuja occidentalis L.), balsam fir (Abies balsamea
(L.) Mill), white spruce (Picea glauca), black spruce (Picea
mariana), tamarack (Larix laricina), and speckled alder
(Alnus regosa).

Site-specific classification
Land cover classes were derived using a site-specific
classification scheme (Thomlinson et al., 1999), which
allows for class aggregation up to the IGBP land cover
classes. The site-specific classification has more detailed
classes at the species level while the IGBP classification
can be obtained by grouping these detailed classes.
Ground-based measurements were initiated in 1998, in
a 2.5 km  3.0 km area surrounding the WLEF tower.
A total of 312 permanent plots were established using a
cyclic sampling scheme design based on the spatial variation of normalized difference vegetation indices derived
from satellite remote sensing data (Burrows et al., 2002).
A detailed description of the systematic design and inventory for each plot can be found in Campbell et al.
(1999) and Burrows et al. (2002). All trees greater than
2.5 cm diameter at breast height (d.b.h) were identified
using variable radius plots. Each plot was assigned to a
site-specific class to enable aggregation up through the
IGBP classification.
Airborne multispectral data was acquired with the
NASA Airborne Terrestrial Applications Sensor (ATLAS)
(Brannon et al., 1994) on September 8, 1998. ATLAS has 14
channels, of which six are similar in spectral bandwidth
to Landsat Thematic Mapper (TM) and Enhanced Thematic Mapper (ETM). Two flights at altitudes of about
1500 m and 7500 m, respectively, within a 2 h period near
solar noon produced nominal ground resolutions of 3 m
and 15 m. Prior to image acquisition, eight ground targets
6 m  6 m in size were distributed throughout the study
area to facilitate image geo-rectification. Coordinates for
the targets were determined using differential Global
Positioning System (GPS). Another 24 well-distributed
points were collected after the flights at permanent plots
near roads and other features recognizable on the imagery, such as road intersections. The relative accuracy
of the GPS points was determined from a local survey
benchmark to be within 0.5 m. Image coordinates were
geo-referenced to the ground control points using a
second order polynomial transformation. All images
ß 2002 Blackwell Science Ltd, Global Change Biology, 8, 1253±1265

were resampled using a cubic convolution resulting in a
root mean square (RMS) error of less than one pixel. It
should be noted that this accuracy reflects RMS from the
ground control points, which may not be representative
of the registration accuracy for any given point in the
image. Edges of flight lines can show more distortion
because of the oblique angle of the scanner. We minimized this type of distortion by using the center 60% of
the flight line. It is also true that along a lengthy flight
line the platform geometry with respect to the ground
surface can change. This can make it extremely difficult
to construct a mathematical model to rectify a whole
flight line. We minimized this problem by using only a
4 km long length of the flight line, which represents
only a few seconds of flight time for the Learjet on
which the ATLAS instrument is flown. These factors
help to reduce the distortions caused by the sidescanning instrument and platform instability. We also
qualitatively compared the rectified image to digital
orthophotos, roads, and hydrography. Based on this assessment, well-distributed ground control points, and the
fact that the terrain is relatively flat, the registration was
considered adequate for landscape scale water flux
estimates.
A hybrid classification approach was used to classify
each 15 m pixel. A subset of the red, near infrared, midinfrared bands, and a vegetation index was used in the
analysis. First, wetlands were identified separately from
uplands using the Wisconsin department of natural resources (DNR) wetland survey (WiDNR, 1998). To assist
in refining the wetland/upland delineation further, digitized soils data were used to identify potential wetland;
these sites were verified with repeated field visits to the
permanent plots. All data sources were fused into the
classification using heads up digitizing. Spectral training
areas were selected from the imagery outside of the field
plots and incorporated into unsupervised and supervised
classification algorithms. We applied algorithms described by Lillesand & Keifer (2000), Stuckens et al.
(2000), and Bauer et al. (1994) to identify spectrally unique
signatures for each land cover class. Transformed divergence was used to evaluate the separability of classes and
then input into a maximum likelihood classifier to assign
each pixel in the image to a class. A post classification
contextual analysis was applied to remove the `salt and
pepper' effect of independently classifying each pixel.
Each pixel was assigned a majority land cover of the
classes surrounding it (Stuckens et al., 2000) by resampling them to 5 m and then applying a 5  5 modal filter.
The result was an assignment of majority land cover class
per 25 m thus matching the nominal resolution of ETM.
As a test of the accuracy of the classification, the 312
permanent plots of Burrows et al. (2002) were used as
an independent data set.
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Water flux in forest stands
We measured sap flux in eight trees of each species in the
following cover types: red pine, aspen/balsam fir, sugar
maple/basswood, and forested wetlands consisting of
speckled alder, white cedar and balsam fir. We identified
stands with an average leaf area index (LAI) of 3.6 (with
an actual range of 3.5±4.1 among the four stands). LAI
was determined optically using a Li-Cor LAI-2000 Plant
Canopy Analyzer (Li-Cor Inc., Lincoln, NE). In each
forest type, 16 measurements were made in a 16 m radius
of a canopy access tower at the center of each plot. The
location of each measurement was recorded in order to
analyze the means and standard errors spatially using
the spatial statistics of Burrows et al. (2002). Standard
field measurement methods were used to quantify L,
including adjustments for clumping (Gower & Norman,
1991; Chen et al., 1997; Gower et al., 1999). Through soil
texture analysis and soil maps we determined that our
chosen stands were on the same soil types as the corresponding forest types within the site around the WLEF
tower. Generally, upland conifer stands occur on loamy
sands, deciduous stands occur on sandy loams, and
forested wetlands occur with organic soils. Further
details on site selection are given in Ewers et al. (2002).
We used Kucera-type sap flux sensors (Ewers & Oren,
2000) and Granier-type sap flux sensors (Granier, 1987) to
obtain canopy transpiration. To avoid thermal gradients
from direct radiation, all sensors were shielded with
mylar. In each species of each stand, we scaled point
measurements of sap flux to whole tree water flux per
unit xylem area ( JS) using radial measurements through
the conducting xylem and north and south circumferential measurements (Ewers et al., 1999, 2002; Ewers &
Oren, 2000). In addition, we measured environmental
conditions, including relative humidity and air temperature at 2/3 the average tree height, and photosynthetic
photon density above the canopy. Transpiration was calculated by multiplying JS by sapwood area per unit
ground area (Oren et al., 1998; Ewers et al., 1999). For
each stand, we calculated canopy transpiration, EC,
for each species and then summed up the transpiration
for each day.

LI-6262) are used to determine CO2 and water vapour
mixing ratios at 5 Hz for EC flux calculations. Berger et al.
(2001) describe in detail how these flux data are obtained
and processed. Observations of net radiation, photosynthetically active radiation, and rainfall provide supporting meteorological data. Profile observations were
initiated in October of 1994, and flux observations
began in May of 1995 (Davis et al., 2001). We used water
flux data from the 122 m instrumentation. At this height,
the average flux footprint lies within the region covered
by our vegetation classification and field plots, assuming
a ten-to-one ratio between instrument height and average
fetch (Moncrieff et al., 1996).
For year 2000 data we selected a sub-sample of days
corresponding to when our sap flux sensors were active
(June 23±August 15). For years 1998 and 1999, days were
selected from a period from May 20 through September
30. Our criteria for selecting days were as follows. First,
observations were restricted to the leaf-on period in
northern Wisconsin. Second, days that had a significant
number of missing hourly flux values were not used.
Here a significant number means more than one consecutive mid-day hourly flux measurement. However, more
than one consecutive missing observation was accepted
during low-light hours when latent heat fluxes were
small and therefore not expected to contribute a large
amount of error to the daily sum of evapotranspiration.
Single missing observations during mid-day were corrected using accepted methods (Falge et al., 2001) when
multiple days with similar light and vapour pressure
deficit (VPD) conditions were available. When data
from similar light and VPD conditions were not available
to fill in gaps, we replaced the missing observation with
the average of the fluxes from 1 h prior to and 1 h
following the missing observation. This approach was
used only when there were no large increases or decreases in light levels or VPD over the averaging time
period. Hourly latent heat flux, LE [W m 2] was converted to water depth equivalent flux-footprint evaporation for direct comparison to EC. Hourly average LE was
converted to an hourly water flux, Eh [mm h 1] as
follows:
Eh  rw1 v 1 LE

1

Water flux from the landscape
Three-axis sonic anemometers (Applied Technologies
Inc., Boulder, Colorado, Model SAT-11/3K, or Campbell
Scientific Inc., Logan, Utah, Model CSAT3, depending on
date) are deployed at 30, 122, and 396 m above the ground
to measure turbulent winds and virtual potential temperature. Air from each level is drawn down long tubes
to the base of the tower where three infrared gas analyzers (IRGAs) (LiCor Inc., Lincoln, Nebraska, Model

where rw is density of water and lv is the latent heat of
vaporization, which was calculated as a function of air
temperature measured at 122 m on the tower. Daily total
tower water flux, E122, was determined from Eh obtained
over daylight hours as follows:
E122 

ed
X

Eh i

2

ibd
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where bd and ed, respectively, refer to beginning of day
and ending of day, which define daylight hours with an
adjustment of timing such that the day begins when Eh(i)
changes from either a negative value or negligibly small
positive value to positive and ends just prior to Eh(i)
turning negative or becoming negligibly small.
Nighttime fluxes did not reliably go negative. However,
diurnal periods with positive nighttime fluxes were usually eliminated because they corresponded to rainfall
periods when the sap flux data were unreliable.
Vapor pressure deficit was determined using temperature and relative humidity in the Chequamegon red pine
stand (Bruce Cook, unpublished data). This measurement
was the most complete VPD record for the 1998 through
2000 period. To determine daily mean VPD, we retained
only days when either the maximum recorded hour-averaged VPD exceeded 0.6 kPa, following a recommendation
of Ewers & Oren (2000) or the daily average VPD was at
least 0.2 kPa. Phillips & Oren (1998) suggest using 0.1 kPa
as a minimum VPD for calculating daily canopy conductance; we selected 0.2 kPa to be conservative. Daily
VPD was determined as an average of the hourly VPD
values between a morning start time (bd) and an ending
time (ed).

Soil evaporation

Rsoil  4104 f

y

805

s m 1

4

where f is soil porosity obtained by using the soils map
and standard lookup tables (Clapp & Hornberger, 1978),
and y is near surface (top 5 cm) volumetric soil moisture
content. Temperature and humidity were measured at
2.6 m above the soil surface (and below forest canopy).
For the wetland soils it was assumed that y  f. For both
below forest conditions, Ra, was calculated using the
correction for air stability due to temperature stratification (Daamen & Simmonds, 1996; Baldocchi et al.,
2000)
Ra 

Given the amount of uncertainty involved in estimating
soil evaporation over a large area, we chose to model it
with a two-source soil resistance approach driven by
available micrometeorological measurements. The first
source was forest floor evaporation from the upland
stands. The second source was forest wetland soil evaporation. We expect significantly greater evaporation from
saturated forest soils, in wetlands or in uplands immediately after moderate to large rainfall events, and rapid
decline in evaporation as the soil surface dries. A simple
soil resistance scheme is sufficient to capture the wetting
and drying dynamic in the upland forests with relatively
small error for estimating evaporation in our case, as
wetlands represent about 40% of the area and there
were relatively few days of rain of sufficient quantity to
wet the forest floor. The soil surface evaporation fluxes
were determined using a soil resistance formulation
(Mahfouf & Noilhan, 1991):
r cp esat Ts  ea 
ES  a
m
rw v Rsoil  Ra 

mixed stand (Bruce Cook, unpublished data) was used
for upland meteorological conditions; a combination of
data from two wetland stands (Bruce Cook, unpublished
data; Ewers et al., 2002) was used for wetland soil evaporation. We chose the mixed stand to represent upland
soil evaporation because of its moderately higher soil
water content than the pine stand, which occurs on
well-drained soils. The mixed stand was believed to be
more conservative for estimating order-of-magnitude
upland soil evaporation rates, and it is the most common
upland forest type in the study area. Rsoil was calculated
according to Camillo & Gurney (1986) as

ln z=z0 2
1  de
k2 u

s m 1

5

where z and z0 describe the height of the near surface
layer and roughness length of the soil, respectively, k is
von Karman's constant (0.40), u is wind speed, and e is a
coefficient, which was set to 0.75 when d was positive
and 2 when d was negative (Baldocchi et al., 2000).
Wind speed was taken from a mixed forest stand for
both upland and wetland calculations, as the instrumentation in the wetland was not functioning properly for
most of the period of this study. The dimensionless term,
d, is calculated as


5gz Ts Ta 
Ta u2

6

where Ts and Ta are soil surface and air temperatures,
and g is the acceleration due to gravity.

Aggregating from stand to the landscape
3

where ra and rw are, respectively, air and water density,
cp is specific heat of air, g is the psychrometric constant,
Rsoil and Ra are, respectively, soil and aerodynamic resistance, and esat(Ts) ea represents the vapour pressure difference between the soil surface and the air. Data from a
ß 2002 Blackwell Science Ltd, Global Change Biology, 8, 1253±1265

Using data from the WLEF tower we calculated a daily
mean wind direction. The area around the tower was
divided into quadrants each approximately 1.5 by
2.0 km in size, or the equivalent of three cells of 1 km2
resolution remote sensing sensors. One or two upwind
quadrants were determined for each day based on the
wind direction. The full area of each quadrant was used
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93 in northern hardwoods. Two key properties of our sitespecific classification are that (1) site-specific classes can
be aggregated to form IGBP vegetation classes and
(2) site-specific classes can be disaggregated to identify
representative species for ground-level flux measurements. We identified four dominant forest composition
types (forested wetland, hardwoods, pine and other conifers, aspen) representing 86% of the area covered by our
site-specific classification. Within each forest type, the
most representative species (Fig. 2) were identified
based on their relative basal area (Burrows et al., 2002).
Figure 2 shows the hierarchical framework used to extrapolate ground-based measurements to the landscape
around the tower using either the site-specific or IGBP
classes. This framework allows for a more detailed level
to nest both spatially and taxonomically into the next
most aggregated level. This is consistent with any consideration of ecosystem functioning (Franklin & Woodcock,
1997; Thomlinson et al., 1999).

in calculating a weighted sum of evapotranspiration
based on our sap flux measurements and soil evaporation
estimates. Weights were obtained from the site-specific
vegetation classification map. In calculating the weighted
average fluxes open wetlands were grouped with
forested wetland, the mixed category was divided
equally among the four major forest types, and grass/
disturbed and road were ignored. Note that the upland
grass area around the tower is too small to contribute
substantially to the scalar source area for flux measurements made at 122 m.

Results and discussion
Figure 1 shows the site-specific classification map.
Overall accuracy is 84% when compared with the independent 312 ground truth plots. The percentage of ground
truth plots correctly classified were 79 in aspen, 93 in
forested wetlands, 55 in red pine and upland conifer, and
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Fig. 1 Site-specific land-cover classification for area around the WLEF tower. The
four quadrants (NW, NE, SE, SW) each
cover an area of 3.6 km2.

ß 2002 Blackwell Science Ltd, Global Change Biology, 8, 1253±1265

E V A P O T R A N S P I R A T I O N I N A N O R T H E R N W I S C O N S I N F O R E S T 1259
IGBP
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Fig. 2 A three-level classification system for the landscape
around the WLEF tower. Species are aggregated to form sitespecific cover types, which are in turn aggregated to obtain
International Geosphere±Biosphere Program (IGBP) classes.

In forest stands selected to be representative of our sitespecific classification, Ewers et al. (2002) found the
following: (1) Variation in daily EC was best explained
by exponential saturation curves in response to daily
average VPD; (2) the highest EC was found in aspen/fir
averaging 2.0 mm day 1; and (3) the lowest EC occurred
in northern hardwoods averaging 0.9 mm day 1. LAI
ranged from 3.5 m2 m 2 in the aspen stand to 4.1 m2 m 2
in the forested wetland stand. Such variation is too small
to explain the differences in EC rates among stands. The
low rates in northern hardwoods could be explained by a
low canopy average stomatal conductance in sugar
maple and basswood. Another possibility is that the thinning that occurred in northern hardwoods stands around
year 1990 has reduced the LAI lower than is typical for
mature forest of this type. High EC in aspen is expected
given its high growth rate and commensurate high
demand for water. Oren et al. (1999) showed that large
differences in sap flux are supported across a wide range
of species that regulate their water potential to prevent
runaway cavitation, and Ewers et al. (2000) explained this
stomatal behavior in terms of vulnerability to cavitation.
Table 1 summarizes all transpiration fluxes by stand
and evaporation fluxes by topographic position.
Evaporation from wetland soils is generally higher than
any of the transpiration rates and is typically an order of
magnitude greater than the upland soil evaporation.
There is also a large variation among days for both soil
evaporation fluxes, as would be expected given their
proportionality to VPD (Eq. 3), which had daily mean
values in the range of 0.3±1.6 kPa. In general, radiation
ß 2002 Blackwell Science Ltd, Global Change Biology, 8, 1253±1265

levels are too low below forest copies with LAI between 3
and 4, and as such contribute little to evaporation. The
dependence of the soil evaporation fluxes on Rsoil and Ra
disserve some discussion. First, Rsoil tends to be either
negligibly small in the saturated soils of the wetlands or
large in the drier upland soils. Summer precipitation is
typically small enough that most of the water is intercepted on the forest canopy and little of it recharges the
soils. This is born out in the 5 cm soil moisture data
during summer 2000. In general, the upland soil evaporation fluxes are small enough that this uncertainty contributes negligibly to overall fluxes from the landscape.
Second, Ra is a difficult term to quantify and there is little
data under vegetation that does so (see Baldocchi et al.,
2000 for a review). Baldocchi et al. (2000) showed that the
stability correction for temperature stratification (Eq. 5)
was important for sensible heat flux, but less important
for latent heat flux under forest canopies. The remaining
unknown in Eq. 5 is the roughness length (z0), but this
has been shown to be only weakly dependent on wind
speed (Sauer et al., 1996; Campbell & Norman, 1998).
Further measurements and sensitivity analyses are
needed to increase our confidence in soil flux measurements at any given location, but this level of detail would
become increasingly difficult to defend as we scale from
the stand to the landscape.
Figure 3 shows E122 for days obtained from 1998, 1999,
and 2000 eddy covariance data. Also shown is a weighted
average of sap flux calculated by taking the sum of standlevel EC multiplied by proportion of the study site
covered by the respective stand types. Exponential saturation curves are used to fit all data shown, although the
1999 and 2000 E122 could arguably be plotted as linear
functions of VPD. E122 for 1998 shows a response more
like that of the sap flux data. The saturating curve for
transpiration follows from the well-known stomatal
closure response to high VPD (Jarvis, 1976;
McNaughton & Jarvis, 1991; Monteith, 1995), which in
fact is a surrogate for the regulation of water potential
through the conducting pathways of the plants (Sperry
et al., 1998; Oren et al., 1999; Meinzer et al., 2001). Ewers
et al. (2002) report that transpiration from all four sap flux
stands was explained primarily by VPD, while soil water,
measured in each stand, had no influence on transpiration at any time during the year 2000 measurement
period. The near-linear E122 to VPD responses can either
be attributed to a large evaporation component flux from
a wet canopy or evaporation from saturated soils. These
fluxes are limited primarily by the aerodynamic properties of the surface. In our study, sap flux measurements
are reported for days with minimal rainfall. Thus, if
upland soil evaporation is sufficiently small, then a
remaining working hypothesis is that E122 is dominated
at high VPD by evaporation from wetland soils below
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Table 1 Year 2000 water flux numbers (mm day 1) per unit ground area, organized by stand transpiration or soil evaporation.
Transpiration numbers are derived from sap flux measurements scaled by sapwood area and divided by stand ground area for each
respective stand. Soil evaporation fluxes are derived using Eqs (3±6) with inputs of temperature, humidity, and wind speed from the
mixed (upland) and forested wetland (lowland) micrometeorological stations near the WLEF tower. The numbers shown in bold were
filled using regression against other species transpiration data, as follows. Upland fir was regressed with aspen, wetland fir with cedar,
maple and basswood with aspen, and alder with maple. To obtain a landscape level total evapotranspiration: (1) sum up flux values for
species within each stand, (2) multiply each stand level flux with the proportion of its respective cover type (i.e. row totals in Table 2), (3)
multiply upland and wetland soil fluxes by the proportion of upland and wetland area, respectively, and (4) sum the weighted flux
numbers
Conifer

Aspen/Fir

Forested wetland

Northern hardwoods

Soil evaporation

Day

Red Pine

Aspen

Fir

Cedar

Fir

Alder

Maple

Basswood

Upland

Wetland

173
174
175
176
178
179
180
192
194
195
196
197
198
199
200
202
203
204
205
209
210
211
213
215
216
218
219
220
222
223
226

0.39
0.31
0.89
1.11
1.42
0.95
1.29
1.81
0.49
1.77
1.90
1.80
1.94
1.72
1.15
1.11
1.07
1.42
1.84
0.87
0.90
1.94
2.49
1.44
1.71
1.18
1.20
2.15
1.47
2.11
1.77

1.17
0.67
1.82
2.36
3.29
1.93
3.00
3.06
0.80
2.95
3.12
3.18
3.00
2.73
1.67
1.80
1.33
2.00
2.47
0.87
1.01
2.41
2.35
2.09
2.01
1.17
1.10
2.11
1.48
2.24
1.80

0.03
0.03
0.08
0.10
0.18
0.10
0.17
0.12
0.04
0.11
0.11
0.11
0.10
0.10
0.06
0.08
0.07
0.09
0.09
0.03
0.06
0.10
0.11
0.10
0.08
0.09
0.09
0.07
0.11
0.05
0.10

0.18
0.11
0.41
0.47
0.73
0.52
0.72
0.74
0.18
0.66
0.70
0.70
0.69
0.68
0.43
0.43
0.37
0.47
0.48
0.21
0.21
0.53
0.52
0.50
0.50
0.33
0.29
0.52
0.41
0.49
0.47

0.02
0.01
0.03
0.03
0.04
0.03
0.05
0.04
0.01
0.04
0.04
0.04
0.04
0.04
0.02
0.03
0.02
0.03
0.03
0.01
0.02
0.03
0.03
0.03
0.02
0.03
0.03
0.02
0.04
0.02
0.05

0.68
0.42
0.92
0.96
1.15
0.93
1.14
1.15
0.42
1.11
1.11
1.11
1.20
0.97
0.77
1.06
0.65
1.15
1.26
0.49
0.43
1.21
1.22
1.21
1.06
0.43
0.66
1.18
0.78
1.32
1.09

0.46
0.28
0.62
0.65
0.78
0.63
0.77
0.77
0.28
0.75
0.75
0.75
0.81
0.65
0.52
0.55
0.52
0.68
0.86
0.28
0.36
0.81
0.81
0.66
0.75
0.47
0.44
0.80
0.52
0.89
0.74

0.14
0.04
0.15
0.25
0.27
0.24
0.37
0.29
0.06
0.29
0.28
0.27
0.30
0.27
0.11
0.19
0.14
0.22
0.28
0.14
0.13
0.35
0.37
0.25
0.27
0.17
0.17
0.34
0.24
0.33
0.27

0.00
0.00
0.10
0.32
0.23
0.03
0.17
0.86
0.03
0.28
0.18
0.15
0.14
0.08
0.00
0.03
0.00
0.03
0.09
0.01
0.09
0.32
0.16
0.03
0.09
0.00
0.03
0.24
0.08
0.27
0.13

0.00
0.00
1.23
6.24
2.70
0.55
4.33
5.95
0.55
6.72
5.42
5.50
6.01
3.45
0.01
1.58
0.00
2.07
5.93
0.00
0.27
4.63
5.57
0.55
2.64
0.17
1.26
2.03
0.89
5.73
3.97

forest canopy. As one would expect the importance of the
forested wetlands increases under high VPD conditions.
The fluxes in Table 1 should be thought of as sources
that are mixed by atmospheric turbulence and observed
in aggregate via the 122 m eddy-covariance system.
Sources of fluxes, aggregated according to wind direction
at the WLEF tower, are given in Table 2. With the exception of the NW quadrant, all major forest types are reasonably well represented in all areas. Figure 4 shows a
comparison of the weighted total flux estimates and the

water flux observed at the tower. With the exception of a
slight positive bias, the combination of transpiration and
soil evaporation components explains most of the linear
E122 response to VPD. Alternatively, using weighted total
fluxes based on the whole region around the tower produced a similar intercept, and based on an analysis of
variance the difference between the regression slopes is
not significant (a  0.05). This indicates that the forest
types are spatially well mixed in the region around the
WLEF tower. We attribute this result in part to the
ß 2002 Blackwell Science Ltd, Global Change Biology, 8, 1253±1265
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6

6.0

A

Quadrants selected by wind direction
y = 0.17 + 0.99x (R 2 = 0.83, P < 0.0001 )

1998 Tower

All quadrants
y = 0.16 + 0.90x (R 2 = 0.74, P < 0.0001 )

R 2 = 0.77

4.0

Water flux (Sap flux or 122 m WLEF) (mm day−1)

2.0

0.0
B

1999 Tower

Predicted E122 (mm day−1)

5

4

3

2

6.0
1

4.0

0
R 2 = 0.82

2.0

C

1

2
3
4
Observed E122 (mm day−1)

5

6

Fig. 4 This graph shows a comparison between predicted and
observed evapotranspiration at the WLEF tower 122 m level
eddy covariance using wind direction to select quadrants (n)
and using all quadrants (s). Based on anova, the two regression
slopes are not significantly different from each other.

0.0
6.0

0

2000 Tower and Sap flux
Tower
Granier/Kucera Sap flux

R 2 = 0.91

Table 2 Cover types by percentage of each quadrant of the
region shown in Fig. 1

4.0

Percent coverage by quadrant
R 2 = 0.79

2.0

Cover type

NE

NW

SW

SE

Fig. 3 Water flux measurements acquired at the WLEF tower
(122 m) and from a weighted average from sap flux based on
percent coverage for whole study area.

Maple-basswood
Aspen
Red pine/Conifer
Forested wetland
Open wetland
Grass/Disturbed
Mixed
Road

0.89
12.49
23.59
41.33
7.01
9.51
5.13
0.05

13.41
18.27
11.91
26.15
3.31
9.61
17.00
0.34

14.36
11.36
3.64
41.96
5.50
11.75
9.70
1.72

15.40
18.76
2.11
37.54
1.30
3.70
20.08
1.10

glaciated landscape of northern Wisconsin, with its repetitive patterns of low-lying outwash plains and
uplands of ice-contact materials. The natural setting
gives rise to variable drainage conditions that support
different forest types. However, superimposed on the
natural setting is forest management, which plays a
major role in shaping the distribution of forest composition. We must be cautious in generalizing about these
results for other parts of northern Wisconsin and other
regions, where land use and land cover patterns are
different. It is also important to keep in mind that our
study area is 40% forested wetland, and during year 2000,
the summer months were much wetter than normal.

A linear E122 response to VPD would not necessarily be
expected if there was significantly less saturated soil surface area, as might occur in other areas in northern
Wisconsin and elsewhere, or even at the WLEF site in a
dry year (e.g. 1998 as shown in Fig. 3a). If drier conditions
result in a very different spatial distribution of saturated
soils associated with lower regional groundwater table
heights, then the difference between directional and total
landscape estimates of E122 would have to be reconsidered.
When forest transpiration is a dominant part of the
surface to atmosphere flux then an exponential saturation

0.0
0.0

0.5

1.0

1.5

2.0

VPD (kPa)
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5

Conifer + forest wetland + hardwoods
2
y = −0.09 + 0.94x, R = 0.99
Conifer + aspen,
2
y = 0.58 + 0.38x, R = 0.77
Conifer + forest wetland + aspen,
2
2
y = 0.08 + 1.03x, R = 0.99 = 0.99

By including or excluding different species level flux
numbers and wetland evaporation different taxonomic
levels of aggregation can be simulated. Figure 5 shows
predicted water flux from three such aggregation
schemes in comparison to the prediction using quadrant
selection and complete site-specific flux numbers. In two
of the cases, an IGBP mixed forest class was approximated, but augmented with knowledge of permanent
wetland under the forest canopy. It was assumed that
the forest composition consisted of 50% conifer, with
water flux represented by red pine transpiration, and
50% deciduous broadleaf. In one case, the deciduous
water flux was represented by northern hardwood transpiration, and in a second case, it was represented by
aspen transpiration. In northern Wisconsin, hardwoods
and aspen represent the low and high end of transpiration flux, respectively (Ewers et al., 2002). For the third
test, we assumed an IGBP mixed forest category with no
knowledge of wetland and an even mix of red pine and
aspen (Fig. 6). While a number of different combinations
were possible, we felt these three effectively illustrated
the range of variability associated with retaining or losing
topographic control (uplands or wetlands) and uncertainty associated with selecting a representative deciduous species type. Biome-based classifications, such as
Running et al. (1995), have deciduous and conifer classes,
but do not include a forested wetland class. Furthermore,
a sensitivity analysis by Ahl (2002) on model input parameters for RHESSys (Mackay & Band, 1997; Mackay,

3.0

4

3

2

1

0
1

2

3

Predicted E122 (mm

4

5

day−1)

Fig. 5 Comparison of predicted 122 m tower footprint evapotranspiration results using (h) aspen to represent deciduous
broadleaf in a site-specific classification, (!) using hardwood
stand to represent deciduous broadleaf, and (s) using conifer
and aspen to represent biome-specific parameterization. The
conifer and aspen combination is an approximation of IGBP
mixed forest category with no knowledge of permanent wetlands.

Biome-based transpiration (mm day−1)

Predicted E122 , IGBP Schemes (mm day−1)

curve with VPD is expected. Alternatively, free evaporation from open water, saturated soils and wet canopies
should occur at a linear or greater rate with VPD.
A saturating response could result from soil resistance
during a dry period when upland soil surface moisture
content is low and VPD levels are high. However, evaporation from soils under these conditions would contribute a negligible flux. Based on this argument we suggest
that the 1998 summer tower fluxes are dominated by
forest transpiration (Fig. 3a). The June and July period
during 1998 was much drier than normal. During our
first field campaign to establish permanent field plots
we observed that the wetlands were relatively dry with
overall less saturated soil surface area. Since wetland
conditions are strongly controlled by topography and
seasonal water table levels dictate CH4 vs. CO2 fluxes
across a topographic gradient (Waddington & Roulet,
2000), we hypothesize that it may be possible to corroborate water flux estimates at WLEF by looking at CH4:CO2
ratios. For example, at WLEF, the late summer 1998
drought appears to have significantly reduced methane
fluxes during the spring of 1999 (C. Werner, unpublished
data). A combined analysis of the interactions between
water table, ET, CO2 fluxes and CH4 fluxes is clearly a
topic for future research.

2.5

2.0

1.5

1.0
y = −0.11 + 1.49x (R 2 = 0.93)
1:1 line

0.5

0.0
0.0

0.5

1.0

1.5

2.0

2.5

3.0

Site-specific transpiration (mm day−1)

Fig. 6 Comparison of the site-specific (species level) transpiration estimated to contribute to the 122 m tower footprint water
flux to transpiration based on biome-specific parameters (conifer
and deciduous level).
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2001), showed that red pine and aspen corresponded
closely in terms of parameters with typical conifer and
deciduous BIOME-BGC (Running & Hunt, 1993) parameters, respectively. The result clearly shows that water
flux from the forested wetland is key to predicting overall
water flux for the relatively wet conditions of our study
period. Even including the high transpiration rate of
aspen is small in comparison to flux underestimation
that results from ignoring the forested wetlands. An
IGBP classification that retains a forested wetland component gives a prediction that is not significantly different from a prediction made with the site-specific classes.
If the forested wetland is not included, the total water
flux is under-predicted by more than half when there is
high evaporative demand.

Conclusions
Our results show that leaf area, while a necessary input
for regional to global scale models, is insufficient for
characterizing ecosystem processes even within broad
biome classifications. An accurate determination of
species contribution to water fluxes is important. For
northern Wisconsin, a distinction is needed between
aspen and hardwoods, which is attainable from high
resolution remote sensing using conventional classification techniques. These differences are expected to significantly alter the results of models of gas exchange,
including carbon uptake by the forests. This result is
supportive of the use of distribution functions to account
for species mixtures within coarse resolution remote
sensing pixels or grids used in mesoscale and atmospheric GCM models. However, a second important conclusion is that the presence of significant wetland can
offset the lack of data on variable stomatal physiologies
when trying to predict total daily water fluxes from the
landscape during wet periods. This may allow large-scale
models to accurately predict water and energy fluxes at
daily or longer timescales in northern Wisconsin with only
rudimentary forest physiological detail. However, the proportion of forested wetland vs. upland forest must be
known, and this is currently not obtainable from coarse
resolution satellite data. Future regional to global scale
studies should consider ways of incorporating these
hydrologically significant land surface properties into
models, by integrating high-resolution satellite imagery,
soils, and topography into land surface parameterizations.
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