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Abstract

In 1980, the upland aspen (Populus tremuloides & P. grandidentata) portion of the S6
watershed of the Marcell Experimental Forest was clearcut and subsequently converted to red
pine (Pinus resinosa) and white spruce (Picea glauca). Comparisons of water yield observed at
S6 and that predicted using the aspen dominated S2 control watershed, suggest that streamflow
from S6 has decreased over the past two decades as the conifers have matured. Granier-style
thermal dissipation probes were used to quantify sap flux in 36 trees in S2 and S6 throughout the
growing season to determine if transpiration rates differed between the two watersheds.
Representative sample trees were selected according to factors which may cause sap-flux rates to
differ: tree species, slope position, and slope aspect. Using forest inventory data, sap-flux rates
were up-scaled to watershed canopy transpiration. Transpiration losses in the S6 watershed were
30% greater than those in S2 for the duration of the study period. Differences were primarily
driven by a longer growing season in conifers and greater forest basal area in S6. By
representatively sampling forest species it is possible to show that 40 - 50% of transpiration in
each watershed is the result of one dominant species, red pine or aspen, in the experimental or
control watersheds respectively. Future use of these data will include combination with
concurrent interception and flow routing studies to better evaluate hydrologic impacts of similar
management decisions in the future. Forest conversion is an ongoing management strategy that
brings about long-term effects on streamflow. Understanding these effects allows better

prediction of the effect of management on water resources.
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Introduction

Throughout the northeastern and north-central United States there is a trend in forest-
management decisions to increase the land area under conifer cover. There are a number of
reasons for this management direction: the Minnesota Department of Natural Resources is
pursuing increased upland-conifer forest cover for wildlife conservation (Minnesota Department
of Natural Resources, 2006); in Michigan, the Department of Natural Resources is working to
restore a more historic distribution of mesic conifer cover and promote a more diverse landscape
(Doepker, 2001); state forests in Wisconsin are being managed to promote conifer cover for
wildlife, restore unique ecosystem types and maintain scenic qualities (Van Horn et al., 2003).

In addition to state land-management agencies, the US Forest Service has similar goals in
the Eastern Region: on the White Mountain National Forest in New Hampshire, the most recent
forest management plan calls for an increase of 20% of spruce-fir forest cover in General
Management Areas (US Forest Service, 2009); in northern Minnesota, the Chippewa National
Forest management plan calls for “an increase, in appropriate areas, of rare and sensitive plants
and native plant communities; white, red, and jack pine” (US Forest Service, 2004, pp.2-21). In
Japan, similar management decisions are being evaluated with regard to the effects of forest cover
on water availability (Komatsu et al., 2008).

Swank et al. (1988, p. 312) stated that “forest managers should recognize that
silvicultural prescriptions influence evapotranspiration, and hence streamflow, and that
hydrologic changes are either a cost of doing business or an added benefit from management
decisions.” In that review of the effects of forest management on water yield at the Coweeta
Hydrologic Laboratory in North Carolina (Coweeta), the water yield responses of two
silvicultural prescriptions were compared: one favoring the growth and harvest of pine, the other
hardwoods. A computer simulation of 80-years of management under each of the two
prescriptions showed that managing for pine resulted in a cumulative streamflow reduction of
1120 cm compared to managing for hardwoods, a water yield reduction of 15%. At the Marcell
Experimental Forest in northern Minnesota (MEF), a 35% reduction in streamflow would be
expected when an aspen (Populus grandidentata & P. tremuloides) forest is converted to a
similarly stocked red pine (Pinus resinosa) forest based solely on changes in interception rates
(Verry, 1976). Inclusion of transpiration data could further reduce the water yield. Forest
management and changes in cover type can also play a role in groundwater recharge and

availability. In well-drained soils in Michigan, jack pine (Pinus banksiana) plantations were



found to have groundwater recharge rates that were 6.5 cm lower than rates observed under a
mixed oak (Quercus spp.) forest (Urie, 1967). Where streamflow is dependent on local
subsurface contributions, diel streamflow patterns in headwater basins may be a direct result of
daily forest transpiration rates (Bond et al., 2002; Barnard et al., 2010). An understanding of
hydrologic impacts brought about by changes to the landscape can help to evaluate the effects of

future management decisions.

Literature Review

The Role of Transpiration in the Water Budget

Studies comparing water budgets between watersheds often use precipitation and
streamflow measurements along with estimates or assumptions of groundwater movement to
provide an estimate of evapotranspiration within a catchment:

AS=P—Q—FET+l+te¢

Equation 1
where AS'is the change in storage on a catchment, P is gross precipitation, Q is streamflow, ET is
evapotranspiration, | is groundwater leakage into or out of the catchment, and & represents the
error associated with each measurement or assumption. Groundwater leakage has been quantified
at MEF for three of the six experimental watersheds located there and was found to account for
approximately 40% of water yield (Nichols & Verry, 2001). The components of
evapotranspiration are the only processes in the water budget directly influenced by vegetation
cover type and management:

ET=T+1+E,

Equation 2
where T is transpiration, | is interception and subsequent evaporation, and E; is soil evaporation.

Interception by forest canopies in the eastern US can be up to 15% of gross precipitation
in red pine forests and as high as 25% in spruce (Picea spp.) forests (Helvey, 1971). The same
study found that interception losses in mixed-hardwood forests account for 5 and 10% of gross
precipitation during the dormant season and growing season respectively. These rates are similar
to what has been found in northern Minnesota for combined canopy and understory interception
rates of aspen and red pine stands (Verry, 1976; Fox, 1984). In areas with large advective energy

inputs interception and evaporation can reach 40% of gross precipitation (Calder, 2005).



Additionally, litter interception can reduce gross precipitation by between 5-15% in conifer
stands, with the greatest reductions in dry years (Helvey, 1971; Fox, 1984).

As early as 1968 transpiration measurements were recognized as necessary for accurate
conclusions about water budget changes in forest conversion studies (Swank & Miner, 1968).
This study looks only at the forest canopy and for the remainder of this paper references to
transpiration will refer to canopy transpiration with no measurement of subcanopy transpiration.
As a component of ET, transpiration has been shown to account for a large portion of the total
water lost to the atmosphere, from 40% to greater than 85% (Baumgartner, 1965; Calder, 1998;
Delzon & Loustau, 2005; Granier et al., 2000; Wilson et al., 2001; Schafer et al., 2002; Bovard et
al., 2005; Stoy et al., 2006; Tang et al., 2006; Ford et al., 2010; Oishi et al., 2010).

The impact of transpiration on the catchment water balance can also be expressed as the
ratio between transpiration and precipitation, a pertinent value for determining the role of
transpiration on water yield. Around the world this ratio varies due to differences in vegetation,
precipitation patterns, growing season length, and other variables but is generally lower than the
ratio of transpiration to ET examples include: 17% in European hardwoods (Granier et al., 2000)

and 46% in a native mixed forest in North Carolina (Schafer et al., 2002).

Water Yield Response to Forest Management and Conversion

Several studies have reviewed the effects of forest harvesting on annual and monthly
water yield (Hibbert, 1967; Bosch & Hewlett, 1982; Hornbeck et al., 1993; Ice & Stednick, 2004;
Brown et al., 2005). These reviews generally agree that observed increases in water yield were
proportional to the areal extent of the watershed harvested and that the lower bound for
statistically detectable changes in streamflow is 20% of the watershed area. Changes in forest
cover of less than 20% of the watershed, which are much more likely to be the case at the
regional scale, may lead to predictable but not significant changes in water yield. Scott et al.
(1998) and Mundy et al. (2001) used simulations in South Africa and New South Wales,
Australia to successfully predict small changes in streamflow following afforestation (Brown et
al., 2005). The above reviews indicate that changes in conifer cover have the greatest impact on
water yield, suggesting a water yield decline when converting hardwood cover to conifer cover.

In addition to forest harvesting, the above reviews addressed afforestation and regrowth
experiments, identifying an important limitation: many afforestation and regrowth studies cannot
be confidently used to predict the long term effects of permanent vegetation changes on water

yield (Hornbeck et al., 1993; Brown et al., 2005). The typical regrowth study only uses five



years of post-management data, often focusing on maximum changes rather than differences in
mean water yield. It can be expected that the effects of forest conversion will be less dramatic
than the effects of harvesting or afforestation. Studies of long-term species conversion are rarer
than studies looking at short-term effects, exceptions include experiments in the US at Coweeta,
Fernow Experimental Forest in West Virginia (Fernow) and MEF, as well as in Japan at the
Kamabuchi and Tatsunokuchi watersheds.

In the northeastern US, studies have shown that species conversion or suppression of
regrowth is required to see long-term effects of forest management (Hornbeck et al., 1993). At
MEF, clearcutting upland aspen with natural regrowth increased water yields for the first decade
after harvest, after which water yield returned to pre-harvest levels (Verry, 1987). Similar studies
at the Hubbard Brook Experimental Forest found that increases in water yield lasted only 3-4
years if not maintained with continued management (Hornbeck et al., 1993).

The first reported experimental forest conversion in the US was performed at Coweeta
where two hardwood watersheds were converted to white pine (Pinus strobus) plantations and
compared to a control watershed. The forest was converted in 1956-1957 and results have been
reported at different times (Swank & Miner, 1968; Swank & Douglass, 1974; Swank et al., 1988).
After ten years of growth the water yield was 9.4 cm less for the white pine plantation than
predicted. Swank & Miner (1968) attributed the changes in water yield to increased interception
by the white pine after canopy closure, though the authors acknowledged that not enough
information had been gathered on transpiration to be certain of the cause. When the dataset was
reviewed after 15 years, the water-yield changes were persistent and yield had been reduced by an
amount equal to the initial increase caused by the treatment clearcut (Swank & Douglass, 1974).
Interception was still believed to be the primary cause of water yield changes, but dormant season
transpiration by the conifers was acknowledged to play a role. Earlier work in central New York
studying New Deal-era farmland reclamation suggested similar results, showing reductions in
flow following conifer afforestation, with decreases becoming more dramatic after canopy
closure (Ayer, 1968).

When the Coweeta results were updated three decades after the clearcut, the long-term
data showed the water yield increases from clearcutting lasting six to 10 years, depending upon
aspect (Figure 1) (Swank et al., 1988). In 1968, the researchers proposed that water yield
reductions would stabilize when annual increases in leaf area index (LAI) slowed. Leaf area
index ceased increasing approximately 12 years after planting, similar to the 15 years required

after planting for water yield changes to stabilize, supporting their hypothesis. After 25 years of
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Figure 1: Water yield differences on two converted watersheds at the Coweeta Hydrologic
Laboratory; adapted from Swank et al., 1988

growth the white pine stand had reduced streamflow by 25 cm (~25%).

Another forest conversion study was undertaken at Fernow where the treatment
watershed was clearcut, maintained clear for nine years, then planted to Norway spruce (Picea
abies) in 1973 (Kochenderfer et al., 1990). Looking at the available data in 1990, Kochenderfer
et al. described the water yield response: an initial water yield following clearcutting with the
increases gradually declining after planting as the new conifer stand matured. In a notable
difference from the results at Coweeta, water yield remained elevated for 17 years before
returning to pre-harvest levels. At that time, the spruce canopy was just reaching closure and,
using data from Helvey (1974), the authors predicted that in another eight years water yield could
be 10-20 cm less than predicted and continue to decrease as the stand matured. Analysis of
available data (not shown) reveals 17 years of elevated flow following the planting of Norway
spruce and water-yield changes stabilizing 27 years after treatment at 35% less than predicted.

In a forest conversion study at the Kamabuchi catchments in Japan, water yield remained
elevated for 20 years after native broadleaf forest (Fagus, Quercus, and other genera) was
harvested and Japanese cedar (Cryptomeria japonica) seedlings were planted (Komatsu et al.,
2008). Increased streamflow persisted for a longer period than the authors predicted, which they

attributed to lower annual temperatures in comparison to other published studies in Japan and the



US. However, the results of a catchment water balance study in Japan found no difference
between ET of hardwoods and young conifers, and lower ET in older conifers than in hardwoods
(Komatsu et al., 2007). That study relied on catchment water balance to calculate ET but the
study dates varied between forest types, making it difficult to separate the effect of forest type
and precipitation patterns.

At MEF, water yield remained elevated for 13 years following clearcutting of the upland
aspen forest on the S6 watershed, with the first year of lower than predicted flows occurring in
1990 (Figure 2). This agrees with the data from spruce planting observed at Fernow, and the
pattern of reduced water yield following a period of increased water yield agrees with the
conversion experiments at both Coweeta and Fernow. In addition to changes in water yield there
is also evidence of a change in the relationship between the control and the treatment watershed.

Sebestyen et al. (2011b) broke water yield response into three periods and analyzed the
change in the relationship between the water yields of the control and treatment watersheds.
During the first response period (1980-89) the regression slope between water yields for each
watershed remained constant as the intercept increased. Over the next 10 years the slope of the
regression decreased, signaling a greater reduction in water yield during wetter years relative to
drier years. The new regression slope was similar from 2000-2006 but the intercept had
decreased. The changes in slope and intercept show that water yield has been reduced following

forest conversion and that water yield response to precipitation has also changed.

Forest Conversion and Water Budget Components

Analysis of changes to water budget components following forest conversion shows that
differences in interception and transpiration both play a role in water yield response. Following
conversion from hardwood to conifer cover both interception and transpiration would likely
increase due to increases in leaf area, canopy storage, energy adsorption and growing season
length (Dunne & Leopold, 1978). The first two studies reporting changes in water yield following
forest conversion at Coweeta focused on the role of interception in reducing net precipitation.
Using Coweeta data in the PROSPER model, Swift et al. (1975) determined that over two years
simulated Ec:ET, where Ec is canopy transpiration, averaged 74% and 71% for the hardwood and
pine plantations watersheds, respectively. The modeled data suggested a much greater role for
transpiration than previously theorized. The simulations showed similar growing season

transpiration but much higher dormant season (November-April) transpiration in the pine



plantation. A shorter growing season at MEF may result in a difference in the relative roles of

interception and transpiration when compared to Coweeta.
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Figure 2: The a) 12-year period of annual water yield increase and b) the period of annual
water yield decline following the 1980 forest harvest and 1983 forest conversion on
watershed S6 on the Marcell Experimental Forest, MN.



Recent research at Coweeta has combined the long-term streamflow data with measures
of transpiration through sap flux (Ford et al., 2010). Rates of Ec:Pannuai, Where Pz is annual
precipitation, as low as 8% were observed in the hardwood control stand with the same ratio
being 18% over the same period for planted pine. The ratio increases to 20% for the hardwood
stand and 43% of the pine plantation when only growing season precipitation is considered.
Forest type shows little impact on the ratio of transpiration to ET, with transpiration accounting
for 55% and 60% of ET in the hardwood stand and pine plantations, respectively. The effect of
forest type on transpiration is pronounced when comparing the proportion of changes in ET that is
explained by differences in transpiration (AEc:AET). The authors found that changes in
transpiration accounted for an average of 65% of the difference in ET. The results from the
simulations in Swift et al. (1975) showed a similar response on an annual scale, AEc:AET of 58%.

In contrast to the importance of transpiration in water yield changes, Komatsu et al.
(2008) attributed the differences in water yield at the Kamabuchi catchments mainly to increased
dormant season interception, as suggested by Swank & Douglass (1974). The Kamabuchi study
estimated ET using catchment water balance and relied on the timing of water yield changes to
infer which processes were driving the changes. The greatest differences in water yield occurred
in the months immediately before leaf-out (March and April) and immediately after leaf-off
(November and December), (Fig. 4(f), Komatsu et al. (2008)). The timing of these differences
suggests that early- and late-season transpiration may account for more of the catchment water
balance differences than the authors conclude, but without further data it is impossible to say with

certainty.

Estimating Forest Canopy Transpiration

Measuring Sap Movement

Forest-canopy transpiration can be estimated in a variety of ways, however fine-scaled
measurement techniques that utilize sap flux or sap velocity are the best suited to measure
differences in transpiration over a varied landscape and forest structure (Hatton et al., 1995;
Wilson et al., 2001; Ford et al., 2007). By measuring individual trees these techniques allow
better representation of differences due to forest structure and landscape position. There are
several measurement systems that trace the movement of heat in the xylem of a tree to quantify
sap flux or sap velocity. The first use of heat as a tracer is attributed to Huber (1932) in a system
that uses pulses of heat to calculate the velocity of sap flow; it has since been modified and

refined to its present form (Swanson, 1994). More recently, sap flux within the stem has been



studied with constant heating systems that measure heat balance, thermal dissipation, or heat field
deformation (Cermak et al., 2004; Lu et al., 2004). It should be noted that although used as a
surrogate for transpiration measurements, these systems measure water uptake by trees, not actual
transpiration (Oren et al., 1998).

Thermal dissipation probes (TDP) and trunk segment heat balance (THB) use a
conservation of energy approach to determine sap movement in the portion of the stem measured
(Cermak et al., 2004; Lu et al., 2004). In general, these systems work by forming a heat field
within a region of the stem or the whole of small stems, and results are similar when the two
systems are installed on the same trees (Kostner et al., 1998; Lundblad et al., 2001). The systems
supply either a constant power (TDP) or maintain the heat field at a constant temperature (THB)
and measurements are made of the changes in temperature (TDP) or required power (THB).
Thermal dissipation probes were first described by Granier (1985), and consist of two sensors per
probe, one heated and one unheated (Figure 3). A type-T thermocouple is located in each sensor
and the temperature gradient between the probes is measured as voltage differential. The upper
probe consists of a resistance heater made of fine constantan wire coiled around the sensor, and
sap moving through the heat field formed in the xylem dissipates the energy supplied to the
heater. An empirical relation is used to convert the voltage differential measurements to sap flux

expressed as the volume of water per unit sapwood area.

10-15cm

Figure 3: Diagram of a
Granier-style thermal
dissipation probe: A) heated
sensor, B) unheated sensor, C)
constantan connection
between probes, D) cable to
datalogger
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Calculating Whole-Tree Transpiration

To arrive at an estimate of transpiration, thermal-tracing techniques require a series of
scaling processes that combine measures of sap movement within sample trees with tree and
forest attributes (Hatton et al., 1995; Granier et al., 2000; Wullschleger & King, 2000). Scaling
from sap flux to sap flow requires an estimate of sapwood area, which can be obtained using a
variety of methods ranging from simple to complex, examples include: in-the-field visual
examination (Ewers et al., 2002; Ford et al., 2004; Tang et al., 2006; Peters et al., 2010), dye
tracing (Holscher et al., 2005; Kumagai et al., 2007), use of differentiating dyes (Pausch et al.,
2000; Schafer et al., 2000; lida et al., 2006), changes in xylem water content (Cermak &
Nadezhdina, 1998), sap-flux measurements at varying depths (Cermak & Nadezhdina, 1998;
Kubota et al., 2005), and computed tomology (Schafer et al., 2000). Due to possible azimuthal
and radial variations in sap flux, estimates cannot be accurately scaled by directly multiplying the
sap flux for a single probe and the estimated sapwood area (Phillips et al., 1996). Azimuthal
variation in sap-flux rates has been reported in a range of species with different explanations for
its cause including exposure to sun (Granier, A., 1987 in Lu et al., 2000), soil water supply
(Kostner et al., 1998), sapwood thickness (Vertessey et al., 1997), the presence of branches and
branch scars (Lu et al., 2000) and changes in sapwood properties, such as the presence of
compression wood (Loustau et al., 1998).

There is evidence that not all sapwood is functioning in water transport (Jiménez et al.,
2000; Wullschleger & King, 2000), and it is well established that radial profiles in sap-flux rates
exist. Many studies have measured sap flux or sap velocity at different depths within the
sapwood to determine radial profiles and it is generally agreed that the highest sap-flux rates
occur in the outermost 1-4cm of sapwood (Oren et al., 1998; Lu et al., 2000; Delzon et al.,
2004b; Ford et al., 2004; Kumagai et al., 2005; Cohen et al., 2008; Gebauer et al., 2008).
Reported errors have ranged from underestimates of 90% to overestimates of 300% when whole-
tree sap flow is calculated without including radial variation (Cerméak & Nadezhdina, 1998;
Nadezhdina et al., 2002; Delzon et al., 2004b; Ford et al., 2004; Ford et al., 2007). Many studies
conclude that radial profiles must be determined separately for each study and it has been
suggested that species-specific radial profiles be developed (Gebauer et al., 2008). In a recent
review of published radial profiles, Pataki et al. (in press) determined that separate Gaussian
curves can be fit to angiosperms and gymnosperms to predict the ratio of measured sap flux to
sap flux at a given sapwood depth. Sap-flux estimates at certain depths can be scaled to whole-

tree sap flow using the area-weighted concept of Hatton et al. (1995), which applies each sap-flux
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estimate to the area adjacent to the estimate. Calculating individual sap flow using this method
avoids overestimation of sap flow that can be caused by applying a radially-corrected sap flux to

the entire sapwood area (Cermak & Nadezhdina, 1998).

Variability in Canopy Transpiration

Canopy transpiration can vary spatially across a watershed and temporally on a diurnal
and seasonal scale due to biotic factors: sap-flux rates, growing season length, the ratio of
sapwood area to ground area and stand age, as well as abiotic factors: climatic conditions, aspect
and water availability. Capturing all sources of variability is important when scaling from
estimates of tree transpiration to stand transpiration, requiring sample trees to accurately represent
the conditions of the watershed rather than make use of aggregated watershed metrics (MacKay et
al., 2002; Oishi et al., 2008).

Research comparing transpiration rates has consistently found that accounting for species
differences is essential when scaling to the watershed scale (Oren & Pataki, 2001; Ewers et al.,
2002; Bovard et al., 2005; Hoélscher et al., 2005; Tang et al., 2006; Stoy et al., 2006; Loranty et
al., 2008; Ford et al., 2010; Traver et al., 2010). Representing variation in sapwood area within
and among species is necessary for accurate scaling because sapwood area has been found to be
the primary driver of transpiration differences between stands (Zimmermann et al., 2000; Ewers
et al., 2002; Bovard et al., 2005; Kumagai et al., 2005; Kumagai et al., 2007; Adelman et al.,
2008). Because of the importance of sapwood area, accurately representing its spatial variations
has been identified as the most important parameter in reducing scaling error (Ford et al., 2007;
Loranty et al., 2008; Traver et al., 2010).

Sap flux and transpiration are controlled by edaphic and atmospheric drivers. Numerous
studies have found that soil water content is correlated with sap-flux rates and transpiration
(Hatton et al., 1995; Cermak & Nadezhdina, 1998; Hubbard et al., 1999; Lu et al., 2000; Delzon
& Loustau, 2005; Holscher et al., 2005; Tromp-van Meerveld & McDonnell, 2006; Barnard et
al., 2010; Oishi et al., 2010; Traver et al., 2010) while others have determined there is no effect,
or no effect beyond what can be explained by atmospheric drivers such as vapor pressure deficit
(D) and photosynthetically active radiation (PAR) (Hogg et al., 2000; Zimmermann et al., 2000;
Ewers et al., 2002; Ford et al., 2004; Ford et al., 2005; Hutline et al., 2007;Kumagai et al., 2007
Adelman et al., 2008; Oishi et al., 2010). The likely explanation agreed upon by some of the
authors above and others is that soil moisture content becomes a significant factor below or above

a certain point or when atmospheric demand is very high (Oren et al., 1998; Rodriguez-Iturbe,
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2000; Oren & Pataki, 2001; MacKay et al., 2002; Bovard et al., 2005; Ford et al., 2005; Sinclair
et al., 2005;Tromp-van Meerveld & McDonnell, 2006; Ewers et al., 2007; McLaren et al., 2008;
Traver et al., 2010).

Study Site History

The study of hydrologic differences between aspen and conifers is part of a paired-
watershed experiment on the MEF (Figure 4). The paired-watershed approach selects two
watersheds in close proximity and size that share as many attributes as possible: soil type and
depth, vegetation, aspect and geology. After an initial calibration period, during which the
relationship between the watersheds is quantified, the experimental treatment is performed on one
watershed while the other is left unchanged to act as a control. The observed water yield from the
treatment watershed is compared to water yield that is predicted using data from the control
watershed (Hewlett & Pienaar, 1973).

q
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Figure 4: The location of the Marcell Experimental Forest in northern Minnesota

The experimental treatment and current conditions of the control and treatment
watersheds, S2 and S6 respectively, are described in detail in Sebestyen et al. (2011b). The

watersheds each consist of a central peatland ringed by upland forest; the upland forest areas of
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the control and treatment watersheds are 6.9 ha and 6.4 ha, respectively. In 1980, the upland-
aspen forest on the treatment watershed, comprising 77% of the total watershed area, was
clearcut. Prior to the harvest, forest basal area was 29.6 m? ha™* and composition was mainly
aspen (84%) with red maple (Acer rubrum), paper birch (Betula papyrifera) and red oak (Quercus
rubra). Beginning in fall of 1980 and continuing in the summers of 1981 and 1982, cattle were
grazed as an experimental treatment for suppressing hardwood regeneration following timber
harvests. In 1983 cattle-grazing was discontinued, and 30% of the watershed was planted to
white spruce (Picea glauca) and 70% to red pine. Planting survival rates in 1987 were 55% and
81% for the red pine and white spruce respectively. Following increased competition from
hardwood growth, a broadleaf herbicide was applied to the treatment watershed.

Water yield is measured on the two watersheds using 120-degree V-notch weirs at their
respective outlets. Measurements used in this analysis began in 1976, earlier measurements are
available but due to equipment problems these are not comparable with data collected after 1976
(Sebestyen et al., 2011a). Study of treatment-watershed water yield has shown a decrease from
the predicted water yield after conifer canopy closure (Figure 5). The treatment-watershed water
yield response can be broken up into two periods (Figure 2): the first period spanned 1980-1992,
during which time water yield increased following aspen clearcutting and from 1993-2007 water
yield decreased. Increases averaged 2.8 + 1.3 cm, equivalent to 52 + 55%, and the maximum
difference between observed and predicted water yield was 6.8 cm in 1982. This increase is
greater than the 22 + 10% increase in water yield seen over the first decade of another clearcut of
an aspen-dominated watershed (S4) at MEF (Verry, 1987; Sebestyen et al., 2011b). Mean
treatment-watershed water yield decreased by 17.3 + 8.8% in the second response period. These
changes correspond to a 2.7 £ 1.3 cm reduction in flow and a maximum reduction of 6.4 cm in
2002. A decrease in water yield was also observed after natural regeneration in the S4 study and
is attributed to increased biomass and site index on the watershed following fertilization. Forest
conversion resulted in a much greater reduction in water yield than harvest and regrowth of aspen
under the same climatic conditions. To date there has been no study of the changes in individual
components of the water budget that were caused by the forest conversion on the MEF.

This study is focused on differences in canopy transpiration and is part of a larger effort
to explain differences in water yield between an upland-aspen forest and plantings of red pine and
white spruce. Complementary to and co-located with this study was a study investigating

interception (Boedt et al., unpublished). A third study using historic and contemporary surface
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Figure 5: Observed and predicted annual water yield for watershed S6 on the Marcell Experimental Forest, MN

14



and subsurface runoff data within the watersheds has been completed (Rauneker, 2010). The
results from this study and the interception study show changes in evapotranspiration losses from
the forest canopy while the results of the runoff study demonstrate changes in flow routing in the
watershed. When combined, the results from these studies will provide useful relationships for

evaluating changes in the water budget and flow pathways of watersheds undergoing similar

changes to species composition.

Hypothesis

My hypotheses are i) that the treatment watershed (conifer) has greater transpiration than

the control watershed (upland aspen) over the growing season and that the primary causes for the

water yield differences will be ii) the extended growing season of conifers and iii) the greater

basal area of the treatment-watershed forest. These hypotheses are supported by the results of

similar research on the Fernow Experimental Forest (Kochenderfer et al., 1990) and the Coweeta
Hydrologic Laboratory (Swank et al., 1988; Ford et al., 2010).

Materials and Methods

Site Selection and Collection Dates

To quantify the role of
transpiration in the observed water-yield

changes, sample trees were chosen for sap-

o Species b Basal Basal Trees
flux measurement within the treatment and pecies by Area Area per
Watershed (m*ha®) (%) Hectare
control watersheds. Forest inventory data .
Control 19.89 100% 395
for the uplands of each watershed were Aspen 11.71 59% 138
gathered in April 2009 from10 m fixed- Balsam fir = 13% =
] ) ] Paper birch 2.31 12% 74
radius plots with a spacing of Red maple 271 14% 84
approximately 100 m. The inventory plots Red spruce 0.16 1% >
] ] White pine 0.36 2% 5
were located mid-slope in the uplands Treatment 2231 100% 1145
starting at the weir in each watershed and Aspen 3.08 14% 177
. . Balsam fir 0.24 1% 12
traveling clockwise around the central Oak 037 2% 25
peatland. Data recorded for each tree Paper birch 2.33 10% 169
o . . Red pine 8.32 37% 354
within the inventory plots included tree Red spruce 0.28 1% 25
species, 2-inch size class, slope position White spruce 7.68 34% 383

Table 1: Forest canopy composition as determined
from 10 m fixed-radius plots performed in April
2009 on the Marcell Experimental Forest, MN

relative to plot center (upslope or downslope), general aspect (north or south) and canopy class.
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The control watershed is dominated by hardwoods, with a forest canopy consisting mainly of
aspen, red maple, balsam fir (Abies balsamea) and paper birch, which respectively account for
59%, 14%, 13% and 12% of the upland basal area (Table 1). The canopy in the treatment
watershed is dominated by conifers, consisting mainly of red pine, white spruce, aspen and paper
birch, which respectively account for 37%, 34%, 14% and 10% of the upland basal area (Table
1). Stand density averages 395 and 1145 trees per hectare on the control and treatment
watersheds, respectively. The average stand age in the control watershed uplands is 93 years
(Verry & Timmons, 1977) and the average stand age in the treatment watershed uplands is 31
years, determined from age at planting.

Sample trees were located in five unbounded plots that were chosen to account for abiotic
sources of variability: slope aspect and position (Figure 6). The topography of both watersheds
results in slopes with distinct north and south aspects and plots were located one on each aspect.
An additional half plot was located on a relatively level bench area on the north side of the
treatment watershed.

Treatment Watershed (S6) Control Watershed (S2)

Watershed
Uplands

Watershed
Peatlands

—o
-
¥)
o
)
I3
=}

37|5
1

5?0 Meters
1

] ] ] ] ] ]

Figure 6: Plot locations (P = bench, N = north, S = south) in watersheds S2 and S6 on the Marcell
Experimental Forest, MN

The four north and south plots were divided into subplots based on relative slope position
of the tree: half of the trees in each plot were located upslope and half located on the toe of the

slope. Sample trees were chosen so that species, diameter class and crown class representation
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was proportional to forest composition within each watershed and aspect. There were 20 sample
trees on the treatment watershed and 16 sample trees on the control watershed, arranged with 8

trees in each plot and 4 trees in the bench-area plot in the treatment watershed (Table 2).

Data were Table 2: Sample tree species by plot

merged across both Control Treatment
years of the field study Watershed Watershed
¢ i i North South North South Bench
0 span the entire Aspen 5 7 1 5
expected growing Paper birch 1 2 1 1

. Red maple 1 1

n. Equipment

S€aso quipme Balsam fir 1 1
installation was Red pine 6 2
performed in the early White spruce 2 2

summer of 2009 with reliable data collection for all sites beginning June 29". Data were
collected at all sites until October 18", 2009. Equipment was reinstalled on the treatment
watershed sites on March 27", 2010 and on the control watershed sites on April 17", 2010. Data

collection continued until mid-July in 2010.

Predictive Water Yield Equation

To quantify water yield changes in response to forest conversion, observed water yield
for the treatment watershed must be compared to the predicted water yield of a hypothetical
unaltered treatment watershed. A regression relationship between the control- and treatment-
watershed water yields was created using data from the calibration period. This relationship takes
the form of a predictive equation relating the control watershed water yield to the treatment
watershed water yield:

qp_r = —16.02 + 1.05(q¢) + 0.17(Pp_yy)

Equation 3
where gp_7 is the predicted water yield (cm y™) of the treatment watershed for the water year
(March — February), Pe.yy is precipitation over the previous water year (cm y™) and qc is the
water yield (cm y™) of the control watershed for the water year.

To build Equation 3, control-watershed water yield along with other variables were tested
as explanatory variables for treatment-watershed water yield (7). The explanatory variables
tested with gc were snow water equivalent, water year precipitation and annual precipitation, as
well as the same values from the preceding year. After testing each model, the coefficients were
examined and models that showed a negative correlation to treatment watershed water yield were

disregarded because each of the variables tested should be positively correlated with gr. Equation
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3, the model with the highest r?, used precipitation from the previous water year (Pp.yy) in
addition to control-watershed water yield to predict treatment-watershed water yield and
explained 99% of the variation in water yield. When only control-watershed water yield was
used for prediction, r? dropped to 0.91. The results of ANOVA show the combined model was
significantly different than the model using only gc.

The water-yield relationship between the control watershed and the treatment watershed
was developed using four years (1976-1979) of pre-harvest calibration data to create a predictive
equation. Using only four years of calibration data results in a statistically weaker model to
predict streamflow from the treatment watershed compared to a model developed using a longer
calibration period.

Transpiration Measurement

Voltage Differential

Thermal dissipation probes were chosen for their ability to measure differences at a fine
spatial scale and Granier-style TDPs were chosen on the basis of equipment availability and ease
of installation. The sensors used in this study were constructed following as closely as practical
to the original technique, as described in Lu et al. (2004) (Figure 3). Blunt tip dispensing needles
(19-gauge, 2 cm in length) were used as sensors, each containing a thermocouple made of a
copper and a constantan wire (36-gauge), stripped and twisted together. The heater element
consisted of constantan wire (36-gauge) coiled around the outside of the dispensing needle. An
aluminum tube was fit over each sensor to create a standard outer diameter.

Two probes were installed in each sample tree, one each on the north and south faces of
the bole. The bark and cambium of the tree were removed by chisel to reveal the sapwood at the
site of each probe. Each sensor was installed in the first two centimeters of sapwood in a hole
into which the aluminum sheath fit tightly ("/s,” bit). The two sensors of a single probe were
installed vertically in-line with a spacing of 10-15 cm and silicone was used to secure the sensors
and prevent the intrusion of water. The probe and surrounding tree bole were covered with
Mylar-like foil to shield the measurement area from external heat sources.

The original Granier technique calls for a constant 0.2 W to be supplied to the heater
element, requiring a step-down circuit to adjust the current reaching each probe. To calibrate
each probe to an output of 0.2 W the resistance of the heater circuit was measured and used to

calculate the appropriate voltage across the ends of each heater element circuit:
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Equation 4
where V is the voltage required to supply 0.2 W, Py, is the desired power (0.2 W), and R is the
resistance of the entire heater circuit in ohms. The variable resistors in the step-down circuit were
then used to adjust each probe individually.

Voltage differentials generated by temperature gradients between the two sensors of a
probe were collected using a Campbell Scientific CR10 or CR10X datalogger wired to a
Campbell Scientific AM-416 or AM-16/32B multiplexer. Values were scanned every 30-second
and the 15-minute average for each probe was recorded. The data were examined and abnormal

values in the data were removed as described below.

Data Selection and Preparation

Due to problems including power loss and probe malfunction, data throughout the
growing season were not continuous and contained outlier values. The first step in processing
these data was to separate natural variation from equipment malfunctions.

Vapor pressure deficit and saturation vapor pressure were tested as predictors of
measured voltage differential. Vapor pressure deficit was not used as a predictor because it could
reach a value of zero when relative humidity reached 100%. To create an approximately linear
relationship the voltage differentials were transformed using the negative log of the value. A
simple rule based on the ratio between transformed voltage differential and saturation vapor
pressure was developed to identify outliers. The ratio values were averaged over a two hour
period and the difference between the average and ratio for each time step was taken. If the
difference was larger than 9% of the average, the value was flagged and removed according to the
logical equation:

If (2 hour average — Value) > 0.09(2 hour average), then Flag
Equation 5
This process was performed iteratively until no values were flagged. Where large gaps existed in
the data, often due to power loss, there were abnormally large changes in voltage differential
preceding and following the gap. Data were removed from either end of the gaps back to a point
where the change in voltage differentials was less than 0.025 mV.

To fill in the small gaps created by equipment malfunctions and data removal, a linear

approximation between the last and next known data points was used. Linear approximations

were not used for gaps greater than four and a half hours. Where the next or last known data
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point was not available, such as when the next or previous day’s data were missing, values were
projected using a linear approximation with slope equal to the average slope of the last hour of
available data.

Days with less than five-eighths of data points available were deleted even if linear
approximation was possible without exceeding the four hour rule; this was done to ensure that the
majority of the data were observed data. Days with data from less than 7 trees in each watershed
were discarded; after data removal there were 114 days measurement days remaining from the
201 days of study.

Determination of Sap Flux

Voltage differential between the two sensors of a probe (A7) was converted to sap flux
for a single probe (Fg) using an empirical relationship (Granier, 1987a, Granier, 1987b, Lu, 1997)
modified from Granier (1985) (Equation 6). The equation relates the daily maximum voltage

differential to the recorded AV for each time step:

AVpax — AV]1-231

F, = 118.99 x 10—6[
a AV

Equation 6
where Fy is expressed in Mg;,® M2gpwoon S ™ @nd AV is the corrected (see below) maximum daily
voltage differential for the day of year. Figure 7 shows voltage differential data and the

corresponding sap flux for a single probe over a 7-day period.
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Equation 6 assumes that AV occurs when there is no sap moving through the heat field. During

nights where sap flux does not equal zero, AV, Will be underestimated because sensor and

sapwood will not reach thermal equilibrium, resulting in an overestimate of sap flux on that day.
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Granier (1987 b) describes a method that uses trending periods of A7}, to correct and avoid

underestimation of AV, (LU et al., 2004). In the first step in the correction process a linear

regression is fitted to the daily maximum values for a period of increasing AVnma and the values

below this regression are removed (Figure 8a). A second linear regression is fit to the remaining

values (Figure 8b) and again values below this regression line are removed. The greater of the

fitted value and the observed value is then used for each day. Figure 8c shows the final A7}, for

each day and whether that value is observed or corrected (fitted).
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The appropriate AVaWas calculated individually for each probe and for all days where
data were available. Sap-flux values from north and south probes were averaged to generate sap

flux per tree. Daily sap flux (Js) was calculated by summing the 15-minute average readings over

23:45
=900 [ z Fd]

0:00

each calendar day:

Equation 7
where Fyq is the 15-minute average of sap flux in m*m?s™, daily sap flux (J) is in m*m?d™ and

the multiplier 900 is included to integrate each 15-minute average.

SCZZ?WOOd Measurements

At the end of the study period, cores were taken from the north and south face of each
sample tree using an increment borer. The sapwood-heartwood boundary was determined
visually in the field by color and transparency (Ewers et al., 2002; Ford et al., 2004; Tang et al.,
2006; Peters et al., 2010). The radii from the pith to the heartwood-sapwood boundary and from
the pith to the sapwood/bark boundary were measured for each core. Where rotten heartwood
was present, measurements were made from the heartwood-sapwood boundary to the inside of the
bark and then bark thickness was measured. Sapwood estimates required the assumption that the
tree was a uniform cylinder and the latter method additionally assumed that half the diameter at
breast height (DBH) was the radius of the tree in every direction from the pith. The average of
each radius from the two aspects was used to calculate the area of the entire cross section of the
tree and the cross-sectional area of the non-conducting tissues. The difference between the two
area estimates is the sapwood area.

It has been shown that when sapwood depth is less than 2 cm a portion of the sap-flux
probe will not be in contact with conducting xylem, and sap flux can be underestimated
(Clearwater et al., 1999). For the one probe where sapwood depth was less than 2 cm voltage

differential was corrected according to Clearwater et al. (1999):

AVuncorrected - b(AVmax)
a

AVeorrectea =
Equation 8
where a is the proportion of the probe in conducting sapwood and b is 1-a. The correction
assumes that the voltage differential of the non-conducting tissue is equal to the true maximum

daily voltage differential.
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Modeling Sap Flux

Cumulative transpiration determined as the sum of sample data does not represent
cumulative growing season forest transpiration because of missing days throughout the growing
season. To accurately compare watershed transpiration over the study period, the response of
daily sap flux to day-length normalized vapor pressure deficit (D,) (Oren et al., 1996) or total
daily net radiation (R,) was modeled from June 29, 2009-September 15, 2009 and March 29,
2010- June 28, 2010. The response equation for May-September, 2009 takes the form:

Js =w(1 — ye™*P2)

Equation 9
Equation modified from (Ewers et al., 2001)

where X, y, and z are all best-fit coefficients, determined individually for each sample tree. The
models were fit using mixed-model procedures to obtain individual models by tree and average
models by species-watershed group. For May 2010 and October 2009, Equation 9 was used with
D, replaced by total R,.

March and April sap flux for aspen, red maple, paper birch, and balsam fir was best
modeled using a linear mixed-model, using total R, as the predictor, while red pine and white
spruce were modeled using total R, in place of D, in Equation 9. Each of the following scaling
steps was performed for both observed and modeled data.

Calculating Sap Flow

Radial variation of sap flux was addressed using two general equations, one each for
gymnosperms and angiosperms (Eq. 3 & 4 in Pataki et al., in press). These equations give the
ratio of sap flux at a given relative sapwood depth to measured sap flux (J;:Js). Sapwood area and
sap flux were calculated using 2-cm rings and combined to yield sap flow for each 2-cm ring as

suggested by Hatton et al. (1990). Total individual tree sap flow (S;) is the sum of each ring:

Sf = Z]s(]i:]s)(As,i)
i=1

Equation 10
where n is the number of 2-cm rings in each tree, Js is the measured sap flux in the outer 2 cm,
Ji:Js is the relative sap flux in the i-th 2-cm ring compared to the measured sap flux, and A is the

sapwood area of the i-th 2-cm ring (Figure 9).
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Sap Flow =
Js(As1) +1sU2:Js)(As2) + JsUs:Js) (As3)

Figure 9: Depiction of sample tree sap flow calculation. Sap flow in each ring is the product of
adjusted sap flux and sapwood area for that ring. Sample tree sap flow is the sum of these products.

Forest Transpiration Calculation

Forest transpiration was estimated on a daily basis by combining sample tree
measurements of sap flow and sampled basal area with forest inventory data. Sample-tree data
were used to calculate the ratio of calculated sap flow to sampled basal area for each species in
each watershed. This ratio was individually applied to each inventoried tree, using size-class
DBH of each tree to determine basal area and calculate sap flow for each tree, resulting in sap
flow for each inventory plot, which can be expressed as sap flow per hectare (E;,). Watershed
sap flow and transpiration were calculated using watershed area and Eps.

Potential Evapotranspiration

Potential evapotranspiration was calculated by the Penman equation as described in
Shuttleworth (1993). Wind speed, temperature, the slope of the saturation vapor curve, vapor
pressure deficit and the psychrometric constant were observed or calculated from data observed at
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a weather station located under the forest canopy on the control watershed. Net radiation data
was taken from an open site located within one mile of the study watersheds.

AR, + 6.43yD(1 + 0.536 U)
A(A+y)

PET =

Equation 11
where PET is potential evapotranspiration in mm d™, A is the slope of the saturation vapor curve
in kPa °C™, y is the psychrometric constant in kPa °C™, R, is net radiation in mm d*, 1 is the latent
heat of vaporization in MJ kg™, U is wind speed in m s™, and D is vapor pressure deficit in kPa.

Values used in calculating PET were daily averages of the half-hour recorded value.

Statistical Analysis

Sionificance Tests and Error Propagation

All daily rates (sap flux, sap flow and transpiration) were compared using observed data
and tested for significance using the Kruskal-Wallis test with o = 0.05. For seasonal

comparisons, seasons are defined as dormant, consisting of March, April, and October, growing,

consisting of May, June, August, and September, and Table 3: Measurement Uncertainties
peak, consisting of July. Associated
. . ] Measurement .
Due to the scaling steps required to determine Uncertainty
T Daily Sap flux (a;._. toy. .
transpiration in each watershed, measurement y o3P _( i) Js=i
Sapwood radius (o,) +0.01m

uncertainties (Table 3) must be carried through each step [ sample tree DBH (0,) | +0.00127m

for accurate comparisons of cumulative transpiration. Inventory DBH (0pgy) | #0.0254m

Measurement errors of sap flux were taken as the standard deviation of the 15-minute sap
flux values for each tree for each day (o}, _,) and the error associated with daily sap flux was

calculated as

23:45
0j5 =% [9002 Z i
i=0:00
Equation 12
Error associated with estimates of sample-tree sapwood area (A;) was calculated as
— 2 2
UAS - ZTIO'T ’router + Tinner
Equation 13
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where rinner and Fouer are the radius measurements of the heartwood-sapwood boundary and the
inner-bark diameter, respectively.
Calculating sap flow as described above results in an individual error for each 2-cm ring.

Total sap flow error (asf) is the combined errors of the individual rings:
n 2 2
O-Asi O-]si OR,i 2
o5, = ZSZ.x( ) +( ) +< )
51 o i Agi Is,i JitJs

where oy, is the error associated with the curves used to estimate radial decline and calculate J;:Jg

Equation 14

and the rest are as described above, with the subscript i denoting individual 2-cm rings. Pataki et
al. (in press) determined oy to be 0.1714 for gymnosperms and 0.2583 for angiosperms. For
modeled data, sap flux was replaced by modeled sap flux (Js.riteq) and daily sap flux error was
replaced by the variance associated with the 95% confidence prediction interval for each
predicted value (o,_rsreq)- Calculating sap flow per hectare required the inclusion of two more
sources of uncertainty: sample tree basal area error (o,,) and the error associated with estimates
of basal area per hectare (osa) by species-watershed group. The error associated with sample tree
basal area was calculated as
o4, = 0.5m(d)ay

Equation 15
where d is diameter at breast height measured on sample trees. Error of basal area estimates for
each inventoried tree was calculated as

0pa; = 0.5m(DBH)oppy

Equation 16
where DBH is the diameter at breast height of each inventoried tree. Per-hectare sap flow for
each species-watershed group is the combined errors of daily sap flow, sample-tree basal area and

inventoried basal area within that species-watershed group:

Sf 2 O-Sf 2 0y 2 0Ba 2
= |BA|— - _b) 24
Ena \/ (Ab> (sf * (Ab * (BA)

where each value is determined separately for individual species-watershed groups and BA is the

Equation 17

inventoried basal area (m2 ha‘l), osa IS the sum of the uncertainty of inventoried tree basal area, A,
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is the sum of the basal areas of the sample trees and the rest are defined as above. Uncertainty of
sap flow per hectare was scaled to transpiration uncertainty along with sap flow. No error was

included for estimates of watershed area.

Differentiating the Effects of Transpiration Drivers

The effect of slope position and aspect on sap-flux rates and the ratio of sapwood area to
basal area was examined graphically and using mixed-model procedures. Models evaluated the
additional information gained by including aspect and slope position in simplified sap-flux
models. Four models were tested to predict sap flux, each using species as well as slope position,
aspect or a combination of slope position and aspect to predict sap flux for each species-
watershed group (Table 4). The Akaike Information Criterion (AIC) for each model was
compared to determine if the inclusion of additional variables improved the fit of the model,
where a lower AIC indicates that additional variables improved the fit after incorporation of a
penalty for the additional parameters. This procedure was performed using data from the entire

growing season, as well as seasonal data, where seasons are defined as above.

Table 4: Models used to evaluate the effect of slope position and
aspect on sap-flux rates

Model Model Form
Species | Js ~ Species[Watershed]
Slope | Js~ Species[Watershed] + Slope Position
Aspect | Js~ Species[Watershed] + Aspect
Slope:Aspect | Js ~ Species[Watershed] + Slope Position:Aspect

To determine the relative importance of sap-flux rates and sapwood area on cumulative
transpiration, mean sap-flux rate and basal area by species-watershed group were used as linear
predictors of species-watershed cumulative transpiration. Models were fit through the origin and
the r? of the models were compared to determine which factor explained more of the variation in

transpiration.

Results and Analysis

Definition of Terms

For the remainder of this thesis sap flux refers to the corrected and converted voltage
differentials, and sap flow refers to sample tree sap flow, the appropriately adjusted product of

sapwood area and sap flux. Within a species-watershed group reported rates are the mean or

27



maximum of individual trees. When reported at the watershed level, rates are the mean and

maximum of all sample trees in a given watershed. Cumulative sap flux or sap flow is reported

as the sum of all daily sap flux or flow within the reporting group. Transpiration refers to the

scaled watershed sap flow expressed as a depth. Watershed transpiration is the total transpiration

of all species groups within a watershed. Mean and maximum rates of sap flux, sap flow, and

transpiration were calculated using only measured data. Cumulative values of each quantity are

the sum of the modeled daily values.

Throughout this study all sap movement through the trees is referred to as transpiration,

disregarding that a portion of the water goes towards small changes in storage within a tree. For

the purposes of determining the effect of transpiration on water yield there is no difference

between these fates.

Sap-Flux and Sample-Tree Sap Flow

Means and Maximums

Mean daily sap flux (Js.mean) Was greater in the treatment watershed than the control

watershed (Table 5). Aspen in the treatment-watershed had higher Js nean than aspen in the

control-watershed, and paper birch was not
found to be different between watersheds.

All further analysis was done using
species-watershed groups due to within-
species differences in Js.mean and sample
tree attributes (Table 6). Over the entire
study period Js mean Was greater in control-
watershed paper birch, 1.2 + 0.2 m*m?d?,
than in any other species-watershed group
with the exception of treatment-watershed
paper birch. Sap-flux rates were greater in
red pine than in white spruce, balsam fir
and control-watershed aspen. Control

watershed aspen was the hardwood with the

Table 5: Individual tree and aggregated watershed
mean daily sap flux and sap flow on the Marcell
Experimental Forest, MN

Species b Mean Daily Mean Daily
V\fatershe‘:i Sap Flux Sap Flow
(m*m?d?) (dm®d™)
Control 4.7+03° 214.0+48.8"
Aspen 05+0.1° 32.7+18.6°
Balsam fir 04+0.1° 13.6 + 6.8°
Paper birch 1.2+0.2° 40.8 +24.5°
Red maple 1.0+0.1>° 15.8+11.8%¢
Treatment 53+02" 105.5+21.4°
Aspen 09+0.1 © 19.2+11.2"°¢
Paper birch 09+0.1%" 124 + 8.2°
Red pine 0.6+0.1° 12.8 + 6.9°
White spruce 0.4+0.0 ° 75 + 45"

Reported errors are one standard deviation. Within a
column, letters denote significantly similar groups at

a=0.05.

lowest sap-flux rates. Mean sap-flow rates (St.mean) Were not ranked in the same order as Js.mean,

presumably the result of variations in sapwood area between individuals (Table 5 and 6).
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Control-watershed paper birch had greater Si.nean than all other species-watershed groups (Table

5). Sap flux and flow were generally greater in hardwoods.

Table 6: Sample tree sapwood and basal area on Table 7: Maximum daily measured sap
the Marcell Experimental Forest, MN flux Marcell Experimental Forest, MN
Species by IA IA, Species by Maximum

Watershed (dm?) (dm?) Watershed Daily Js (m*m?d™)
Control 91.9+3.0 137.7+0.3 Control 25.34+0.6
Aspen (9) 70.8+2.6 107.1+0.2 Aspen 24103
Balsam fir (2) 6.90.7 8.90.1 Balsam fir 1.1+0.1
Paper birch (3) 10.7+1.0 15.2+0.1 Paper birch 3604
Red maple (2) 3.6+0.7 6.5+0.1 Red maple 3.1+04
Treatment 48.8+ 2.0 55.7+0.2 Treatment 24.8+ 0.5
Aspen (3) 8.0+£0.8 8.4+0.1 Aspen 2.5+0.3
Paper birch (2) 3.3+0.5 3.4+0.0 Paper birch 2.6+0.2
Red pine (8) 21.0+1.3 23.9+0.1 Red pine 1.5+0.1
White spruce (7) 16.5+1.3 20.0+0.1 White spruce 1.6+0.1
Reported errors are one standard deviation. Reported errors are one standard
Numbers in parentheses indicated number of trees in deviation on date of maxima
group.

Maximum daily sap-flux rates (Jsmax) aggregated by watershed was approximately 25 m?
m2d™ for both watersheds (Table 7), however when broken down by species all hardwood
species had higher Js_.ax than any softwood species. The greatest Js max, 3.6 £ 0.4 mim2d?, was
observed in control-watershed paper birch and was greater than Js_ax for treatment-watershed
paper birch. Within-species variation between watersheds was reversed and less pronounced for
aspen. White spruce and red pine had equal daily maximum sap-flux rates, 1.6 + 0.1 and 1.5 +
0.1 m*m?d™ respectively. These rates were two-thirds of the lowest hardwood Js.na, Observed in
control-watershed aspen. The lowest Js.ma Was observed in balsam fir, 1.1 + 0.1 m*m?d™.

The effect of sapwood area on sap flow is noticeable in maximum sap-flow rates (St.max),
control-watershed aspen and paper birch have higher S¢..x than all other species, corresponding to
higher mean sample-tree sapwood area (Table 6 & Figure 10). For the remainder of the species-
watershed groups Si.max is indistinguishable among groups, ranging from 0.04 to 0.06 m*d™*
(Figure 10). Control-watershed St..x Was more than twice that of the treatment watershed, which
was expected due to the increased sapwood area of the sample trees in the control watershed
(Table 6).
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Figure 10: Maximum daily individual tree sap flow by species and watershed on the Marcell
Experimental Forest, MN. Error bars represent one standard deviation on the day of maximum sap

flow

Cumulative Measured and Modeled Values

Cumulative modeled sap flux for the 114 measurement days only slightly underestimated

cumulative measured sap flux, and the greatest within-group error was approximately 1% of

cumulative sap flux (Table 8). The proportional increase from cumulative measured sap flux to

cumulative modeled sap
flux (T Js) was not equal
among species-watershed
groups (Figure 11). Over
the entire modeling period
red pine had the greatest X
J, approximately 1000 m?
m2, and the lowest
cumulative X Js by
species-watershed group

was only 15% of this

Table 8: Comparison of measured and modeled flux rates for 114
measurement days on the Marcell Experimental Forest, MN

Species by 2 Js observed 2 Js fitted-114 Percent

Watershed (m3 m'z) (m3 m'z) Difference
Control 950.3+ 3.7 948.3 + 16.1 -0.2% + 0.5%

Aspen 4325122 432.2 + 84 -0.1% £ 0.1%

Balsam fir 70.3+0.6 703 + 2.7 -0.1% +0.1%

Paper birch 316.6+2.6 315.0 £+ 8.9 -0.5% + 0.6%

Red maple 130.9+1.4 130.8 £10.1 0.1% + 0.1%
Treatment 1067.4 + 3.2 1066.8 +13.4 -0.1% +0.2%

Aspen 2348+ 1.7 234.8+8.1 -0.0% + 0.0%

Paper birch 167.2+1.5 167.1+£6.0 -0.1% +0.1%

Red pine 421.6+1.9 4215+7.4 -0.0% + 0.0%

White spruce 2438+1.1 2434 +5.1 -0.2% + 0.4%

Reported errors are one standard deviation.

value (Table 9). The treatment watershed had approximately 10% higher cumulative sap flux

over the entire study period. Cumulative sample-tree sap flow (X S) in the control watershed was

approximately double that of the treatment watershed (Table 9). Cumulative sample-tree sap

flow ranged from 4.78 + 0.14 to 57.6 = 0.9 m® in balsam fir and control-watershed aspen.
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Figure 11: Modeled and measured cumulative sap flux on the Marcell Experimental Forest, MN.

Error bars represent one standard deviation.

Table 9: Cumulative sap flux and sap flow on the
Marcell Experimental Forest, MN

Species by 2 S
Watershed (m3 m'z) (ma)
Control 2242.4 + 36.5 95.9+1.2

Aspen 902.6 +12.1 57.6 £0.9

Balsam fir 152.2 + 4.2 4.8+0.4

Paper birch 803.7+16.1 27.5+0.8

Red maple 384.7 +30.2 6.0+ 0.4

Treatment 2463.14 + 20.70 48.10 £ 0.53

Aspen 530.7 +11.7 11.7+0.3

Paper birch 404.0+£10.2 5.4+0.2

Red pine 999.5+11.2 20.9+0.3

White spruce 529.0 + 8.0 10.1+0.2

Reported errors are one standard deviation. Within a
column letters denote significantly similar groups at a =

0.05.
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Transpiration Rates and Totals

Mean daily canopy transpiration (Ec.mean) in the treatment watershed, 0.4 + 0.1 mmd™,
was greater than in the control watershed, 0.3 + 0.1 mm d* (Table 10). Red pine Ec.mean, 0.2 0.1
mm d*, was greater than all other species-watershed groups. The lowest Ec_mean rates were
observed in red maple and balsam fir and both were lower than all other species-watershed
groups. Maximum daily canopy transpiration (Ec.ma) ranged from 0.2 = 0.1 mm d™ in balsam fir
t0 0.9 + 0.1 mm d™ in control-watershed aspen (Table 10). Red pine and control-watershed aspen
had greater Ec s rates than all other species-watershed groups.

Cumulative canopy transpiration

Table 10: Mean and maximum daily transpiration

(Z Ec) was greatest in red pine, 72.7+ 1.1 on the Marcell Experimental Forest, MN

and least in balsam fir, 14.1 + 0.4 mm

Species by EC-mean1 E(.‘-max1 z EC
(Table 10). Over the 201-day study Watershed (mmd7) | (mmd) (mm)
. o Control 03+01° |1.7+02 | 1442423
eriod, treatment watershed transpiration
P P Aspen | 02+0.0°| 09+01| 63.0+1.0
was 47.3+ 3.2 mm, or 32.8 £ 2.2 %, Balsam fir | 0.0+0.0°| 0.2+0.1 14.1+0.4
s b
+ + +
greater than control watershed Paper birch 0.1+0.0 i 0.4+0.1 419+1.2
Red maple | 0.0+0.0°| 03#0.1| 252+1.7
transpiration (Table 11, Figure 12). Treatment 04+01% |20+03 |191.5+2.3
. . b
Treatment-watershed transpiration was Aspen | 0101 | 05%02] 429+1.2
. ] Paper birch 0.1+0.1 0.4+0.2 37.1+1.4
dominated by red pine, and control- Redpine | 02%0.1° | 07%01| 72711
. . . . b
watershed transpiration was dominated by White spruce | 0.1+0.0 04+01 ) 388+08

Reported errors are one standard deviation, for Ec
errors are one standard deviation on the observation
day of maximum E.. Within a column, letters denote
significantly similar groups at a = 0.05.

aspen (Table 10). Each accounted for
approximately 40% of their respective

watershed transpiration rates.

Table 11: Summary of cumulative sap flux, sap flow, and
transpiration differences between watersheds on the
Marcell Experimental Forest, MN

2J s 2 E
Watershed (m’ nsfz) (maf) (mn:)
Control 2242.4 £36.5 43.0+ 0.7 1442+ 2.3
Treatment 2463.1 £ 20.7 21.2+ 0.3 1915+ 2.3
Difference 220.8+42.0 21.8+ 0.8 473+ 3.2

Reported errors are one standard deviation. Shaded cells

indicated the greater of the two values.
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Figure 12: Cumulative modeled transpiration by watershed on the Marcell Experimental Forest,
MN. Shaded areas represent 95% confidence interval.

Drivers of Transpiration Differences

Slope Position and Aspect Differences

Slope position, aspect, and combined slope and aspect were not found to improve the
model fit for any of the models in Table 4 over the entire measurement period or by any seasonal
period: dormant, growing, and peak. Sap-flux trends by location can be identified graphically in
both watersheds but no pattern is present across the watersheds (Figure 13). In the treatment
watershed, sap flux is greatest on the south-aspect plot and least on the north-aspect plot. On
both aspects in the treatment watershed sap flux is greater at the toe of the slope than in the
upslope position. In the control watershed the highest flux rates occurred in the upslope position
on the north-aspect plot and there was no clear trend across slope positions. Within individual
watersheds most species showed no pattern with respect to location, or species location varied in
both slope position and aspect so that no conclusion could be reached. White spruce did showed

within-species trending, with the highest rates occurring in the bench plot and lower rates
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Figure 13: Daily mean sap-flux rates by
location on the Marcell Experimental
Forest, MN

When used individually as a linear predictor, basal area accounted for 88% of the

variation in cumulative transpiration and mean sap-flux rates accounted for 62% of the variation

(Figure 14). In addition, low mean sap-flux rates do not correspond to low mean transpiration

rates within a species-watershed group (for example red pine in Table 5 and 10).
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Experimental
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Growing Season Length and Seasonal Patterns

Monthly differences in transpiration between the watersheds give evidence for an
extended growing season length on the treatment watershed (Figure 15). Transpiration

differences over the first 34 days (March and April) of the 201 study days account for more than

one-third of total transpiration differences between the watersheds. Mean sap flux in the dormant

season was higher in red pine than any other species (Table 12), mean sap-flux rates in red maple

and control-watershed

aspen were lower than all

w
o
|

other species. During the

N
w
1

growing season the

hardwoods, excluding

N
o
L

control-watershed aspen

-
w
1

had the greatest mean

-
o
|

sap-flux rates. The

lowest Js mean during the

Percent of Total Transpiration Difference
w
L

growing season were

observed in the white

spruce and balsam fir.
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Figure 15: Monthly transpiration difference between the control and

treatment watersheds expressed as a percent of total transpiration

difference. Marcell Experimental Forest, MN

Table 12: Individual tree and aggregated watershed seasonal mean sap
flux on the Marcell Experimental Forest, MN

Species b March, April, May-September Jul
V\;’atershez’i & October (excluding July) 3 ¥ d*
32 1 32 1 (m m~d™)
(m*m?d™) (m"m~d")
Control 09+0.1° 59+0.3" 58+0.3"
Aspen 0.1+0.0° 0.6+0.1° 09+0.1°
Balsam fir 02+0.0° 05+0.1° 06+0.1°
Paper birch 0.3+0.0° 1.5+0.2° 1.4+0.2°
Red maple 0.1+0.0°¢ 1.2+0.1° 1.4+0.1°
Treatment 46+0.2" 54+02" 6.1+0.3"
Aspen 0.2+0.0° 1.1+0.1° 1.4+0.1°
Paper birch 0.4+0.0° 1.1+0.1° 1.4+0.2°
Red pine 0.5+0.1° 06+0.1° 08+0.1°
White spruce 0.4+0.0° 0.4+0.0° 05+0.1°

Reported errors are one stand deviation. Within a column letters denote

significantly similar groups at a = 0.05.
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Dormant season daily transpiration was greater in red pine and white spruce than all other

species-watershed groups (Table 13). Red maple daily transpiration was lower than all other

species during the dormant season. During the growing season, there was no difference in daily

Table 13: Seasonal mean daily transpiration on the Marcell Experimental

Forest, MN
Species by March, April, May-Se!)tember July
Watershed & Octol:_:fr (excludmg_ljuly) (mm d'l)
(mmd™) (mmd™)
Control 0.1+0.02° 0.4+0.1" 0.4+0.1"
Aspen 0.0£0.0°¢ 0.2+01° 0.2+0.1°
Balsam fir 0.0£0.0°¢ 0.0£0.0° 0.0+0.0°
Paper birch 0.0£0.0° 0.1+0.1° 0.1+0.0%"
Red maple 0.0£0.0° 0.1+0.1° 0.1+0.1%°
Treatment 0.4+ 0.06" 0.4+0.1" 0.5+0.1"
Aspen 0.0£0.0° 0.1+0.1° 01+0.1%°
Paper birch 0.0£0.0° 0.1+0.1° 0.1+0.1>%°
Red pine 0.2+0.0° 0.1+0.0° 02+0.1%°
White spruce 0.1+0.0° 0.1+0.0° 0.1£0.0°°

Reported errors are one stand deviation. Within a column letters denote

significantly similar groups at a = 0.05.

transpiration among
the species-watershed
groups. In the peak
season, daily
transpiration was
greatest in control-
watershed aspen, with
little differentiation
among species-
watershed groups.
Monthly transpiration

totals ranged from 0

t0 46.5 = 1.2mm in the treatment-watershed and from 2.1 + 0.7 to 14.9 = 0.5mm in the control

watershed (Figure 16). Transpiration was greatest in July and August on both watersheds.

Treatment-watershed transpiration was higher in every month.

The general pattern of seasonal changes in daily sap flux and transpiration is greater rates

in red pine and white spruce during the dormant season, with increasing rates in all groups during

the growing and peak
seasons. Increases
were generally greater
in the hardwood
species than in

conifer species.

Figure 16: Monthly
modeled transpiration
by watershed and
Penman PET on the
Marcell Experimental
Forest, MN. Error
bars represent one
standard deviation

Transpiration (mm)

80

60

50

40

30

20

10

—1Control

Bl Treatment

—Penman PET

N\

VAN

[

V

AN

Apr May

Jun Jul

Aug Sep Oct

36



Potential Evapotranspiration

Total PET was 199.7 mm for the 114 measurement days and 359.5 mm for the entire
study period, and monthly transpiration totals tracked monthly PET (Figure 16). Over the 114
measurement days transpiration accounted for 42 and 31 % of daily PET for the treatment and
control watersheds respectively. Compared by month, Ec:PET ranged from 0 to 48.4 + 1.5% in
the control watershed and 18.2 + 1.5 to 78.7 = 4.4% in the treatment watershed (Figure 17). In
the control watershed daily transpiration reached a maximum of 98.7 + 14.1% of PET, in the
treatment watershed maximum Ec:PET occurred in October and was 121 + 17.2%. Daily
transpiration exceeded PET a total of 5 times, once each in July and August and three times in
October, all occurrences were on the treatment watershed. Potential evapotranspiration was less

than 0.7 mm d™ on all days where daily transpiration exceeded PET.

90%

Figure 17: Ratio of 80%
measured O Control
transpiration to 177 mTreatment
Penman PET over 60%
114 measurement
days by watershed
and month on the
Marcell
Experimental
Forest, MN. Error
bars represent one 20%
standard deviation.
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Discussion

Site Selection and Sample Size

Accurate estimation of forest transpiration requires that an adequate number of individual
trees are studied and that the sample trees are representative of the stand as a whole. One way to
determine if enough sample trees have been instrumented is to assess the coefficient of variation
(CV) in daily sap flux among sensors. Oren et al. (1998) found that the number of sensors
required to keep the CV at or below 15% varied by species, from 4-48 and was generally greater

in hardwoods. Recent research has found that the number of sample trees required to keep the CV
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stable varied between species studied. In a plantation of Japanese cedar Kumagai et al. (2005)
found that a sample size of 12 trees was not sufficient to reduce the coefficient of variation below
20%. However, in the same species a sample size of 10 trees was found to keep CV near 10%
with slope position having no impact on the required sample size (Kumagai et al., 2007).

At Coweeta, Ford et al. (2007) suggested that at least 20 trees be instrumented to yield
accurate results of canopy transpiration. In Japanese cypress (Chamaecyparis obtusa) the sample
size required to reach a stable CV, where additional sample trees did not further reduce the CV,
was 10 for estimating the sapwood area of the stand and 10-20 for representing sap flux,
depending on plot size (Kume et al., 2009). In northern Wisconsin, 3-30 trees were
recommended to scale trembling aspen from sap-flux measurements to canopy transpiration, and
the location of the plots was important to the scaling accuracy (Mackay et al., 2010).

For any of the 114 measurement days, data from 14-36 of the sample trees were recorded,;
days with data from less than 36 trees were a result of equipment errors. Many of the above
studies focused on the variation among trees of an individual species while this study included six
species, with two species showing variation between watersheds, possibly on the basis of age.
Total CV of daily sap flux for all individuals and all sample days was 13.7% (Table 14). CV was

Table 14: Coefficients of variation ~ greatest in control-watershed aspen, 14.6%, and least in red
for sample-tree sap flux and pine, 12.5%. Watershed CV for sap flux was 14.8% and

sapwood area on the Marcell
Experimental Forest, MN 12.5% for the control and treatment watersheds,

Species by
Watershed
Control 14.8% 12.9%
Aspen 14.6% 11.1% | from 11.1 - 28.8%. Sapwood area CV by watershed was
Balsam fir 11.4% 13.8%
Paper birch 13.5% 15.9%
Red maple 12.1% | 28.8% | respectively. These values indicate that the samples trees
Treatment 12.5% 18.6%
Aspen 12.1% 16.5%
Paper birch 12.2% 22.4% | area within a species and the watersheds as a whole.
Red pine 11.7% 17.1%

White pine 11.4% 20.6% ) )
All Samples 13.7% 15.3% species, the sample trees must be representative of the

Lev ACV respectively. For sapwood measurements CV was greater,

15.3% total, with CV by species-watershed groups ranging

12.9 and 18.6% in the control and treatment watersheds

accurately portrayed the variation in sap flux and sapwood

Aside from accurately representing the sampled

watershed as a whole for accurate estimates of transpiration. The health and anatomy of the
sample trees were not directly examined because the destructive sampling required would not be
practical in this setting. Sample tree selection included a visual assessment of tree health; trees
with obvious wounds or decay were avoided, leading to a potential overestimate in scaling to the

watershed if disease or decay is prominent within a species group.
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Sample site selection was not done randomly and was biased based on the presence and
spatial distribution of species within the stand. This approach is supported by recent work in
northern Wisconsin evaluating the effect of plot size on transpiration estimates (Mackay et al.,
2010). The authors found that plots better represented the watershed when they were biased
towards reflecting stand structure. Sites in this study were arranged to represent species
composition and diameter distribution of each upland forest and each aspect within the
watersheds, resulting in study sites that are representative of the upland forests.

The response of individual trees to a given environmental driver may cause increased
variation in transpiration rates among trees and species (Moore et al., 2004; Loranty et al., 2008;
Traver et al., 2010). Individual tree response may be driven by species (Stoy et al., 2006; Ford et
al., 2010), age (Hubbard et al., 1999; Zimmermann et al., 2000; Moore et al., 2004; Delzon &
Loustau, 2005; Ewers et al., 2005) or height. Recent studies on the spatial autocorrelation of
individual tree transpiration has shown that as transpiration drivers vary the distance required
between sample trees to ensure measurement independence also varies due to differences in
individual tree response to drivers (Traver et al., 2010).

In this study, sample tree proximity was partly driven by equipment constraints and the
main focus was not on comparing individual sample trees but estimating total watershed
transpiration. While potential spatial autocorrelation between individuals may cause some
problems when comparing mean rates among species, locations and watersheds it should not
impact evaluations of cumulative transpiration. Cumulative transpiration values should represent
the watersheds because the spatial distribution of plots within the watersheds account for possible
patchiness of transpiration rates due to spatial autocorrelation. Of the species in this study, white
spruce in the bench plot may not be as representative of white spruce throughout the watershed
because this plot was located along the boundary of white spruce and red pine planting zones.
White spruce along this boundary are in a more open forest canopy than the white spruce in the
interior of the white spruce planting zone, potentially increasing light availability. This may
contribute to higher white spruce sap-flux rates in the bench plot than in the north-aspect plot.
Cumulative transpiration from white spruce is less than the difference in transpiration between
the two watersheds, suggesting that even if white spruce daily sap flux was biased higher due to
the increased light availability, the overall results of the study would not change. Treatment-
watershed aspen and paper birch may also be less representative of the watershed as a whole due

to sampling locations. Much of the aspen and paper birch in the treatment watershed occurs in a
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homogenous zone of aspen and paper birch, but sample trees are embedded in the conifer canopy,

especially on the north aspect.

Voltage Differential Measurement and Sap-Flux Calculation

Measurement of voltage differential and the subsequent calculation of sap flux present a
number of potential errors that may have affected the results of this study. Data collected by
thermal dissipation probes represent the temperature gradient between the two sensors of a probe,
assuming the entire temperature gradient is a result of the heating element of the probe. Natural
sources of temperature gradients are prominent in open systems such as orchards (Lu et al.,
2004), but are also present in forest settings (Delzon & Loustau, 2005). All plots in this study,
especially the south-aspect plot of the treatment watershed, had tree stems that received direct
sunlight during the study, an effect that would have been magnified during the leaf-off period of
the study. To counteract the direct sunlight and temperature gradients caused by other sources,
such as long-wave radiation, probes were covered with Mylar-like foil (Lu et al., 2004). In some
instances this was not enough shielding and unusable data were collected from certain probes
because the signal-to-noise ratio decreased to a level where it was difficult to separate natural
variation from measurement errors. Increasing the insulation by including foam under the foil
would have better shielded the sensors and it is sometimes necessary to expand the insulated area
(Lu et al., 2004). The effect of uncorrected errors caused by natural gradients has been reported
as 3-6% in a maritime pine (Pinus pinaster) plantation (Delzon & Loustau, 2005), suggesting this
may be a small source of error in this study. Low air temperatures may have induced
measurement errors as it has been suggested that below 0 °C AV estimates using thermal
dissipation probes become unreliable (Zimmermann et al., 2000). There were half-hour average
temperatures recorded on two measurement days in March, 18 in April, four in May, two in
September and nine in October. Average daily values of less than 0°C occurred on five
measurement days October.

Loss of thermal connection between the sensor and the conducting sapwood can cause
the signal-to-noise ratio to increase or the diurnal voltage differential pattern to reverse (Lu et al.,
2004). There are two potential causes for the loss of thermal connection: the sensor was
dislodged from its initial installation or wounding response around the sensor installation site
disrupted sap movement. The first problem is easily fixed by reinstallation or replacement of
sensors. Alternatively, wound response of the sample tree may cause changes in the location of
sap flux within the trunk as well as errors in sap-flux calculations (Granier et al., 1994 & Granier

et al., 1996). Moore et al. (2010) studied the effect of sensor age on sap-flux measurements over
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two growing seasons in Douglas fir (Pseudotsuga menziesii) and red alder (Alnus rubra). Their
results showed “temporal errors” that could not be accounted for by environmental changes: a
45% and 30% decline in sap flux between 2 years of measurements for Douglas fir and red alder
respectively. Figure 18 shows evidence that the same type of errors may be present in this study,

however because of data limitations and study design this relationship was not examined in depth.
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Figure 18: The effect of growing season on sap-flux response to day-length-normalized vapor
pressure deficit for red pine and white spruce on the Marcell Experimental Forest, MN

Any correction of temporal errors in this study would result in a greater increase in
transpiration on the treatment watershed compared to the control watershed because the majority
of the 2010 measurements were made prior to leaf-out. Therefore, the 30% increase in
transpiration of the treatment watershed over the control watershed can be viewed as a
conservative estimate of differences. Further contributing to potentially greater differences in
transpiration between watersheds and species-watershed groups are the high levels of PET in the
spring of 2010, during which sap flux may have been underestimated in transpiring species.

The grouping of the seasonal responses of sap flux to climatic drivers could be an artifact
of temporal errors. Changes in response to climatic drivers among months were originally
attributed to seasonal differences and phenology, but a component of this response may be caused
by sensor errors. An alternative explanation for potential temporal errors is differences in soil
temperature; lower soil temperatures have led to reduced transpiration in red and white pine
(Kramer, 1942). Soil temperature reached average summer 2009 levels at approximately the end
of May 2010, possibly reducing transpiration before May for given atmospheric conditions. This

alternative would not explain why treatment-watershed Ec:PET was greatest in October when the
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soil temperature rapidly declined. However, transpiration may respond differently to soil cooling
and soil warming for a given soil temperature, or vertical profiles of soil temperature may play a
role.

Granier-style probes require a period of zero sap-flux to convert voltage differentials into
sap flux, generally daily maximum AV is assumed to be the voltage differential associated with
zero sap flux (AVmax). However nighttime sap flux and transpiration have been reported in a
variety of species, including at least one in this study: paper birch (Daley & Phillips, 2006; Caird
et al., 2007; Qishi et al., 2008). Any method to account for nighttime sap flux is prone to
uncertainty, including the regressions used in this study. An alternative to the method used in this
paper is to calculate AV from surrounding days after AV, Of nights meeting certain criteria are
removed. The criteria can involve removing A Vs Of nights with high atmospheric demand or
when probe thermal equilibrium was not reached (Oishi et al., 2008). The scale of error
introduced from incorrect estimates of AV, is unknown, but the linear regression method used in
this study favors overestimating A Vpax, avoiding overestimation of transpiration.

In this study, zero sap flux (Js) was also assumed in the spring dormant season in certain
hardwood species. Initial assumptions of Js, were made only on trees where voltage differential
signals switched from reversed to standard without any adjustment to equipment. During this
study reversed signals generally indicated that air temperature was driving diurnal voltage
differential variations because of a loss of contact between the sensor and sapwood. Signal
standardization implies that air temperature was no longer driving voltage differential, without
adjustment to equipment the logical new driver was the resumption of sap flux. For trees where
this switch was not recorded or where equipment was adjusted or replaced before the signal was
observed, the average date of observed sap-flux resumption in other hardwood trees was used as
the end of Js.o. Like assumptions of nighttime sap flux, uncertainty is involved in these estimates.
No period of zero sap flux was observed in red pine, white spruce and some hardwood trees. No
adjustment was made to determine the resumption of sap flux in any of these individuals, likely
resulting in an underestimate of total growing season transpiration, especially in the treatment

watershed.

Within Tree Sap-Flux Heterogeneity

It has been suggested that scaling from individual sensor sap flux to sap flow is the most
important step in scaling to forest canopy transpiration because assumptions and errors from this
step are propagated throughout the entire stand when scaling (Hatton et al., 1990). Measuring sap

movement in trees with as little disturbance as possible requires estimates of sapwood area and of
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the variations in sap flux. The two sources of within-tree sap-flux heterogeneity addressed in this
study are azimuthal and radial variations. Studies reporting azimuthal variation of sap-flux rates
in plantations, orchards, and forests suggest that it is random rather than systematic, with no
patterns between azimuth and sap-flux rates (Ewers & Oren, 2000; Lu et al., 2000; Ewers et al.,
2002; Hutline et al., 2007; Cohen et al., 2008; Kim et al., 2008). The variation has been related
to stem complexity and it has been found that directly below the live crown in conifers there is
less complexity and more uniform sap flux than near the base of the tree (Loustau et al., 1998;
Delzon et al., 2004b). For ease of installation this study installed sensors at approximately 1.3 m,
which also provides uniformity among hardwood and softwood sample trees. Experimental
design attempted to address potential random variation by placing sensors on both the north and
south sides of the trunk of each sample tree. Equipment errors and in at least one case natural
temperature variation caused by direct sunlight led to a data set that did not include balanced
north and south sap-flux data for each tree over the study period. Due to this unbalanced nature
and to calculate whole-tree sap flow, north and south sap-flux data were combined into an
average whole-tree sap flux, removing the possibility of direct examination of azimuthal
differences in sap flux. Another technique that has been suggested to account for potential
azimuthal variation is to randomly select the probe installation azimuth for each tree (Hutline et
al., 2007). In the present study the number of species studied and the low number of sample trees
per species for certain species support the use of standardized azimuths to avoid unbalanced
distributions of azimuths within and among species.

Azimuthal variation can also be manifest as differences in sapwood depth so that the
assumption of a uniform ring of sapwood may result in errors (Cermék & Nadezhdina, 1998;
Vertessey et al., 1997; Kume et al., 2009). Azimuthal variations in sapwood depth were
accounted for by taking two measurements of sapwood depth: one each on the north and south
aspect of the sample trees. No association was found between sapwood depth or sapwood area
estimate and azimuth (data not shown).

Radial profiles of sap-flux rates are complex and it has been suggested that they be
individually measured over varying climate conditions and in different species as well as in
multiple individuals within a species for accurate representation (Ford et al., 2004). Part of this
complexity is linked to tree characteristics but no systematic relationship has been identified
between radial profiles and tree size (Gebauer et al., 2008) or sapwood depth (Granier et al.,
2000; Jiménez et al., 2000; Wullschleger & King, 2000; Kumagai et al., 2005). However, radial

profiles can be driven by crown class: Jiménez et al. (2000) reported that in suppressed trees there
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was little radial pattern, and suppressed trees were found to have a different radial pattern than
dominant trees by Cermak & Nadezhdina (1998). Vertical foliage distribution and mean foliage
age can also influence radial profiles within a tree (Fiora & Cescatti, 2008). Selecting sample
trees based on forest structure captures the variability within biotic factors that may affect radial
profiles. Additionally, radial profiles can be affected by abiotic factors so that they vary
seasonally and diurnally in response to soil moisture and atmospheric conditions, making it
difficult to generalize radial patterns from a limited set of measurements (Hatton et al., 1995;
Ewers & Oren, 2000; Nadezhdina et al., 2002; Delzon et al., 2004b; Ford et al., 2004; Kubota et
al., 2005).

Attempts have been made to generate simplified models of radial profiles because sap-
flux measurement at increasing sapwood depths becomes more difficult and expensive (Kubota et
al., 2005) without assurance of accurate representation (Nadezhdina et al., 2002; Ford et al.,
2004). Curves used to describe the radial profile of sap flux include Gaussian (Cermék &
Nadezhdina, 1998; Ford et al., 2004; Pataki et al., in press), Weibull (Kubota et al., 2005), and
exponential (Kostner et al., 1998; Gebauer et al., 2008). A linear relationship has been reported
for the radial profile of sap flow, but this relationship may break down as relative sapwood depth
increases (Lu et al., 2000; Delzon et al., 2004b). As mentioned above, recent work has
condensed many of the above studies into two generalized patterns of radial profiles (Pataki et al.,
in press).

By choosing to use the radial profile curves presented by Pataki et al. (in press), this
study attempts to address the systematic overestimation that results from the assumption that sap
flux at any point throughout the sapwood is equal to measured sap flux, without increasing the
complexity of required measurements. Use of the generalized curves also avoids potential bias
introduced from limited radial profile measurements applied to all sample data. The Gaussian
curve results in overestimates and underestimates of sap flux at any given depth, leading to
random rather than systematic errors (Peters et al., 2010), which can be propagated through the
scaling process and used in the comparison of cumulative transpiration. Although this approach
did not directly assess what portion of sapwood was active in transporting water (Wullschleger &
King, 2000), it heeds the many warnings of scaling errors resulting from ignoring radial profiles
presented in the above studies and introduces a minimum of bias into whole tree sap-flux
estimates.

Radial variation of sap flux across the length of the probe can result in an underestimate

of sap flux due to poor integration of variations in sap flux over the sensor (Clearwater et al.,
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1999). The shorter the probe length, the less of an impact this error will have on results. The
assumption of radial decline patterns used in this study results in a greater absolute drop in sap
flux over a fixed distance in trees with smaller sapwood area than trees with larger sapwood area
because the relative change in sapwood depth is greater. It then follows that under the
assumptions of this study, sap flux was underestimated in trees with small sapwood areas relative
to trees with large sapwood areas; the presence or magnitude of the underestimation is not known.
Generally, the treatment watershed had less sapwood area per sample tree and less individual
basal area per tree across the entire watershed, resulting in potential underestimates of

transpiration.

Sap-Flux and Transpiration Rates

Compared to two years of data from northern Wisconsin, daily transpiration was lower in
this study when comparing aspen, red pine and balsam fir; red maple rates were also lower than
reported sugar maple rates in northern Wisconsin (Ewers et al., 2002; Ewers et al., 2007).
However, those studies found no radial variation in red pine and balsam fir, and in aspen a 50%
drop in sap flux after the first two centimeters of sapwood with no further decline considered.
Accounting for radial variation reduces estimates of transpiration. The difference between the
studies is compounded by greater basal and sapwood area in all species on the stands in northern
Wisconsin. Inclusion of radial variation, differences in sapwood area and study period length and
timing contribute to differences in transpiration rates between this study and others on the same
species or genus making direct comparison of mean sap-flux and transpiration rates difficult
(Pataki et al., 2000; Wullschleger et al., 2001; Bovard et al., 2005; McLaren et al., 2008; Saugier
et al., 1997; Uddling et al., 2008). Maximum daily transpiration rates are comparable from this
study and those above, supporting the estimates of transpiration made in this study.

Climate conditions that drive transpiration can vary widely from one year to the next,
adding to a lack of agreement between studies of similar species. It has been suggested that total
ET from a forest is a conservative process when there is not a profound change in conditions from
one year to the next. (Roberts, 1983; Hogg et al., 2000; Delzon & Loustau, 2005; Qishi et al.,
2010). Similarly, low day-to-day variations in transpiration rates may be accounted for by
physiologic responses to all but extreme changes in environmental conditions (Zimmermann et
al., 2000; McLaren et al., 2008). Interannual canopy transpiration may be more variable than
total ET due to changes in climatic conditions that can affect atmospheric water demand and
radial variations of sap flux, as well as by insect defoliations, reduced available energy and other

factors (Cermék & Nadezhdina, 1998; Ford et al., 2004; Ewers et al., 2007). Compared to
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historic data (1961-2007) from a weather station located on the control watershed: April 2010 and
September 2009 were warmer than average, May and June 2010 were not different from the
historic data and July, August and October 2009 were cooler than average (data not shown).
Because PET is responsive to temperature inputs and transpiration tracked PET well (Figure 19),
lower daily transpiration than average would be expected in August, July, and October of this
study period and higher daily transpiration than average would be expected in April and
September of this study period. Because of a longer growing season, higher PET than average
would have a greater impact on the treatment watershed.
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Figure 19: Measured non-zero transpiration as a function of Penman potential evapotranspiration on
the Marcell Experimental Forest, MN separated by growing season

Forest Structure and Growing Season Length

A common approach to calculating transpiration is to define a plot, instrument some
proportion of the trees in the plot, measure a scalar or scalars in that plot and use the scalar(s) to
convert from plot-scale transpiration to watershed transpiration (Hatton et al., 1995; Ford et al.,
2007; Mackay et al., 2010). For accurate scaling using this technique, plots must represent the
forest structure of the stand. Mackay et al. (2010) showed that as plot size increased,
transpiration estimates for the stand decreased. The authors explained this as a result of plots
becoming less representative as they became smaller because of the tendency to exclude natural
gaps or areas with low stem density. In addition to gaps and stem density, plots must accurately
represent the diameter and crown class distributions of the forest stand. Results of the effect of

tree diameter on sap flux rates and transpiration have been mixed (Hatton et al., 1995; Meinzer et
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al., 2001; Ewers et al., 2002; Delzon et al., 2004b; Kumagai et al., 2007; Adelman et al., 2008;
Traver et al., 2010), nonetheless, it is recommended that sample tree selection be stratified by
diameter class to account for possible correlation and more accurately represent the forest stand
(Hatton et al., 1995; Granier et al., 1996; Ford et al., 2007). Sap-flux rates have also been linked
to crown class with rates increasing from suppressed to emergent (Granier et al., 2000;
Zimmermann et al., 2000).

The scaling technique employed in this study treated each watershed as one plot, with
sample trees chosen to be representative of the respective watershed forest canopy. The
inventory data collected to select sample trees and scale up to watershed transpiration did not
exclude gaps or areas with low stem density and included the entire range of size and crown
classes, leading to a more representative estimate. Sampling by diameter and crown classes also
helped to account for tree age and height, which were not directly included in the sampling
criteria but can affect transpiration rates. Increasing tree height has been found to lead to
decreased stomatal conductance, generally lower sap flux and reduced transpiration rates despite
an increase in individual tree basal area (Hubbard et al., 1999; Schéfer et al., 2000; Komatsu,
2003; Delzon et al., 2004a). The effect of height is closely tied to the effect of tree age on
transpiration, with transpiration rates decreasing as stands age due to decreases in leaf area
(Vertessy et al., 2001 ; Delzon & Loustau, 2005), decreased sapwood area (Zimmermann et al.,
2000; Vertessy et al., 2001; Moore et al., 2004), alterations in structure (i.e., vessel size,
sapwood-area—to—leaf-area ratio) (Kostner et al., 2002; Ewers et al., 2005) and reduced stomatal
conductance (Dunn & Connor, 1993; Hubbard et al., 1999; Zimmermann et al., 2000; Vertessy et
al., 2001; Delzon et al., 2004a; Delzon & Loustau, 2005).

Within each watershed forest structure varies spatially and it has been shown that spatial
variation in sapwood area is the primary driver in transpiration differences between forest stands,
even where there is little to no spatial variation in sap-flux rates (Swank et al., 1988; Kdstner et
al., 2001; Ewers et al., 2002; Moore et al., 2004; Ford et al., 2007; Kumagai et al., 2007;
Adelman et al., 2008; Loranty et al., 2008). Consistent with those findings, this study found
transpiration differences among or within species were driven more by basal area than sap-flux
rates (Figure 14). Consideration of individual scaling steps in this study also supports the
importance of sapwood area in determining transpiration. Species-watershed groups with greater
sample-tree sapwood area generally had greater sample-tree sap flow, regardless of sap-flux rate,
while species-watershed groups with greater watershed basal area generally had greater
transpiration (Table 5, 6 and 10).
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In this study, slope position and aspect showed no effect on diameter distribution or the
ratio of sapwood area to basal area. The impacts of slope position and aspect on sap flux could
not be rigorously tested because the sample design did not evenly distribute species across the
slope or between aspects. White spruce, the only species with a clear location trend, may have
been exhibiting the effect of light availability on transpiration rates (Loranty et al., 2010), as
described above light availability likely varied for white spruce by plot. Although the forest
attributes tested showed no correlation to slope position or aspect, inclusion of both abiotic
factors may still have resulted in a better representation of forest structure. Unmeasured
attributes such as fine root mass (Ewers et al., 2005), soil depth and distribution of soil water
volume along the slope (Tromp-van Meerveld & McDonnell, 2006), or tree response to
atmospheric drivers (Kumagai et al., 2007) may influence sap movement or transpiration along a
slope gradient. In addition to variation caused by fixed attributes such as slope position, Loranty
et al. (2008) advises that temporal changes in spatial variation be considered during transpiration
studies. By measuring across the entire growing season this study accounted for seasonal
variation within and among species, as well as changes in spatial variation that may result from
changing edaphic and atmospheric conditions.

When measurements resumed in the spring of 2010, sap flux was already in progress in a
number of trees, notably white spruce and red pine, but also some individuals of aspen and paper
birch located in the treatment watershed. Sap flux has been reported in hardwoods in the leafless
spring period and has been attributed to changes water storage, leaf flush, and evaporation from
bark (Oren & Pataki, 2001). Sap flux was recorded in all species into mid-October when data
collection ceased with late-season rates similar to those seen in central Minnesota (Peters et al.,
2010). Softwood species may continue transpiration until daily minimum temperatures remain
below freezing for several nights with some indication that during extended thaws transpiration
can resume (Pallardy & Kozlowski, 2008). There is some evidence that transpiration continued
past the end of the study period (not shown). Without data from multiple growing seasons and
measurements that include the resumption of sap flux in all species, average growing season
length cannot be determined. However, the effect of growing season length on cumulative
transpiration is evident, earlier resumption of sap flow in the treatment watershed played an
important role in the cumulative transpiration differences between the watersheds (Figure 15).
Pair-wise comparisons of seasonal sap-flux and transpiration rates also indicate a longer growing

season in the species-watershed groups of the treatment watershed (Table 12 and 13).
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Modeled Transpiration and Potential Evapotranspiration

Modeling sap flux met two objectives: cumulative transpiration between watersheds
could be compared and bias was reduced. Without modeling sap flux cumulative transpiration
would only have been the transpiration of 114 measurement days. Using only data from the 114
measurement days may have introduced bias because species-watershed groups and watersheds
were not equally affected by the gaps. Figure 11 shows that inclusion of modeled days affected
each watershed unequally, but responses varied among species-watershed groups.

The basis of the transpiration model was taken from Ewers et al. (2002) in which the
authors show a saturation relationship between daily sap flux and day-length normalized vapor
pressure deficit (D,). A coefficient was added before the exponent term and led to an improved
AIC over models without the additional coefficient. Over the growing season the primary
climatic driver of transpiration may vary (Tang et al., 2006; Mackay et al., 2007), and the models
in this study use D, or total net radiation at different times to calculate daily sap flux. Tree
response to these drivers may change during periods of high soil stress, resulting in greater
estimate uncertainty (Mackay et al., 2007). Because they operate at a daily time step the models
do not take into account a hysteresis that has been observed in the diurnal pattern of sap flux to D,
(Ewers et al., 2005; McLaren et al., 2008).

Models showed a slight bias towards overestimating small fluxes and underestimating
large fluxes (plots of model residuals are shown in Appendix C), however, the bias is small and
results in a small error between the measured and modeled sap flux over the 114 measurements
days (Table 8). When evaluated for the 114 measurement days, modeled daily transpiration
maxima occur on the same a day as observed watershed maxima, July 12 for both watersheds,
modeled and measured. Measured non-zero Ec:PET minima occurred on May 15 and April 18 on
the experimental and control watersheds respectively with values of 9.2 £ 2.2%, and 4.0 £ 1.4%;
April 18 was the date used as the resumption of sap flux for individuals on which it was not
observed. Modeled non-zero Ec:PET minima in each watershed were both on May 12, and were
5.7 £ 16.6% and 23.0 = 9.3% for the control and treatment watersheds respectively. May 12 was
not a sample day so comparison of modeled to measured minima is not possible.

The first two of three October days where daily transpiration was greater than PET had
average daily temperatures below 0°C. On both the August and July days where transpiration
exceeded PET there was a sharp dip in average net radiation but little change in average
temperature and on one of the two days rainfall occurred. Likely the October days were a result

of below freezing temperatures disrupting either sap-flux measurements or PET calculations. A
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possible explanation for the days in August and July is that there was low daily average of net
radiation or temperature but a short period during which conditions favored transpiration.
Because transpiration is cumulative throughout the day and PET relies on daily averages, short
time periods that favor transpiration are less likely to be represented in PET estimates. Modeled
transpiration exceeded PET on eight days, on all eight of the days the treatment watershed
exceeded PET and on one of those days the control watershed also exceeded PET. One of these
days was the July day when measured transpiration exceeded PET. Of the other days two were in
April, two in September and three in October, all but one occurred on or directly following days
with sub-freezing temperatures or days where average net radiation and average temperature were
trending in opposite directions.

The relationship between daily transpiration and PET was much stronger for the 2009
data than the 2010 data, further supporting the presence of temporal errors (Figure 19). Daily
Ec:PET agreed well with the finding of Saugier et al. (1997) that only about one-third the energy

available is used in transpiration.

Future Work

The clearest continuation of this study is combining these data with the results of the
concurrent interception study and the analysis of the differences in surface and subsurface flow
between the watersheds to work towards a closed water budget with an understanding of how the
water is cycling within the watershed. Closing the water budget may be possible using estimates
of the upland contribution to total streamflow obtained from hydrograph separation data detailed
in Timmons et al. (1977) and Verry & Kolka (2003). These data could then be used to predict the
effects of similar changes in species composition on water yield. Working towards a closed water
budget will also help to assess the accuracy of the transpiration estimates in this study. A number
of studies have found that transpiration determined by sap-flux measurements is less than
transpiration when determined by some other method or combination of methods (Wilson et al.,
2001; Bovard et al., 2005; Ford et al., 2007).

Other courses of study may include the influence of upland transpiration on water yield at
a daily scale (Bond et al., 2002). Barnard et al. (2010) found that hillslope tree transpiration can
influence streamflow by causing a more rapid decline in soil water, resulting in lower matric
potentials and less subsurface flow, especially in high soil moisture conditions. It is uncertain if
the same results would be seen in this setting because of the presence of central peatlands in the
watersheds. Future management decisions may include forest thinning, which would likely cause

an increase in canopy and understory transpiration and soil evaporation even during periods of
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water stress or drought (Simonin et al., 2007; Lagergren et al., 2008). It is unclear how long this

effect would last or what magnitude the effect of reduced interception would be on water yield.

Conclusion

The primary goal of this study was to determine transpiration differences between two
watersheds exhibiting a change in water yield after forest conversion. Greater transpiration was
found in the treatment watershed leading to the rejection of the null hypothesis that transpiration
did not differ between watersheds. The second null hypothesis is also rejected in favor of the
alternative that the treatment watershed did have a longer growing season. This was observed in
monthly transpiration totals as well as daily sap flux and transpiration, which began earlier in
both the conifers and hardwoods of the treatment watershed relative to the control watershed.
The third null hypothesis is rejected due to evidence that the basal area of a species was more
important than the corresponding sap-flux rates in determining differences in cumulative
transpiration.

The effect of interannual variation makes it difficult to determine the magnitude of
transpiration differences between these watersheds across years but the absolute difference in
transpiration losses may be less significant than the overall trend of increased transpiration on the
treatment watershed (Zimmermann et al., 2000). Based on higher monthly E¢:PET in the
treatment watershed relative to the control watershed the trend is likely persistent between years
regardless of varying climatic conditions. Overall differences in water yield are driven by total
evapotranspiration which includes interception as well as transpiration. In this study,
transpiration losses differed by approximately 4 cm between watersheds over the growing season,
a significant component of the water yield changes that have been observed.

Management decisions that affect forest cover will affect water yield, especially in small
watersheds where it is more likely that management will occur over a large percentage of the
watershed area. In most cases the water yield effects of management at the headwater scale
become increasingly difficult to detect further downstream as drainage area increases and percent
of area managed decreases (Bosch & Hewlett, 1982; MacDonald & Coe, 2007). Unlike forest
harvesting and regrowth, forest conversion has a long-term impact on the water yield of a
catchment. If management decisions continue to be driven by objectives mentioned earlier, the
area converted will increase, leading to larger and detectable changes in the water yield of larger

drainage areas (Verry et al., 2000).
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Appendices

Appendix A: Sample Tree Measurements

Tree Watershed Species Aspect | Slope Position | DBH (cm) Sapwood Radius Radius Excludmg
(cm) bark® (cm)
s2s.1.as.t Control Aspen North Toe 29.97 7.35 14.99
s2s.2.as.t Control Aspen North Toe 42.42 8.00 21.21
s2s.3.as.t Control Aspen North Toe 35.31 10.80 17.65
s2s.4.pb.u Control Paper birch North Upslope 26.92 7.50 13.46
s2s.5.pb.u Control Paper birch North Upslope 27.43 7.05 13.72
s2s.6.rm.u Control Red maple North Upslope 17.27 3.90 8.64
s2s.7.as.u Control Aspen North Upslope 55.12 13.00 27.56
s2s.8.bf.t Control Balsam fir North Toe 21.84 6.40 10.92
s2n.l.as.u Control Aspen South Upslope 35.05 6.55 17.53
s2n.2.as.u Control Aspen South Upslope 39.12 13.20 19.56
s2n.3.pb.u Control Paper birch South Upslope 21.34 5.50 10.67
s2n.4.as.u Control Aspen South Upslope 33.53 7.90 16.76
s2n.5.as.t Control Aspen South Toe 36.07 10.15 18.03
s2n.6.bf.t Control Balsam fir South Toe 25.65 10.85 12.83
s2n.7.rm.t Control Red maple South Toe 22.86 3.40 11.43
s2n.8.as.t Control Aspen South Toe 38.35 9.15 19.18

a — Sapwood radius and radius excluding bark are measurements made from cores.
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Tree Watershed Species Aspect | Slope Position | DBH (cm) Sapwood Radius | Radius (ixcludmg
(cm) bark® (cm)
s6s.1.ws.t Treatment | White spruce North Toe 16.76 5.25 8.38
s6s.2.as.t Treatment Aspen North Toe 17.53 5.30 8.76
$6s.3.ws.t Treatment | White spruce North Toe 21.08 4.05 10.54
s6s.4.ws.t | Treatment | White spruce North Toe 16.76 4.75 8.38
s6s.5.ws.u | Treatment | White spruce North Upslope 20.32 5.25 10.16
s6s.6.as.u Treatment Aspen North Upslope 20.07 7.95 10.03
s6s.7.pb.u | Treatment Paper birch North Upslope 13.21 3.40 6.60
s6s.8.ws.u | Treatment | White spruce North Upslope 16.00 2.25 8.00
sén.l.rp.u | Treatment Red pine South Upslope 16.51 5.80 8.26
sén.2.rp.u | Treatment Red pine South Upslope 19.56 7.65 9.78
sén.3.rp.u | Treatment Red pine South Upslope 19.56 4.85 9.78
sébn.4.as.t Treatment Aspen South Toe 19.05 7.60 9.53
s6n.5.pb.t | Treatment Paper birch South Toe 16.00 6.40 8.00
sén.6.rp.t Treatment Red pine South Toe 17.53 6.15 8.76
sén.7.rp.u | Treatment Red pine South Upslope 24.38 8.95 12.19
s6n.8.rp.t Treatment Red pine South Toe 16.76 6.05 8.38
sbp.l.ws.b | Treatment | White spruce | Bench Bench 21.08 7.95 10.54
sbp.2.ws.b | Treatment | White spruce | Bench Bench 20.57 7.25 10.29
s6p.3.rp.b | Treatment Red pine Bench Bench 18.03 6.50 9.02
s6p.4.rp.b | Treatment Red pine Bench Bench 22.35 7.40 11.18

a — Sapwood radius and radius excluding bark are measurements made from cores.
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Appendix B: Ranked Sum Results

Whole-season sap-flux rates

Species-Watershed
Group

Mean of Statistical

the Ranks

Group

Dormant-season sap-flux rates

Control paper birch

2224.00

a

Treatment paper birch

2159.61

ab

Red maple

2057.73

bc

Treatment aspen

1987.59

C

Red pine

1792.53

d

Balsam fir

1321.84

Control aspen

1292.35

White spruce

1229.90

Treatment Watershed

1657.49

Control Watershed

1540.89

o =0.05

Whole-season sap-flow rates

Species-Watershed
Group

Mean of
the Ranks

Statistical
Group

Species-Watershed

Mean of Statistical

Group the Ranks  Group
Red pine | 702.34 a
Treatment paper birch | 582.45 b
White spruce | 580.73 b
Control paper birch | 434.00
Treatment aspen | 415.82
Balsam fir | 347.38 d
Control aspen | 204.58
Red maple | 187.94
Treatment Watershed | 607.32 A
Control Watershed | 256.47 B

a =0.05

Growing-season sap-flux rates

Control paper birch

2192.89

a

Control aspen

1879.69

b

Treatment aspen

1794.33

bc

Red maple

1661.44

cd

Balsam fir

1576.18

Red pine

1570.40

Treatment paper birch

1412.27

White spruce

1015.11

Control Watershed

1880.39

Treatment Watershed

1388.99

o =0.05

Whole-season transpiration rates

Species-Watershed

Mean of Statistical

Species-Watershed
Group

Mean of Statistical
the Ranks

Group

Control paper birch

1179.53

Red maple

1174.78

Treatment paper birch

1171.51

Treatment aspen

1114.28

0o oo

Red pine

755.31

Control aspen

676.47

Balsam fir

523.39

White spruce

431.47

Control Watershed

801.25

Treatment Watershed

737.76

a =0.05

Peak-season sap-flux rates

Species-Watershed

Mean of Statistical

Group the Ranks  Group
Red pine | 943.40 a
Control aspen | 859.33 b
White spruce | 844.01 b
Treatment aspen | 838.98 b
Treatment paper birch | 807.39 b
Control paper birch | 779.75 b
Red maple | 683.32 c
Balsam fir | 679.82 C
Treatment Watershed | 214.33 A
Control Watershed | 188.67 B

Group the Ranks  Group
Red maple| 583.47 a
Control paper birch| 561.82 ab
Treatment aspen| 555.11 ab
Treatment paper birch| 518.22 b
Red pine| 372.86
Control aspen| 335.13
Balsam fir| 311.68
White spruce| 216.43 d
Control Watershed | 399.56 A
Treatment Watershed | 352.03 B

a =0.05

a =0.05
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Dormant-season transpiration rates

Species-Watershed Mean of Statistical
Group the Ranks  Group

Red pine | 283.71
White spruce | 258.95
Treatment paper birch | 213.50 b
Treatment aspen | 199.06 b
Control paper birch | 163.09 C
Control aspen | 160.33 c
Balsam fir | 149.19 c
Red maple | 112.17 d
Treatment Watershed 62.75 A
Control Watershed 34.25 B
a =0.05

Growing-season transpiration rates

Species-Watershed Mean of  Statistical
Group the Ranks  Group

Control aspen | 537.81 a

Red pine | 524.70 ab

Treatment aspen 505.56 abc

Treatment paper birch | 497.16 abc

Control paper birch | 490.60 abcd

White spruce | 471.58 bcd
Red maple | 447.89 cd
Balsam fir | 432.69 d

Treatment Watershed 125.63 A

Control Watershed 119.37 A

a =0.05

Growing-season transpiration rates

Species-Watershed Mean of Statistical
Group the Ranks  Group

Control aspen 179.19 a

Red pine | 144.90 b

Treatment aspen 139.35 b

Control paper birch | 131.29 bc

White spruce 122.16 bcd

Treatment paper birch 100.94 cde
Red maple 97.71 de
Balsam fir 80.45 e

Treatment Watershed 31.66 A

Control Watershed 31.34 A

a =0.05
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Appendix C: Comparison of Modeled and Measured Flux

Dormant Season Model Fits

Tree naming convention:

s2n.l.as.u — Watershed: s2 = control, s6 = treatment
s2n.l.as.u — Plot: n = north, s = south, p = bench

s2n.l.as.u — Tree number within a plot: 1-8

s2n.l.as.u — Species: as = aspen, bf = balsam fir, pb = paper birch, rm = red maple,
rp = red pine, ws = white spruce
s2n.1.as.u — Slope location: b = bench, t = toe of the slope, u = upslope

Modeled Sap Flux (m*> m2s™

s2n.1.as.u s2n.2.as.u s2n.3.pb.u s2n.4.as.u
1.5
0.5 ° .
° .O. 4
o® A i /
s2n.5.as.t s2n.6.bf.t s2n.7.rm.t s2n.8.as.t
1.5
0.5+ / . ° /
o o L A . °
o4
0 - L]
s2s.1.as.t s2s.2.as.t s2s.3.as.t
1.5
0.5 LS
0- M #~
s2s.5.pb.u s2s.6.rm.u s2s.7.as.u s2s.8.bf .t
1.5
0.5
o 2~ g
15 o5 ' 45" o5 ' 45" o5 " 45
Sap Flux ( m® m2 3’1)
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Modeled Sap Flux (m*> m2s™

sén.1.rp.u

s6n.2.rp.u

s6n.3.rp.u

sbn.4.as.t

0.5
0 -]
s6n.5.pb.t
0.5 ) .
0 -
s6p.1.ws.b
0.5
0 -
s6s.1.ws.t
0.5
: (4d “3 oo
0 -]
s6s.5.ws.u s6s.6.as.u s6s.7.pb.u s6s.8.ws.u
0.5 ’
L] . L] 2 %. R
74X / : e°
0 _I I T I T T I I
0.5 0.5 0.5 0.5
Sap Flux ( m®m2 3’1)
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Growing Season Model Fits

Tree naming convention:

s2n.1.as.u — Watershed: s2 = control, s6 = treatment
s2n.1.as.u — Plot: n = north, s = south, p = bench

s2n.1.as.u — Tree number within a plot: 1-8

s2n.l.as.u — Species: as = aspen, bf = balsam fir, pb = paper birch, rm = red maple,
rp = red pine, ws = white spruce
s2n.l.as.u — Slope location: b = bench, t = toe of the slope, u = upslope

Modeled Sap Flux (m*> m2s™

s2n.1.as.u

s2n.2.as.u

s2n.3.pb.u

s2n.4.as.u

3.5

2.5

1.5

0.5
0 -

£*

’;(‘.

e

s2n.5.as.t

s2n.6.bf.t

s2n.7.rm.t

s2n.8.as.t

3.5

254

1.5

;.,.-."

-~

s2s.1.as.t

s2s.2.as.t

s2s.3.as.t

s2s.7.as.u

s2s.8.bf.t

Sap Flux ( m®m

35 05 15 2

-2 S—1)
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Modeled Sap Flux ( m> m

sén.1.rp.u s6n.2.rp.u s6n.3.rp.u sbn.4.as.t
2.5 -
1.5
054 % ¢ f"/
0_
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- : % o ,
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Peak Season Model Fits

Tree naming convention:

s2n.1.as.u — Watershed: s2 = control, s6 = treatment
s2n.1.as.u — Plot: n = north, s = south, p = bench

s2n.1.as.u — Tree number within a plot: 1-8
s2n.l.as.u — Species: as = aspen, bf = balsam fir, pb = paper birch, rm = red maple,

Modeled Sap Flux (m*> m2s™

rp = red pine, ws = white spruce
s2n.l.as.u — Slope location: b = bench, t = toe of the slope, u = upslope

s2n.1.as.u s2n.2.as.u s2n.3.pb.u s2n.4.as.u
3.5
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05 A e
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Modeled Sap Flux (m*> m2s™
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