EVAPOTRANSPIRATION, SURFACE CONDUCTANCE AND WATER-USE
EFFICIENCY OF TWO YOUNG HYBRID-POPLAR PLANTATIONS IN CANADA’S
ASPEN PARKLAND
by
Hughie Jones

B.Sc., The University of Alberta, 2012

A THESIS SUBMITTED IN PARTIAL FULLFILLMENT
OF THE REQUIREMENTS FOR THE DEGREE OF

MASTERS OF SCIENCE
in
THE FACULTY OF GRADUATE AND POSTDOCTORAL STUDIES
(Soil Science)

THE UNIVERSITY OF BRITISH COLUMBIA
(Vancouver)

August 2014

© Hughie Jones, 2014

Abstract
Hybrid poplar (HP) plantations established on former agricultural land in the aspen
parkland of Canada have the potential to provide fibre, bio-energy and ecosystem services. The
low precipitation and large summertime vapor pressure deficits in the aspen parkland raise
questions about HP plantation water use and its effects on regional water supplies. In 2010 and
2011, I began using the eddy-covariance (EC) technique to measure CO2, water vapor and
sensible heat fluxes above two young HP plantations planted in 2009 (HP09) and 2011 (HP11)
on clay loam Chernozemic soil located near Edmonton, AB and Winnipeg, MB, respectively.
Measurements showed that both HP09 and HP11 shifted from carbon (C) sources to C sinks in
the 3rd year of growth. EC measured evapotranspiration (E) and climate data were used to
calculate bulk surface conductance (Gs) using the inverted Penman-Monteith (PM) equation and
were compared to Gs estimates derived from a biophysical model that permits the partitioning of
E into canopy transpiration (Ec and evaporation from the soil (Es). Es was estimated using the
equilibrium evaporation rate modified to account for soil moisture effects on Es using a soil
water content based multiplier (f), and Ec was estimated using a canopy conductance (Gc) submodel and the PM equation. Modelled half-hourly values of Gs showed excellent diurnal and
seasonal agreement with EC-calculated Gs. Measured and modelled E also had excellent
agreement, and using the Gs model, I was able to show the relative contribution of Ec and Es to E
as the plantation grew. For example, in the 5th year of growth at HP09, measured and modelled E
was 400 and 428 mm, respectively, of which 138 and 290 mm occurred as Es and Ec,
respectively. Values of water use efficiency calculated as gross primary productivity divided by
E, increased every year of growth and were similar at both sites. Results show Es dominates E
during the first 2 years of HP growth and as Ec becomes increasingly dominant in the following
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years, E can exceed P, suggesting HP planted on highly productive agricultural soils in Canada’s
aspen parkland can become water limited.
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Introduction

1.1

Afforestation, biomass and bioenergy

Afforestation is planting and/or seeding to establish forests or plantations on land not previously
vegetated, classified and/or utilized as forest (FAO 2010). Afforestation of fast growing hybrid
poplar (HP) plantations on agricultural land in Canada has the potential to supply renewable
sources of wood products, fibre and biomass for bioenergy (Lemus et al. 2005; Larocque et al.
2013). Between 1990 and 2000 approximately 2600 ha were afforested in the Prairie Provinces,
of which 2200, 250 and 150 ha were planted in Alberta, Saskatchewan and Manitoba,
respectively, and 1200 ha were planted with hybrid poplar (Hall et al. 2004). The planting was
done predominantly by Alberta’s largest pulp and timber company, Alberta Pacific Forest
Industries (Alpac Inc.), for pulp feedstock and to a far lesser extent by farmers seeking to
diversify income sources and land management practices (Hall et al. 2004). The impetus for
forest product companies to engage in afforestation using HP comes primarily from increased
pressure to preserve old growth forest, existence of unfavourable age distributions within current
stands and reduced cost associated with log hauling when HP plantations are proximal to mills.
Another growing influential driver encouraging plantation forestry in the Prairie Provinces has
been oil/gas development and land-use competition, particularly for Alpac Inc. who has a 6.5
million ha forest management agreement (FMA) area that lies within Alberta’s 13.8 million ha
bitumen reserves (Schneider et al. 2006). In view of the aforementioned trends and the fact that
between 2003 and 2007 the average global afforestation rate was 5.6 million ha y-1 (FAO 2010);
and it is predicted that by 2020, 44% of global roundwood will be supplied by plantations (FAO
2001), Canada’s timber industry may have to follow suite to be competitive economically
(Anderson et al. 2012).
1

HP and willow, both in the Salicaceae family, are particularly attractive afforestation
species capable of supplying feedstock to the pulp and timber industry because they are fastgrowing and can be coppiced, removing the need for multiple planting events. Large phenotypic
variation in productivity, growth yield and fibre attributes occurs across soil, climatic gradients,
management practices, planting densities and between genotypes, causing certain clonal species
to perform best on low elevation mesic sites and others on high elevation xeric sites (Labrecque
and Teodorescu 2005; Traux et al. 2012). Under continental climate, irrigated and fertilized 5
year old HP plantation in Wisconsin achieved an above ground mean annual increment (MAI) of
6.7 Mg dry matter (DM) ha-1 y-1, and under oceanic coastal climate in Washington, a 5-year-old
HP plantation achieved an MAI of 19-31 Mg DM ha-1 y-1 on N-fertilized plots (Hansen et al.
1988; Heilman and Fu-Guang 1993). Trial HP plantations in Canada, particularly throughout
Alberta, have demonstrated MAI ranging from 7.6 to 11 Mg DM ha-1 y-1 in 4 to 8 year old
stands, respectively, which is approximately 8 times the MAI of native trembling aspen and
mixedwood stands (Jassal et al. 2014). Considering HP is fast-growing and performs well on
marginal agricultural lands (Cai et al. 2011) it seems likely HP will become increasingly
desirable as feedstock for bioenergy and for the pulp and lumber industry.
1.2

Carbon sequestration and greenhouse gas fluxes
Additional potential uses for HP plantations, and ecosystem services they could provide,

include: native plant habitat (Boothroyd-Roberts et al. 2013); riparian buffering (Fortier et al.
2010); phyto-remediation (Robinson et al. 2007); reclamation (Nave et al. 2013); biomass and
soil carbon (C) sequestration (Cai et al. 2011; Jassal et al. 2013). In 2001 and 2002 there was a
distinct transition away from white spruce (Picea glauca) afforestation in Canada towards HP
afforestation, because fast growing HP was identified as a potential fuel alternative to fossil fuels
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and a long-term carbon dioxide (CO2) sink that would enable Canada to achieve emission
reduction commitments under Action Plan 2000 (Hall et al. 2004). Soil C has been shown to
decrease during the first 5 years after conversion of agricultural land to HP plantations, after
which soil C increased with age (Hansen 1993; Arevalo et al. 2011). In Spain, Sierra et al. (2012)
found greater soil C increases in HP plantations compared to corn, particularly at deeper soil
depths, along with increased fractions of non-oxidizable soil organic C forms. In Alberta Canada,
Cai et al. (2011) found an HP plantation planted on marginal agricultural soil (Class 3, Luvisol)
was a large CO2 source of at least 3.3 Mg C ha-1 in the 1st year of growth and became C neutral
in the 5th year, whereas Jassal et al. (2013) found an HP plantation planted on high productivity
agricultural soil (Class 1, Chernozem) became an annual C sink in the 3rd year of growth,
demonstrating the variability in growth and C sequestration potential of HP plantations on
different soil types. A comprehensive greenhouse gas (GHG) budget study in Belgium, which
included measurements of CO2, nitrous oxide (N2O) and methane (CH4) fluxes, showed that an
HP plantation quickly became a CO2 sink in the 2nd year after planting, but emissions of N2O and
CH4 associated with water table and soil water content fluctuations offset the CO2 gains and
made the plantation a net GHG source (Verlinden et al. 2013; Zona et al. 2103). Studies of this
sort emphasize the need to study other important GHG fluxes (i.e. H2O, N2O and CH4) and
ecosystem processes (e.g., water balance) in conjunction with C sequestration and productivity to
better understand the impacts of HP afforestation on a large scale.
1.3

Water balance issues and evapotranspiration modelling
In Canada’s western Prairie Provinces (Alberta, Saskatchewan and Manitoba) fresh water

supply for human (e.g. residential, commercial and industrial) and agricultural (e.g. irrigation)
use is primarily sourced from Rocky Mountain snowmelt and glacier wastage, which flows
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through underground aquifers and the Athabasca, Saskatchewan and Nelson River systems.
Considering that increases in vapour pressure deficit (D) are projected for the Prairie Provinces,
hydrometeorological models predict earlier snowmelt and springtime peak streamflow,
accompanied with reduced July-September streamflow in the North and South Saskatchewan
river basins (Kienzle et al. 2012; MacDonald et al. 2013). In view of the facts that anthropogenic
water use (i.e. irrigation, agriculture, drinking water, oil and gas industry) has increased rapidly
throughout the Prairie Provinces and large glaciers supplying the Saskatchewan River system
have receded rapidly during the 20th century (Comeau et al. 2009), a fresh water crisis is
impending (Schindler and Donahue 2006), which will exacerbate drought periods and negatively
affect natural and crop vegetation (Schindler 2000). Dieback and inter-annual variability in the
productivity of trembling aspen (Populus tremuloidies), an important tree species in western
Canada, has been documented throughout the Prairie Provinces’ aspen parkland and correlated
with drought events in areas that receive low precipitation (P) and experience high D (Hogg et
al. 2005; Hogg et al. 2008). Eddy covariance (EC) measurements made above trembling aspen
(Populus tremuloides) at the Southern Old Aspen (SOA) site, one of the Boreal Ecosystem
Research and Monitoring Sites (BERMS), in central Saskatchewan, Canada showed a large
reduction in gross primary productivity (GPP) in response to water stress during a severe drought
in the 2001- 2003 growing seasons (Krishnan et al. 2006).
Sapflow measurements have shown HP can achieve high transpiration (Ec) rates ranging
from 5 to 8 mm day-1 for 2 and 13-year-old HP plantations, respectively (Allen et al. 1999;
Meiresonne et al. 1999), whereas Black et al. (1996) found a 70-year-old mature trembling aspen
stand with a well-established beaked hazelnut (Corylus cornuta) understory only reached a
maximum total evapotranspiration (E) rate of 5-6 mm day-1. In semi-arid Mongolia, Wilske et al.
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(2009) found E in a 6-year-old HP plantation exceeded both P received by the site and E of a
natural shrubland within the same study area. These findings raise concerns regarding the effect
that large-scale HP afforestation will have on the stand level and regional scale water balance. In
situations where E exceeds P, the concern is that HP will utilize groundwater previously
inaccessible by shallow rooted species, particularly during drier periods, thereby reducing
drainage and streamflow. In Minnesota, HP afforestation has been linked to reduced water yield
and annual peak flow in the Red River (Perry et al. 2001), and in the Netherlands, Rijtema and
de Vries (1994) measured a 23% reduction in drainage as a result of HP afforestation. In China,
where 86% of global afforestation occurs (FAO 2010), Sun et al. (2006) predict that if largescale HP afforestation continues in China, streamflow will be reduced by 20-40%.
1.4

Objectives
The Canadian Wood Fibre Centre (CFCW) views the aspen parkland of Canada, a

transitional zone between the mixed-grass prairie to the south and boreal forest to the north, as a
land base suitable for establishing fast-growing HP on a large scale (Joss et al. 2008) yet there
have been few studies that have assessed the long-term C and water balance of HP in the aspen
parkland. On marginal land in the aspen parkland of Alberta, Canada, Cai et al. (2011) found that
annual P exceeded E in the first four years of growth, in which E varied from 281 mm in the 1st
year to 323 mm in the 4th year, but in the 5th year of growth there was a drought in which E
exceeded P. On highly productive agricultural land in Alberta, Jassal et al. (2013) showed E can
exceed P within 3 years after HP establishment, which emphasizes the need for further research
on the C and water balances of HP in the aspen parkland at the stand level so that robust C and E
models can be developed to assess the impacts of HP on regional scales. To contribute to this
required research, the objectives of this thesis are to:
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Measure and report the energy, water and C balances of two HP plantations planted on
high productivity soil in the aspen parkland.



Develop and test a robust surface conductance (Gs) model capable of partitioning E, into
soil evaporation (Es) and canopy transpiration (Ec) components.



Determine inter-annual variation in the water balance of two HP plantations.



Study the linkage between C and water balances by assessing the inter-annual variation in
HP plantation water use efficiency (WUE).
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2

Theory

2.1

Canopy conductance model
Total latent heat flux (E) from a land surface with plant canopy cover can be partitioned

into latent heat flux from canopy transpiration (Ec) and soil evaporation (Es):

 E   Ec   Es

(1)

Similar to E in Eq. (1), which is partitioned into Ec and Es, total available energy (A) can be
partitioned into available energy absorbed by the canopy (Ac) and soil (As), as A = Ac + As. The
fraction of available energy absorbed by the soil surface, As/A, is controlled by the attenuation of
A through the canopy as a function of leaf area index (LAI), τ = As/A = exp (-kALAI), where kA is
an extinction coefficient for A. To complete the energy balance, the fraction of available energy
absorbed by the canopy is Ac/A = 1 - τ. The partitioning of A into As and Ac has strong control
over the partitioning of E into Es and Ec in Eq. (1), of which the latter can be described using
the Penman-Monteith (PM) equation:

 Ec 

εAc    cp / γ   DGa
ε  1  Ga / Gc

(2)

where ε = s/γ, given s is the slope of the saturation vapour pressure vs. temperature curve (kPa K1

), s = de*/dT, and γ is the psychrometric constant (kPa K-1), λ is the latent heat of vaporization (J

kg-1), Ac is the available energy flux absorbed by the canopy (W m-2), ⍴ is air density (kg m-3), cp
is the specific heat of air at constant pressure (J kg-1 K-1), D is the vapor pressure deficit (kPa) Ga
is aerodynamic conductance (mm s-1) and Gc is canopy conductance (mm s-1). Unlike Ac, D and
Ga, which are environmental parameters estimated or measured from radiation and
meteorological data, Gc is a plant physiology parameter meant to describe the integrated leaf-
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scale stomatal conductance (gs) response to variables including D, soil water content (θ) and
downwelling photosynthetically active radiation (Q). With low D, adequate θ and Q, leaf stomata
may achieve maximum stomatal conductance (gsmax) but as Q is absorbed by leaves high in the
canopy, less Q becomes available for absorption by leaves near the soil surface creating a light
regime unconducive to the stomata achieving gsmax, thereby gs declines non-linearly through the
canopy. An expression for Gc was derived using a gsmax approach (Dolman et al. 1991; Saugier
and Katerji 1991; Kelliher et al. 1995) by integrating gs with respect to cumulative LAI from the
top of the canopy to the bottom assuming Q attenuates exponentially downward through the
canopy with increasing cumulative LAI and a hyperbolic dependence of gs on Q. An additional
Jarvis-Stewart style (i.e., multiplicative) term (see Stewart 1988) accounting for the stomatal
response to D (Leuning 1995; Leuning 2008), which assumes changes in D affect gs at all canopy
heights equally, completes the final Gc model and is written explicitly as:

Gc =



Q50  kQQh

gsmax
1
ln 


kQ
 Q50 + kQQh exp(-kQ LAI)  1+ Da / D50 

(3)

where kQ is an extinction coefficient for Q, Q50 and D50 are values of Q and D, respectively, at
which gs achieves half its maximum (i.e., gsmax) and Qh is the value of Q at the top of the
canopy. In this study description of the environmental response of Gc will be restricted to the use
of Eq. (3); however, Wang et al. (2004) developed a similar expression that allows Q50 to vary
with canopy depth which would likely be advantageous for some plantation canopies. The use of
the Ball-Woodrow-Berry (BWB; Ball et al., 1987) technique to parameterize Gc (i.e., relating Gc
to the ratio of net assimilation rate of the canopy (or gross ecosystem photosynthesis) to the
product of CO2 concentration and D (e.g., Blanken and Black 2004; Dolman et al. 2004) will not
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be considered in this study but should be considered in future work on characterizing HP
plantation Gc.
2.2

Soil evaporation model
When soil water content near the surface of a bare soil is high, Es, over a 24-h cycle, is Rn

limited and can be estimated, to a good approximation, by using the equilibrium evaporation rate
(λEeq = sRn/(s+γ)), which assumes that advection of heat is negligible (Denmead and McIlroy
1970; Priestley and Taylor 1972). At shorter temporal scales (hourly or half-hourly), particularly
during the daytime, soil heat flux (G) can be large and Es is better estimated by As (sAs /(s+γ)).
As soil water content near the soil surface declines (i.e. due to evaporation, transpiration and
drainage) Es becomes soil water supply limited (Tanner and Jury 1976) and will achieve a
fraction (f) of the Eeq, expressed as:

 Es  f

s
As
s 

(4)

Here f is approximated by the relative water content (r) as follows:

f  r 

  wp
 fc   wp

(5)

where θ is the volumetric water content, θfc is the volumetric water content at field capacity and
θwp the volumetric water content at permanent wilting point.
2.3

Surface conductance model
As stated in Eq. (1), total E from the vegetated surface is the sum of Ec and Es, so

substituting Eqs. (2) and (4), into Eq. (1), E can be expressed as:
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E 

εAc    c p / γ   DGa
ε  1  Ga / Gc

f

s
As
s 

(6)

It can also be expressed using the PM equation with a bulk surface conductance (Gs) as follows:

E 

εA    c p / γ   DGa

(7)

ε  1  Ga / Gs

It should be noted that Ga in Eqs. (6) and (7) are slightly different since in Eq. (6) it is the
aerodynamic conductance between only the foliage and the atmosphere while in Eq. (7) it is the
conductance between soil and foliage and the atmosphere. The differences between the two are
expected to be small. The calculation of Ga is described in the Methods below (Eq. 13).
In order to derive an expression showing the dependence of Gs on canopy transpiration and soil
evaporation parameters, Kelliher et al. (1995) combined Eqs. (6) and (7) as follows:

εA    c p / γ  λDGa
ε  1  Ga / Gs



εAc    c p / γ  λDGa
ε  1  Ga / Gc

f

s
As
s 

(8)

By recognizing Gi = A/[(cp/)D] as the isothermal conductance with units of diffusive
conductance mm s-1 (Monteith 1965; Monteith 2008) and available energy partitioning
definitions, τ = As/A, 1- τ = Ac/A, they expressed Eq. (8) in dimensionless form before inverting it
to provide a six-parameter expression of Gs containing five parameters, gsmax, kA, kQ, Q50, D50,
from Eq. (3) and one, f, from Eq. (4):


  11  f  Gc   Ga
 Ga 
1 
f 

Ga
  1 Gc 
  Gi

Gs  Gc


  11  f  Gc   Ga
1  f 


Ga

  Gi









(9)
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The values of the all six model parameters and the sources from which they came can be seen in
Table 1. In this study the Gs model will be assessed by (i) comparing values of Gs calculated
using Eq (9) with those obtained by inversion of Eq (7) and (ii) comparing values of E calculated
using Eq (7) with those measured using EC. E was obtained by dividing E by the latent heat of
vaporization ().
Table 1. Gc and Gs model input parameters with their respective equations, values and sources.
Parameter
gsmax
Q50
D50
kQ
kA
f

Equation
(3)
(3)
(3)
(3)
τ = As/A = exp (-kALAI)
(9)

Value
14 mm s-1
100 mol m-2 s-1
1 kPa
0.6
0.6
θr

LAI

(3) and
τ = As/A = exp (-kALAI)

Figures 3d and 5d

Source
Kim et al. 2008
Kim et al. 2008
Kim et al. 2008
Leuning et al. 2008
Leuning et al. 2008
Volumetric water content data
(m-3 m-3)
Barr et al. 2004
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3

Methods

3.1

Site descriptions
The research involved two study sites: 1) HP09, located at the northwestern edge of the

aspen parkland near Edmonton, AB (53o 42’ 27.8” N, 113o 37’ 46.9” W, 690 m.a.s.l.); and 2)
HP11, located at the southeastern edge of the aspen parkland near Winnipeg, MB (50o 03’ 8.1”
N, 96o 46’ 51.9” W, 233 m.a.s.l.), Canada. Both sites experience cold winters and relatively
warm summers with moderate precipitation, typical of a continental climate, and differ little with
respect to 30-year (1981-2010) mean annual air temperature, which were 3.5 oC and 3.4 oC at
HP09 and at HP11, respectively; however, annual precipitation for the same period was
significantly higher at HP11 (458 mm) than HP09 (364 mm). The sites are characterized by highproductivity clay loam Chernozemic (class 1) soil (Appendix B.2). Soil samples taken after site
preparation, which involved one disk cultivation at 30 cm and a second at 10 cm, showed soil
bulk density was lowest in the surface layer (0-5 cm) with values of 900 and 860 kg m-3 at HP09
and HP11, respectively. At HP09 maximum bulk density, 1370 kg m-3, was measured at the
deepest soil sampling depth (100 cm), but at HP11 maximum bulk density, 1340 kg m-3, was
near the 20-cm depth after which it declined with increasing depth. In June 2009 and May 2011,
20 ha and 24 ha area, at HP09 and HP11, respectively, were planted with rooted cuttings of
primarily Walker sp. (Populus deltoides x Populus petrowskyana) at 2 m x 2 m grid spacing. In
early May 2010 and June 2011, we began measuring climate variables and EC fluxes of CO2,
H2O vapor and sensible heat above HP09 and HP11, respectively. A detailed description of
HP09 site preparation and management along with climate and EC instrumentation preceding
2013 is given in Jassal et al. (2013), but it is worth noting that in June 2013 EC sensors at HP09
were raised to 6 m in response to HP growth. At HP11, EC sensors were positioned at an initial
height of 2 m above the soil surface, supported on a horizontal boom extending 1.5 m southwest
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from the instrumentation tripod. In June 2013, EC sensors were raised to a height of 3 m in
response to HP growth. Site fetch extended 130, 160, 130, 260 m and 340, 100, 330, 270 m in
north (N), east (E), south (S) and west (W) directions at HP09 and HP11, respectively. As
expected for central Alberta wind predominantly came from the W at HP09, during all years.
Daytime flux footprint analysis at HP09 (Appendix A.2) showed the 80% cumulative flux
contour was within 150, 100, 200 and 200 m of the EC tower during 2010, 2011, 2012 and 2013,
respectively. Given the results of the flux footprint analysis and the westward fetch at HP09 was
260 m, we are confident that source fluxes were from within the HP plantation. At HP11, wind
predominantly came from two directions, NW and SE (Appendix A.1), and daytime flux
footprint analysis (Appendix A.2) showed that the 80% cumulative flux contour was within 150
m of the EC tower, well within the fetch in NW and SE directions.
3.2

Climate measurements
A humidity and temperature probe (HMP-35C, Vaisala Oyj, Helsinki, Finland) mounted

at 2 m height measured half-hourly average relative humidity (RH) and air temperature (Ta). A 2axis sonic anemometer (model M Windsonic, Gill Instruments Ltd., Lymington, UK) mounted at
EC instrument height measured half-hourly average horizontal wind speed (u) and direction.
Precipitation (P) was obtained from half-hourly rainfall and snow depth measurements made
using a tipping-bucket (0.1 mm) rain gauge (model TR525M, Texas Electronics Inc., Dallas, TX,
USA) and a sonic ranging sensor (model SR50, Campbell Scientific Inc. (CSI), Logan, UT,
USA) mounted 1.5 m above the ground, respectively. Measurements of half-hourly soil
temperature (Ts) and volumetric water content (θ) were made at the following depths: 3, 15, 30,
60, 100 cm and 3, 10, 20, 50, 80 cm using copper-constantan thermocouples (model 105T, CSI)
and time-domain reflectometer (TDR) probes (model CS616, CSI), respectively. Soil samples

13

were taken biannually at all sensor depths to determine bulk density and gravimetric water
content for the calibration of the TDR probes. Climate variables (including radiation and soil
heat flux - see next section) were measured using a datalogger (model CR3000, CSI) and solid
state multiplexer (model AM25T, CSI) every 5 seconds, and from these measurements halfhourly averages were calculated and downloaded daily to the UBC Biometeorology and Soil
Physics Laboratory using a cellular modem (Raven, model XT, Sierra Wireless Inc., Richmond,
BC, Canada). For HP09, half hourly P, u, Ta and RH were retrieved from Alberta Agriculture
weather stations (http://agriculture.alberta.ca/acis/alberta-weather-data-viewer.jsp), the main one
being only 1 km away, for gap filling purposes (see below). For HP11, data from Environment
Canada weather stations were used, with the two closest stations, Selkirk and Dugald, being
located 14 km north and 19 km south of the site, respectively.
3.3

Energy balance measurements and closure
The energy balance of a land surface can be written as:

Rn  H   E  G  S

(10)

where H is sensible heat flux and S is the change in energy storage between the ground and the
height of Rn, H and E measurements. Rn was calculated as the sum of the downwelling
shortwave and longwave radiation minus the sum of the upwelling shortwave and longwave
radiation. Downwelling and upwelling shortwave and longwave radiation were measured using
upward and downward facing pyranometers and pyrgeometers, respectively, with a four-way net
radiometer (model CNR1, Kipp and Zonen, The Netherlands) mounted at the 3-m height.
Downwelling and upwelling photosynthetically active radiation (Q) was measured using a
quantum sensor (LI-190, LI-COR Inc.) also mounted at the 3-m height. Five soil heat flux plates
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(model HFT3, CSI) at 3-cm depth were located at varying distances from the trees to account for
the spatial variability in soil heat flux. The value of G was obtained by adding to the heat flux
plate measurements the rate of heat storage in the 3 cm of soil above the heat flux plate
calculated using soil thermocouple and volumetric water content (to obtain the soil heat capacity)
data. Energy balance closure (EBC), calculated as (H + E)/(Rn – G – S), was used to assess
the accuracy of the H and E measurements they were not corrected to close the energy balance.
3.4

EC instrumentation and flux calculations
EC sensors comprised a 3-axis sonic anemometer (model CSAT3, CSI), an infrared gas

analyzer (IRGA), (an open-path sensor, model LI-7500, LI-COR Inc., Lincoln, NE, USA at
HP09 and an enclosed-path sensor, model LI-7200, LI-COR Inc. at HP11) and a fine wire (75
µm) chromel-constantan thermocouple positioned near the sonic array to provide a high
frequency (HF) measurement of Ta. The air flow rate for the LI-7200 was 15 L min-1. The
distance between the CSAT3 array and both the LI-7500 array and the air intake of the LI-7200
was 15-20 cm to both minimize sensor separation and disturbance of air passing through the
sonic array. HF CSAT3, LI-7500, LI-7200 and thermocouple signals were collected on a data
logger (model CR3000, CSI) equipped with a CompactFlash module (NL115, CSI) capable of
holding 2 megabyte (MB) memory cards, through a synchronous-device-for-measurement
(SDM) connection. Sampling frequency at HP09 was 10 Hz in summer and 5 Hz in winter (to
save power) while at HP11 it was 5 Hz during 2011 and 2012, and 10 Hz in 2013. Logger
calculated half-hourly fluxes of CO2, water vapor and sensible heat were downloaded daily using
a cellular modem (Raven, model XT, Sierra Wireless Inc.) connection and raw HF data stored on
the CompactFlash memory card was collected every 2-4 weeks, couriered to UBC, after which
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fluxes were recalculated and compared to daily logger calculated fluxes at UBC (and used to
assess HF data quality).
Half-hourly fluxes of gas constituents, CO2 (Fc) and H2O vapor (E), were calculated by
block averaging the covariance of the vertical wind speed (w) and their mixing ratios, sc and sH,
respectively, multiplied by the dry air density (⍴a), e.g., for CO2.,

Fc   a w ' sc '

(11)

using mixing ratios, rather than densities or mole fractions, accounts for air density effects on
fluxes (Webb et al. 1980). No linear detrending of HF data was performed. The overbar and
primes denote half-hourly mean and fluctuations from the mean, respectively. Three coordinate
rotations were performed on the wind vector components for each half hour, making half-hourly
̅ = ̅= 0, in order to align u parallel to the mean wind direction and w normal to the mean wind
streamlines (Aubinet et al. 2000). Sensible heat flux was calculated as the covariance of w and Ta
measured by the sonic anemometer and the covariance of the w and Ta measured by the fine wire
thermocouple. Net ecosystem exchange (NEE) of CO2 was calculated as the sum of Fc and the
rate of CO2 storage change in the air column (Fs) between the height of the Fc measurement (h)
and the soil surface, i.e., NEE = Fc + Fs. Fs was calculated as the change in the average CO2
mixing ratio (∆sc) between the half hours immediately before and after the given half hour,
divided by the change in time (∆t = 1hr = 3600s), and multiplied by ⍴a and h, i.e., Fs =

⍴ah(∆sc/∆t). Net ecosystem productivity (NEP) was calculated as NEP = -NEE. Nighttime NEE
values, under well mixed conditions, i.e., u*> u*threshold, were assumed equal to ecosystem
respiration (Re) and were used to develop an annual exponential relationship between Re and Ts
and Re, which was used to estimate daytime Re. Gross primary productivity (GPP) (often referred
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to as gross ecosystem photosynthesis, GEP) was calculated by adding daytime NEP to daytime
Re, i.e., GPP = NEP + Re. GPP gaps were filled using a Michaelis-Menten (rectangular
hyperbolic) relationship between GPP and Q. The u*threshold was found by plotting NEE against u*
and visually determining the u* value at which no further increase in NEE flux values occurred
as u* increased. For comparison of modelled and measured annual E, large gaps in daytime E
were filled using linear regression of E and available energy (A), whereas small gaps of two
hours or less were filled using simple linear interpolation.
Data quality assurance (QA) was enhanced through the following measurement
replications, suitable for data gap filling, and routine comparison of key variables: 1) Two HF
measurements of Ta were provided by the CSAT3 (speed of sound) and chromel-constantan
thermocouple, and a third, the half-hourly Ta measurement, was provided by the HMP35-C
sensor; 2) Half-hourly RH was measured by the HMP35-C sensor and derived using the H2O
mixing ratio from the IRGA; 3) Half-hourly wind speed and direction were replicated using the
CSAT 3 and Windsonic anemometers; 4) Downwelling Q was measured by the LI-190 and
routinely compared with downwelling shortwave radiation measured from the CNR-4 sensor
since the ratio is relatively constant. Data quality control (QC) was achieved through three stages
of data cleaning: 1) First stage “cleaning” involved rejecting HF data if EC instrument diagnostic
flags occupied >30% of HF time series or if they exceeded reasonable minimum and maximum
bounds on measurement values. Half hourly flux spikes, not removed by the aforementioned
method, were also visually inspected and rejected if HF data deviated from the general time
series (i.e. non-stationary); 2) Second stage cleaning involved combining data logger calculated,
UBC calculated and replicate fluxes, climate and soil values in order to create a near-complete
annual dataset; 3) Final calculations (i.e. Re, GPP, air-column CO2 storage) were performed in
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the third stage cleaning after small gaps, not filled in second stage cleaning, were filled using
linear interpolation, mean diurnal variation or regression methods. All data cleaning,
calculations and analysis were performed in MATLAB® (The MathWorks, Inc.).
3.5

Water balance
The site water balance is expressed simply as

P  E  W  Dr

(12)

where P (mm) is precipitation calculated by adding the calculated increment in snow water
equivalent (SWE) and rain-gauge measured rainfall, E (mm) is evapotranspiration measured
using the EC method, and ∆W (mm) is the root depth integrated water storage change calculated
using measured θ data as follows:  (ni 1)i zi , Dr (mm) is the drainage below the root zone
calculated as a residual of the water balance ( Dr  P  E  W ). Since ∆W is often negligible,
especially when measured over an annual cycle, the water balance equation can be reduced to Dr
= P – E (Jassal et al. 2013). This simplification implies that in situations when P exceeds E
drainage is positive, meaning water is flowing downward out of the root zone, and when E
exceeds P drainage is negative, indicating water is flowing upward into the root zone (capillary
rise). Due to the limited number of site visits that could be made to maintain drainage sensors
and tensiometers, no direct measurement of Dr was made in this study.
3.6

Canopy and boundary layer characteristics
LAI was estimated using an empirical relationship found by Barr et al. (2004) correlating

LAI with the ratio of Q reflectance and shortwave radiation reflectance, 𝜌Q/𝜌S, for trembling
aspen. Daily values of 𝜌Q/𝜌S were calculated as the mean of four half hourly 𝜌Q/𝜌S values during
the daytime, two before and two after 12 pm (local), which removed reflectance’s when the
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elevation angle of the sun was low. Linear interpolation of daily values was used to fill nonrepresentative daily values, suitably for modelling work.
The aerodynamic conductance (Ga) for sensible heat and mass transfer, corrected for
atmospheric stability effects, was calculated as:

1 u / u*  2 / k   m  h  / k

Ga
u*

(13)

where k is the von Karman constant (=0.40), u is the wind speed, u* is friction velocity and ψm
and ψh are the stability correction factors for momentum and sensible heat, respectively
(Brümmer et al. 2012; Garrett 1978). The stability correction factors were calculated using
Monin-Obukhov similarity theory (Monteith and Unsworth 2008). The zero plane displacement
height (d) was calculated once each year as 2/3 of the canopy height (h), and was subtracted from
instrument height (z) to calculate z - d (Campbell and Norman 1998) (Table 3, Appendix A.3).
The degree of coupling between the atmospheric surface layer and vegetation, i.e the relative
control of Ga and Gc on Ec was described using the McNaughton and Jarvis (1983) decoupling
coefficient, given as:



s /  1
s /   1  Ga / Gc

(14)

in which  approaches unity as Gc >>>Ga implying the atmospheric surface layer and canopy
are highly decoupled, and Ga dominates control over Ec. In the opposite case, where Gc <<<Ga,
 approaches zero indicating Ec is controlled by Gc and that the atmospheric surface layer and
canopy are highly coupled.
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4

Results

4.1

Weather
During the study period, average Ta at HP09 (Figure 1) was less than at HP11 (3.8 and

4.6 oC, respectively), yet the coldest seven-day period, in January 2013 (Figure 2), and the
coldest half-hourly Ta value of -38.4 oC, were observed at HP11.

Figure 1: Climate variables at HP09 from the beginning of measurement in May 25, 2010 to Dec
31, 2013. Panel a) shows daytime 7-day average downwelling photosynthetically active radiation
(Qd). In panel b) the bold and thin lines represent 7-day average air temperature (Ta) and soil
temperature (Ta), respectively. Panel c) shows 7-day precipitation (P) and panel d) shows 7-day
average wind speed (u).
During each growing season the shallowest depth Ts measurements at HP09 and HP11
(positioned at 5 and 3 cm, respectively) were similar to and exceeded Ta at certain times (Figures
1 and 2), which is attributable to low LAI and consequently a relatively high proportion of bare
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soil at times (shortly after planting and before leaf emergence or after leaf senescence in each
year, and following tillage) throughout the study. The onset of snow in winter caused Ts to
decouple from Ta (Figures 1 and 2), due to insulative properties of snow, allowing Ts to remain
near freezing (0oC) until snowmelt in spring. In contrast, during the winter of 2011/2012 late
onset (mid to late November) and a shallow snowpack at both sites caused Ts to stay coupled
with Ta through much of the winter (Figures 1 and 2).

Figure 2: Climate variables at HP11 from the beginning of measurement in June 3, 2011 to Dec
31, 2013. Panel a) shows daytime 7-day average downwelling photosynthetically active radiation
(Qd). In panel b) the bold and thin lines represent 7-day average air temperature (Ta) and soil
temperature (Ta), respectively. Panel c) shows 7-day precipitation and panel d) shows 7-day
average wind speed (u).
Precipitation fell mainly as rainfall between May and August at both sites, but predominantly in
June and July at HP09 and May and June at HP11, typically followed by a dry period in August
21

and July at the respective sites (Figures 1 and 2). Each year during July there was an abrupt
reduction in u (Figures 1 and 2), which was on average higher at HP11, 2.9 m s-1, than at HP09,
2.2 m s-1, during the study period.
4.2

Surface properties and energy balance

4.2.1 Seasonal and diurnal energy balance components
Rn at both sites typically peaked after the summer solstice in late June through much of
July (Figures 3 and 4), temporally adjacent to troughs in Rn associated with reduced downwelling
shortwave radiation (Sd) resulting from cloud cover during frequent large storm events during the
growing season. As expected, the timing of snowmelt during spring had a large impact on the
growing season length because snowmelt decreased surface albedo allowing G to become
positive and provide heat necessary for leaf emergence and plant growth (Figure 3 and 5). As
LAI and understory vegetation height began to increase during the growing season resulting in a
decrease in G from its peak in spring, which typically occurred 2 weeks after snowmelt. The
growing season ended in late September or early October due to the decline of Sd and Ta, which
causes Rn and G to become negative as the soil surface emits heat accumulated throughout the
growing season (Figures 3 and 5). At both sites the Bowen ratio (), the ratio of H to E,
maintained a value close to 1 following snowmelt, indicating that A was partitioned evenly
between H and E, after which  clearly deviated from 1 (Figure 3 and 5). At HP09, during leaf
emergence  declined rapidly as E began to dominate H with abrupt increases in  occurring
during cultivation events and dry periods throughout the growing season, particularly in 2013
(Figure 3). At HP11, leaf emergence was delayed, particularly in 2012, and caused  to exceed 1
until leaf emergence when it declined, but rarely below a value of 1 (Figure 5).
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Figure 3: Energy balance components and surface properties at HP09 from the beginning of
measurement in May 25, 2010 to Dec 31, 2013. In panel a), the dotted and solid lines represent
7-day average net radiation (Rn) and soil heat flux (G), respectively. In panel b), snow depth
measured by the CSI SR50 near the flux tower is shown. In panel c), the dotted and solid lines
represent 7-day average sensible heat flux (H) and latent heat flux (E), respectively. In panel d),
the bold and thin line represent leaf area index (LAI) and understory vegetation height (heightus),
respectively.
Throughout the study  at HP09 was consistently below 1, reaching values as low as 0.1,
whereas  at HP11 was consistently above 1, reaching values as high as 2 for much of 2011,
mainly due to drought, followed by a steady decline in subsequent years as the plantation became
established and E became more dominant (Figures 4 and 6).The aforementioned differences
observed between  at HP09 and HP11 can be in part attributed to differences in LAI.
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Figure 4: Comparison of diurnal energy balance components at HP09 from August 3 or 4 of each
year during the study period, which started May 25 2010 and ended Dec 31, 2013. Blue, red,
green and teal lines represent net radiation (Rn), latent heat flux (E), sensible heat flux (H) and
soil heat flux (G).
During the 2nd year of growth at HP09 and HP11, 2010 and 2012, respectively, LAI was highest
at HP11 but in the 3rd year of growth, 2011 and 2013, respectively, LAI was higher at HP09
(Figures 3 and 5). The maximum LAI was achieved during July of each year, reaching a
maximum for all years of 2.3 and 1.7 m3 m-3 at HP09 and HP11(Figures 3 and 5), respectively,
with subsequent declines in LAI due to cultivation events, and/or senescence, which varied
temporally from year to year.
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Figure 5: Energy balance components and surface properties at HP11 from the beginning of
measurement in June 3, 2011 to Dec 31, 2013. In panel a), the dotted and solid lines represent 7day average net radiation (Rn) and soil heat flux (G), respectively. In panel b), snow depth
measured by the CSI SR50 near the tripod is shown. In panel c), the dotted and solid lines
represent 7-day average sensible heat flux (H) and latent heat flux (E), respectively. In panel d),
the bold and thin lines represent leaf area index (LAI) and understory vegetation height
(heightus), respectively.
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Figure 6: Comparison of diurnal energy balance components at HP11 from August 3 or 4 of each
year during the study period, which started June 3, 2011 and ended Dec 31, 2013. Blue, red,
green and teal lines represent net radiation (Rn), latent heat flux (E), sensible heat flux (H) and
soil heat flux (G).
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4.2.2 Energy balance closure
At HP09, the growing season (May 1 to September 30) EBC was consistently good, i.e.,
close to unity, for all years during the study (Figure 7), where in 2010, 2011, 2012 and 2013 the
growing season values of EBC were 0.93, 0.91, 0.87 and 0.92 (Figure 7), respectively. On the
other hand, the slope of the regression line (H + E vs. A) was always less than the EBC,
equalling 0.70, 0.82, 0.77, 074, and the y-intercepts were large, equalling 21.8, 9.6, 11.3 and 24.0
W m-2, respectively. At HP11, the energy balance closure fraction was consistently poor, never
achieving an energy balance closure fraction over 0.70, measured as 0.67, 0.66 and 0.65 during
2011, 2012 and 2013 (Figure 8). Unlike HP09 the slopes of the regression lines each year, 0.62,
0.62, 0.60 were of equal magnitude to the EBC and the y-intercepts were relatively small,
equalling 7.5, 4.2, 5.4 W m-2 in 2011, 2012 and 2013, respectively.
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Figure 7: Energy balance closure (EBC) at HP09 during the growing season (May 1 to
September 30) for all years. Dots represent half-hourly flux measurements and the solid and
dashed lines are the 1:1 and regression lines, respectively. Also shown are the annual value of
EBC and the linear regression equation (with the coefficient of determination). T is H + E.
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Figure 8: Energy balance closure (EBC) at HP09 for all years. Dots represent half-hourly flux
measurements and the solid and dashed lines are the 1:1 and regression lines, respectively. Also
shown are the annual value of EBC and the linear regression equation (with the coefficient of
determination). T is H + E.
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4.3

Surface conductance

4.3.1 Seasonal and annual surface conductance
The seasonal patterns of surface conductance (Gs), calculated using the inverted PenmanMonteith equation, were consistent from year to year at both sites but there were clear
differences between sites, particularly during the growing season (Figure 9a).

Figure 9: Panel a) shows 7-day average time series of daytime surface conductance (Gs) at HP09
(blue lines) and HP11 (red lines), during all years of the study. Half-hourly time series of leaf
area index (LAI) and relative water content (r) are shown in panels a) and b), respectively.
During the snow covered dormant season (October 1 –April 30), HP09 and HP11 had similar Gs
values (Figure 9a), most noticeably during winter 2011/2012, which can be expected given
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climate and surface characteristics are similar at both sites during these periods (Figures 1 and 2).
Typically, during the late dormant season (March 1 – April 31), Gs spiked, likely a result of
sublimation and/or Es, as Ts near the soil surface approached zero, but quickly declined as
relative soil water content (r) near the surface declined (Figure 9a and 9c). At both sites, after
leaf emergence, Gs and LAI were correlated and increased linearly until both LAI and Gs reached
their maximum, typically in July, after which Gs declined sharply due to reduced r resulting
from high E and dry atmospheric conditions during late June and early July (Figure 9b). At HP09
intermittent rainfall in late July and early August allowed Gs to increase again which sustained
HP, and understory regrowth after cultivation events, along with LAI until early September each
year. At HP11 early rainfall (May) and a lack of summertime rainfall caused r and Gs to decline
through July and August, especially in 2012, inducing early senescence which can be seen
through decreasing LAI and understory regrowth after cultivation. In 2013, HP11 received less
early rainfall and more summertime rainfall than in 2012 resulting in less vigorous growth and
LAI development during late June and early July, but more sustained growth and LAI
development in August and early September.
4.3.2 Controls on surface conductance
Gs had a strong dependence on Q and D at HP09 and HP11 (Figures 10 and 11,
respectively), but dependence on θ was less clear. Figure 11a shows that at low D (<1 kPa), Gs
increased almost linearly with Q, indicating that Gs was limited by Q during conditions when D
was low, but at medium (1-2 kPa) and high (>2 kPa) D, Gs began to plateau as Q reached high
levels. This plateauing is indicative of stomatal closure response and/or a soil-surface mulching
effect induced by warm and dry atmospheric conditions. This can also be seen at low Q (0-500

mol m-2 s-1) at HP09 (Figure 10b), but more interestingly at all Q levels at HP11 (Figure 11b).
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At HP09, despite Gs increases observed at D < 0.3 kPa, Gs generally declined exponentially with
increased D (Figure 10b), but at HP11 Gs declined linearly with increased D (Figure 11b).

a)

b)

Figure 10: Surface conductance (Gs) dependence on photosynthetically active radiation (Q) and
vapour pressure deficit (D) during the 3rd growing season (May-Sept) at HP09. Q and D are
stratified into low (black line), medium (blue line) and high (red line) values: Q; 0-500, 5001500, >1500 mol m-2 s-1 and D; 0-1, 1-2, >2 kPa, respectively.
Noting the difference in scale on the vertical axes in Figures 10 and 11 it is clear Gs at HP11 was
systematically lower than at HP09. I hypothesize that reduced Gs at HP11 was a result of drought
stress (Figure 9c) that occurred immediately after plantation establishment, which has had a
lasting impacted on stomatal conductance in the following two years.

32

a)

b)

Figure 11: Surface conductance (Gs) dependence on photosynthetically active radiation (Q) and
vapour density deficit (D) during the 3rd growing season (May-Sept) at HP11. Q and D are
stratified into low (black line), medium (blue line) and high (red line) values: Q; 0-500, 5001500, >1500 umol m-2 s-1 and D; 0-1, 1-2, >2 kPa, respectively.
4.4

Canopy and surface conductance model

4.4.1 Canopy conductance model
Modelled Gc, calculated using Eq. (3), increased linearly with LAI as it increased from 0
to almost 3 during medium (1000 mol m-2 s-1) and high Q conditions (2000 mol m-2 s-1), but it
only increased linearly with LAI up to an LAI of 2 during low Q conditions (200 mol m-2 s-1)
(Figure 12) .
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Figure 12: Modelled canopy conductance (Gc) as a function of LAI for low (200 umol m-2 s-1),
medum (1000 umol m-2 s-1) and high (2000 umol m-2 s-1) Q, represented by the blue, green and
red lines, respectively. Panels a, b and c represent the modelled Gc at low (1 kPa), medium (2
kPa) and high (3 kPa) D, respectively. gsmax, kQ, Q50 and D50 were held constant at 14 mm s-1,
0.60, 200 umol m-2 s-1 and 1 kPa, respectively.
At all levels of Q and D, Gc began to plateau as LAI exceeded a value of 3, indicative of a Q
saturation effect within the canopy (Figure 12). Conceptually, as LAI increases so too does
interception of Q near the top of the canopy, providing an optimal light regime, which allows
stomata of those leaves to achieve high stomatal conductance. Conversely, due to increased Q
interception, stomata on leaves lower in the canopy and close to the bole will receive less Q,
preventing the stomata from achieving high stomatal conductance. The Gc model achieves its
maximum values, at all Q levels, when D is low (1 kPa) and declines systemically as D increases
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toward medium (2 kPa) and high (3 kPa) D (Figure 12). This behavior of the model describes the
diminished stomatal conductance resulting from stomatal closure when D is high, which is
observable in the data (Figures 10b and 11b).
4.4.2 Diurnal and seasonal performance of the surface conductance model
Modelled Gs, calculated using Eq. (7), showed good seasonal and diurnal agreement with
Gs calculated from the inverted PM equation, using EC-measured E at both HP09 and HP11
(Figures 13, 14 and 15). Each spring (April and May) during the snow free period, pre-leafemergence period and the beginning of leaf development, D was generally low (< 1 kPa) and the
diurnal behavior of Gs, both PM calculated and modelled, was correlated with Q and more
explicitly with As (results not shown). This behavior is expected for PM calculated Gs, given that
our dataset showed that Gs increased linearly with Q when D was low (< 1 kPa) (Figures 10 and
11), and for modelled Gs by recognizing that when LAI is zero Eq. (6) reduces to Eq. (4) with As
= A. Figure 13 shows that during the month of May in the 3rd growing season at HP11, in which
LAI was low and developing, both D and measured and modelled Gs peak near 12:00 Central
Standard Time (CST) with D imposing only slight restrictions on Gs in the afternoon, creating an
almost symmetric increase and decrease in Gs through the morning and late-afternoon,
respectively. Diurnal symmetry was not observed in the 3rd growing season during the month of
May at HP09, but instead a sharp increase in Gs observed before 10:00 Mountain Standard Time
(MST) was followed by a steady decline in Gs, as D began to peak in the afternoon (Figure 13).
These observable differences in Gs during May of the 3rd growing season at HP09 are indicative
of a stomatal closure response after noon attributable to higher LAI and D compared to HP11
(Figure 13). At both sites, Gs increased through June, when there were discrepancies between
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measured and modelled Gs values, until reaching its highest values in July, when there was
excellent agreement between measured and modelled Gs.

Figure 13: Panel a) shows ensemble monthly averages of daytime measured (PM calculated)
(red) and modelled (blue) surface conductance at HP09 (dots) and HP11 (open circles), during
the 3rd growing season (1 May – 30 Sept). Panel b) shows ensemble monthly averages of D at
both sites.
The diurnal cycles of Gs during June, July and August were similar between sites despite clear
differences in LAI and D, characterized with morning Gs maxima of 9-12 and 11-16 mm s-1,
occurring at 8:00 and 6:00 CST in each month for HP11 and HP09, respectively, followed by an
abrupt continuous decline into the afternoon and evening hours (Figure 13). In the month of July,
throughout the study period, a clear difference gradually developed between sites regarding the
diurnal cycle of Gs. During July, measured and modelled Gs at HP11 maintained the typical
aforementioned diurnal cycle but at HP09, instead of immediately beginning a steady decline
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after the morning maximum, held the maximum near 12-14 mm s-1 until 12:00 MST, which I
attribute to a site specific soil and atmospheric moisture between sites (Figure 13). Throughout
the ~4 year study period, June and July rainfall was greater at HP09, (140 and 130 mm,
respectively) in the 3rd season (Figure 1), which resulted in the average daytime maximum D
remaining low (near 1 kPa) through June and July (Figure 13). In contrast, June and July rainfall
at HP11 during the 3rd season was low (Figure 2) (50 and 110 mm, respectively), resulting in
consistently higher D with the average daytime maximum near 1.5 kPa, and lower Gs during the
peak growing season (Figure 13). During August Gs began to decline at both sites as the average
daytime maximum D reached a yearly maximum equal to or greater than 1.5 kPa. Regarding the
performance of the Gs model, discrepancies between measured and modelled Gs observed in
August closely resembled those in June (Figure 13). Of all the five growing season months
average daytime maximum Gs was lowest in September, only achieving a maximum value of 5-8
mm s-1, and was characterized by a diurnal cycle more similar to May than the other three
growing season months.
Figures 14 and 15 compare measured and modelled Gs for a selected day from each
growing season for HP09 and HP11, respectively. Both figures show that the Gs model performs
well in reproducing the diurnal course of Gs. The model clearly accounts for the strong
controlling effect of D.
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Figure 14: Diurnal measured (blue line) and modelled (red line) surface conductance (Gs) for one
day from each growing season at HP09. Also shown are PAR (Q) and vapor pressure deficit (D).
(second to fifth years of growth)
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Figure 15: Diurnal measured (blue line) and modelled (red line) surface conductance’s (Gs) for
one day from each growing season at HP11. Also shown are PAR (Q) and vapor density deficit
(D). (first to third years of growth)
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4.4.3 Diurnal and annual evapotranspiration partitioning
Figures 16 and 17 show the measured and modelled diurnal courses of E at HP09 and
HP11 that correspond to the Gs values for the same days shown in Figures 14 and 15,
respectively, and also show values of Es and Ec calculated using Eqs. (4) and (2), respectively.
Unlike Gs, which typically peaked in the morning, E typically peaked between 12:00 and 14:00
(MST or CST) when both Rn and Gs were high, with the maximum daily measured E throughout
the study being 8.4 and 7.8 mm d-1 at HP09 and HP11, respectively.

Figure 16: Diurnal measured (blue line) and modelled (red line) E, one day from each growing
season at HP09. Also shown are Es (black asterisks) and Ec (dotted green line) components
derived from the model. (second to fifth years of growth)
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Based on the diurnal cycle of the modelled E, Es and Ec in Figures 16 and 17 the tendency for E
to peak after noon is due to prolonged Ec rather than Es indicating the surface boundary layer and
the canopy are highly coupled. In contrast Es typically peaked when Rn peaked, which occurred
shortly before or at noon. Figure 17 shows a clear example during 2 September, 2011 at HP11,
when the ground was bare, where Es and E are very similar and decline steadily after noon rather
than sustaining into the afternoon, as seen in subsequent years with vegetation.

Figure 17: Diurnal measured (blue line) and modelled (red line) E, one day from each growing
season at HP11. Also shown are Es (black asterisks) and Ec (dotted green line) components
derived from the model (1st to 3rd years of growth).
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The degree of coupling between the surface boundary layer and the surface (i.e., value of the
decoupling coefficient,  also changed seasonally, particularly after the 1st year of growth,
maintaining a high value during the snow and pre-leaf-emergence period (i.e.,  high), when Es
dominated E, followed by a gradually lower value as the LAI and Ec became a larger proportion
of E. At HP09, E was partitioned almost equally between Es and Ec in the 2nd growing season
(2010), but in the subsequent 3rd, 4th and 5th growing seasons Ec dominated the E flux, exceeding
Es during the growing season and annually, as Ec increased and Es decreased every year after HP
establishment. In the 1st growing season at HP11 Es accounted for 202 mm of the 204 mm total E
measured between 8 August and 31 Dec, 2011, with only 2 mm occurring as Ec. Despite Ec
increasing in magnitude in the following 2nd and 3rd growing seasons at HP11, Es remained
dominant over Ec, which only accounted for 153 mm of the 364 mm total E flux in the 3rd
season. On an annual basis total daily daytime E calculated, by substituting Gs from the Gs model
(Eq. (9)) into the Penman-Monteith equation, showed good agreement at both sites with total
daily daytime E measured using the EC technique but clearly agreement was better at HP09
compared to HP11 (Figures 18 and 19). During all four years at HP09 measurements and
modelled annual agreement was excellent, with the slope of the regression exceeding 0.85 every
year (Figure 18). At HP11, annual agreement between measured and modelled daily E was
poorer, particularly during the 1st and 2nd growing season, but steadily improved and eventually
achieved good agreement in the 3rd year of growth.
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Figure 18: Modelled (model) vs. measured (PM) daily E for the growing season (MaySeptember) of all years at HP09. The solid line is the 1:1 line and the dashed red line represents
the regression equation. Also shown is the linear regression equation (with the coefficient of
determination).
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Figure 19: Modelled (model) vs. measured (PM) daily E for the growing season of all years at
HP11. The solid black line is the 1:1 line, and the dashed red line represents the regression
equation. Also shown is the linear regression equation (with the coefficient of determination).
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The sensitivities of E, Ec and Es to changes in kA, kQ, Q50 and D50 are shown in Figure 20.
It is clear that E is insensitive to changes in kA, but the partitioning of E into Ec and Es is highly
sensitive to changes in kA. Similarly, E is relatively insensitive to changes in kQ but, unlike kA, kQ
has no effect on the value of Es and has a non-linear effect on the value of Ec. Q50 and D50 also
have no effect on the value of Es but, when changed, Q50 and D50 have a large impact on the
value of Ec and subsequently E. This is expected given that Q50 and D50, along with kQ, are
restricted to the Gc model (Eq. (3)) and have no consequence for the value of Es.

Figure 20: Sensitivity of growing season (May 1 – Sept 30) E (blue line), Ec (green line) and Es
(red line) to model parameters kQ, kA, D50 and Q50 during the 4th year of growth at HP09 while
maintaining model parameters gsmax, f and LAI constant at values given in Table 1.
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4.5

Annual water balance and water use efficiency

4.5.1 Water balance
Figures 21 and 22 show all components of the annual water balance (P = E + ∆W + Dr)
for all years of the study at HP09 and HP11, respectively. During the course of the study, P and
E at both sites were similar in magnitude and up until the 2nd year of growth positive annual
drainage from the root zone were calculated at both sites, and even during the 3rd year of growth
at HP11. At HP09, negative annual drainage (capillary rise) was calculated during the 3rd year of
growth, after which in the 4th year the site received 541 mm of P, well above the 30-year annual
average, and drainage became slightly positive given that E was 485 mm at the site. During the
5th year HP09 received 334 mm of P, below the 30-year annual average of 364 mm, and
remarkably the total annual E measured at the site using the EC technique far exceed annual P,
equalling 462 mm.
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Figure 21: Annual (Jan 1 –Dec 31) water balance at HP09 from the beginning of measurement in
May 25, 2010 to Dec 31, 2013. Precipitation (P) and change in soil water storage (∆W), in panel
b) and c), respectively, are constant each year for water balance calculations, represented by a
single bar in each year. In panel a) the three color bars, blue, green and magenta, represent E
measured (no EBC correction), E measured (with EBC correction) and modelled E, respectively,
with the same colors representing the drainage calculated using the respective values of E.
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Figure 22: Annual (Jan 1 –Dec 31) water balance at HP11 from the beginning of measurement in
June 3, 2011 to Dec 31, 2013. Precipitation (P) and change in soil water storage (∆W), in panel
b) and c), respectively, are constant each year for water balance calculations, represented by a
single bar in each year. In panel a) the three color bars, blue, green and magenta, represent E
measured (no EBC correction), E measured (with EBC correction) and modelled E, respectively,
with the same colors representing the drainage calculated using the respective values of E.
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4.5.2

Carbon balance
NEP at both sites remained negative, a source of C, until the end of the 2nd year of

growth. Annual NEP at HP11 was estimated to be -160 g C m-2 y-1 for the 1st year, measured as 88 g C m-2 between May 8 and Dec 31, 2011, whereas NEP was not measured at HP09 during
the 1st year of growth (Figure 23). During the entire 2nd year of growth HP09 was a strong source
of C with an estimated NEP of -140 g C m-2 y-1, based on measured NEP of -64 g C m-2 between
June 1 and Dec, 2010 (Figure 23).

Figure 23: Panels a) and b) show the cumulative net ecosystem productivity (NEP) at HP09 and
HP11, respectively, during all years of the study period. The 1st, 2nd, 3rd 4th and 5th years of
growth after HP establishment are represented by the red, blue, black, green and cyan lines,
respectively.
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In contrast, HP11 was a small C sink during June and July of the 2nd year as LAI increased
rapidly and GPP began to exceed Re, but slowly became a small C source as GPP declined
during September, October, November and December, with annual NEP equalling -22 g C m-2 y1

(Figure 24 and Table 2). In the 3rd year of growth, both plantations became C sinks, when NEP

was measured as 110 and 95 g C m-2 y-1 at HP09 and HP11, respectively (Figure 24 and Table
2). At HP09 during the 4th and 5th years of growth, for which there are no matching data from
HP11, NEP increased continuously and was measured as 186 and 307 g C m-2 y-1, respectively
(Figure 24 and Table 2).

Figure 24: Annual sums of NEP, GEP and Re during each year of growth at HP09 (blue
asterisks) and HP11 (green asterisks).
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4.5.3 Water use efficiency
Annual water use efficiency, calculated as GPP/E, increased every year after plantation
establishment at both HP09 and HP11. In the 1st year of growth at HP11, for which there are no
matching data from HP09, GPP and WUE were low, measured as 64 g C m-2 y-1 and 0.43 g C
kg−1 H2O, respectively (Table 2).
Table 2: Annual NEP, GPP, Re, E and WUE at both sites for each year of the study period.
Year
Site
2010
2011 2012
2013
Year of growth
2nd
3rd
4th
5th
NEP (g C m-2 y-1)
-64*
110
186
307
GPP (g C m-2 y-1)
352*
851
990
856
-2 -1
HP09
Re (g C m y )
416*
741
804
549
E (mm)
276*
437
485
462
WUE (g C kg−1 H2O)
1.31*
1.95
2.04
1.86
Year of growth
1st
2nd
3rd
NEP (g C m-2 y-1)
-88*
-22
95
-2 -1
GPP (g C m y )
64*
351
604
HP11
Re (g C m-2 y-1)
152* 373
509
E (mm)
149* 266
242
−1
WUE (g C kg H2O)
0.43* 1.32
2.5
* Indicates values were measured or calculated from the beginning of measurement, rather than
on an annual basis, which was June 1, 2010 and May 8, 2011 at HP09 and HP11, respectively,
until the end of the calendar year (Dec 31).
Annual values

In the 2nd year GPP and WUE increased dramatically to 351 g C m-2 y-1 and 1.32 g C kg−1 H2O at
HP11 and was strikingly similar at HP09, equalling 352 g C m-2 y-1 and 1.31 g C kg−1 H2O. In
the 3rd growing season, the sites began to differ substantially regarding GPP and WUE (Table 2).
At HP09, GPP was higher in the 3rd year of growth compared to HP11 with annual values equal
to 851 and 604 g C m-2 y-1, respectively, but the WUE was lower at HP09 compared to HP11,
equalling 1.95 and 2.5 g C kg−1 H2O, respectively (Table 2). At HP09, in the 4th growing season
GPP and WUE increased to values of 990 g C m-2 y-1 and 2.04 g C kg−1 H2O, but unexpectedly
GPP decreased in the 5th year of growth to 856 g C m-2 y-1 and a decrease in WUE was observed
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at 1.86 g C kg−1 H2O (Table 2). The observed decline in GPP during the 5th year at HP09 is likely
the result of a fungal infection (Cytospora sp.), which was visually identifiable during all of 2013
and killed 100% of the terminal stems on the HP individuals in the plantation, reducing LAI and
consequently GPP and E.
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5

Discussion

5.1

Surface and canopy conductance model
Good agreement was found during the first 5 years after HP afforestation between E

measured using EC and E calculated using the Gs model, which treats latent heat flux from the
plant canopy (Ec) and soil surface (Es) as two separate evaporation streams using the PM and
modified equilibrium evaporation equations, respectively (Kelliher et al. 1995; Leuning et al.
2008). A two-source model seems appropriate in most circumstances but particularly in this
study by virtue of the highly dynamic nature of newly established afforestation systems, that are
often characterized by high proportions of bare ground and variability in LAI, both seasonally
and annually. With the same Gs model, modified to include an optimized static soil moisture
function (f), Leuning et al. (2008) found good agreement between measured and modelled E at
15 globally distributed flux stations, encompassing coniferous, deciduous, mixedwood,
grassland, crop and wetland sites, demonstrating the robust nature of the PM equation. Given
that Gs is considered to apply to two surfaces (i.e., trees and soil) rather than one, “bulk” surface,
the challenge lies in parameterizing a Gc sub-model and a soil evaporation sub-model. Rather
than modelling Gc using a Jarvis-Stewart least squares approach in which empirical relationships
are determined between Gc and chosen micrometeorological/soil variables (Stewart 1988:
Stewart and Gay 1989) or a more process-based approach which incorporates carbon (C)
assimilation into parameterizing Gc like the Ball-Woodrow-Berry model (Ball et al. 1987;
Blanken and Black 2004), I used a maximum stomatal conductance (gsmax) approach derived to
describe the cumulative leaf level physiological response of individual stomata to varying
photosynthetically active radiation (Q) as a function of cumulative leaf area index through the
canopy (Dolman et al. 1991; Saugier and Katerji 1991). This approach is attractive for
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modelling Gc because in accounts for changing stomatal conductance depending on depth in the
canopy. It takes advantage of gs measurements that were taken at various positions within the
canopy (low, mid and high), using a porometer, which have shown stomata high in the canopy
may achieve gs closer in value to gsmax, a physiological maximum, whereas stomata lower and
deeper in the canopy envelope receiving less Q will not (Ceulemans et al. 1988; Dolman et al.
1991; Meinzer et al. 1997; Kim et al. 2008). Given that a hyperbolic dependence of Gs on D was
observed in my data and is well documented across various vegetated surfaces in the literature
(Stewart 1988; Wu et al. 2000; Humphrey et al. 2003; Blanken and Black 2004) a hyperbolic
expression was used in the Gc model, in a multiplicative manner, following Leuning (1995). The
incorporation of a D expression which assumes the same D throughout the canopy represents a
limitation of the model, as it fails to account for changes in D associated with canopy closure and
a well-developed understory (Dolman et al. 1991; Blanken and Black 2004). Another
consideration for the Gs model used in this study is the need to properly differentiate and apply
separate treatments of Ga for the “bulk” surface and for the plant canopy (say, Gac), as they are
likely to be different. Black and Kelliher (1989) were able to accurately describe the boundary
layer conductance of individual leaves and subsequently the plant canopy Gac of a Douglas fir
understory, and such an approach may improve model performance particularly in highly
coupled canopies. Nevertheless, no such treatment was applied in this study or others that use the
same Gs model with the argument that E is relatively insensitive to changes in Ga (Kelliher et al.
1995; Leuning et al. 2008; Zhang et al. 2008). Dependencies of Gs on soil water near the soil
surface were incorporated into the Es term of the Gs model, using a relative water content
function, yet no such dependency was applied to the Ec term and may become increasing
relevant regarding transpiration limitation in drought prone regions (e.g., Harris et al. 2004).
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Despite the aforementioned shortcomings of the Gs model, which could be verified without
serious alteration of the Gs model, the model was remarkably robust, following the complexities
of PM calculated Gs over fine temporal scales (half-hourly and daily), attributable to the
physiological based Gc sub model. Another important attribute of the Gs model is the fact that
EC measurements were not needed to parameterize the model, which frees the Gs model from
empirically drawn relationships. Overall, The Gs model was highly sensitive to changes in LAI
and gsmax but highly insensitive to changes Q50, D50, kQ, kA.
5.2

Energy balance
Lack of energy balance closure, the failure of the sum of the EC measured convective

fluxes (E + H) to equal the available energy flux at the surface (Rn – G – S), is prevalent and
well documented at flux stations around the globe (Blanken et al. 1997; Wilson and Baldocchi
2000; Wilson et al. 2002; Baldocchi 2003; Foken et al. 2006; Leuning et al. 2008; Kidston et al.
2010; Barr et al. 2012). Lack of closure may occur for several reasons: 1) errors and/or lack of
representativeness in measurement of: i) Rn, ii) G, iii) convective fluxes H and E, and iv) energy
storage in the biomass, soil and air between the soil heat flux plates and height of measurement;
2) Horizontal or vertical advection of energy resulting from failure to satisfy the one-dimensional
transport, assumed when performing eddy-covariance flux measurements; 3) low and high
frequency spectral losses resulting from short averaging periods and inadequately low sampling
frequency, respectively.
Over a heterogeneous corn (Zea maize) field, Foken et al. (2006) found low frequency
spectral losses resulted in underestimation of E, rather than high frequency spectral losses.
Similarly, Kidston et al. (2010) found low frequency spectral losses may partly explain
underestimation of E over a mature jack pine (Pinus banksiana) stand and found high
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frequency spectral losses associated with attenuation of the water vapour mixing ratio within the
air sampling tube accounted for underestimation of E over a clear-cut jack pine stand and errors
increased with decreasing D. Similarly in my study, when energy balance correction was applied
to E and H fluxes at both flux stations, maintaining the measured Bowen ratio i.e. H/E (Barr et
al. 2012), the magnitude of the correction relative to the uncorrected convective fluxes increased
as D decreased.
Horizontal and/or vertical advection (Novick et al. 2014) of energy, out of or into the
control volume, between the height of convective flux measurement and the soil surface can
result in underestimation of turbulent fluxes, particularly during stable atmospheric boundary
layer conditions at nighttime. At global FLUXNET sites Wilson et al. (2002) found EBC
improved as u* increased, indicating EBC is directly correlated with turbulent mixing. To
overcome underestimation bias associated with stable atmospheric nighttime conditions, a
friction velocity (u*) threshold was empirically determined, which delineated weak and strong
turbulent conditions below and above the u* threshold, respectively, after which all fluxes below
the threshold were excluded from further analysis. At HP09, additional scrutiny of nighttime
fluxes stemmed from the expansion of the source flux footprint which, given insufficient fetch at
HP09, expanded beyond the spatial limits of the HP plantation. In contrast, both sites had
adequate daytime fetch during all years of the study period, based on flux footprint analysis,
which gave me confidence regarding the representativeness of daytime H, Fc, E flux
measurements.
Lack of representativeness of G and Rn were thought to be large sources of error
throughout the study, particularly at HP11. Considering that both sites were cultivated
mechanically, soil heat flux plates were positioned in a designated area to prevent sensor damage
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and were cultivated separately, by hand. Mechanical cultivation of the plantation always
preceded the hand cultivation causing G to be underestimated, because the understory
vegetation: 1) had a dissimilar albedo to that of the soil surface; and 2) absorbed radiation that
would otherwise reach the soil surface and soil heat flux plates. The representativeness errors
associated with Rn were in part a result of instrument positioning and orientation in relation to the
flux tower, rows of HP trees and understory vegetation, particularly at HP11. During the 1st and
2nd growing seasons the trees grew rapidly closer to the initial Rn measurement height of 2 m, at
both sites, which reduced the view factor and representativeness of the Rn measurement. Given
that, in the 3rd growing season, the net radiometers at both sites were raised to a height of 4 and 3
m at HP09 and HP11, respectively, and no increase in energy balance closure fraction was
observed, Rn representativeness errors related to net radiometer height were not likely the cause
of the systematically poor energy balance closure fraction observed at HP11. It is hypothesized
overestimation of Rn and A throughout the study period resulted from the fact that the net
radiometer was positioned too closely to the flux tower at HP11, causing the flux tower to
influence Rn measurements, and that the net radiometer was located above and oriented parallel
to an unplanted row for the duration of the study. This is believed to be the largest source of error
that caused HP11 to achieve such poor energy balance closure year after year, akin to Kidston et
al. (2010) who found, despite errors associated with frequency covariance losses, flux tower
radiative forcing was the largest source of error regarding Rn measurement that caused poor
EBC. For this study no measure of energy storage within biomass was made, and undoubtedly
represents a fraction of the energy balance closure residual, but does not explain the extremely
poor closure at HP11 given HP09 achieved good closure and was subject to the same energy
storage measurement errors. Scaling up from EC measurements, Barr et al. (2012) found that
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correcting H and E, i.e. maintaining the Bowen ratio (Blanken et al. 1997), to close the energy
balance led to water balance closure in the White Gull Creek watershed. Ding et al. (2010) also
found correcting H and E to close the energy balance improved agreement between EC
measured and lysimeter measured E, but given the lack of EBC resulted from a number of errors
in this study, which are not completely understood, EBC corrected fluxes were not used for
annual water and carbon balance calculations, only for qualitative analysis. Regarding modelling
efforts, it is important to note that A, calculated from Rn and G measurements, was an input to the
Gs model and caused errors in Rn and G to propagate through the Gs model which was avoided
by other authors using A calculated from the sum H and E (Leuning et al. 2008). Given that the
utility of the Gs model lay in its ability to predict E, from Rn and G measurements, it seems
more appropriate to use A calculated from Rn and G measurements rather than A calculated from
the sum of EC measured H and E.
5.3

Water balance
The two HP plantations in our study, HP09 and HP11, differed notably regarding the

annual water balance, despite both being planted on class 1 (high productivity) soil and
experiencing similar climate. Water balance analysis showed that annual E and P at HP09 were
similar in magnitude and as a result drainage alternated between positive and negative values
during the first 5 years of growth. At HP11 P exceeded E during the first 3 years of the study
resulting in positive annual drainage, similar to Cai et al. (2011) who found positive annual
drainage during the first 3 years of growth on a far less productive, class 3 (marginally
productive) soil. A plausible explanation for suppressed E at HP11 is the drought conditions that
occurred immediately after plantation establishment at the site in June 2011, which killed ~20%
of the original HP stock, and may have caused xylem cavitation and hydraulic failure in
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surviving individuals. In Colorado, Anderegg et al. (2012) found drought-affected trembling
aspen were less capable of withstanding future droughts due to both abrupt and gradual xylem
fatigue which reduced aspen hydraulic conductivity and productivity. If, early in the lifecycle,
HP xylem were physically damaged during drought conditions at HP11, it may explain the early
senescence observed, correlated with dry conditions in July and August (Figure 2), and
systematically low Gs, GPP and LAI each year at HP11 (Table 2 and Figure 13). In comparison
Gs, GPP and LAI were high at HP09 which received precipitation above the 30-year annual
average and experienced no drought like conditions during the study. As a result, E was large
each year and annual drainage became slightly negative (capillary rise) in only the 3rd growing
season and became largely negative in the 5th growing season, similar in magnitude to negative
drainage measured in semi-arid Inner Mongolia but far exceeding negative drainage calculated in
the 5th growing season on marginal land in Alberta, Canada (Wilske et al. 2009; Cai et al. 2011).
EC measurements between 1994 and 2003 above a mature trembling aspen in the southern boreal
forest of Saskatchewan showed annual P generally exceeded annual E, but during a drought
period between 2001 and 2003 in Canada’s Western Prairie Provinces, E exceeded P resulting in
water table decline and negative drainage equal to ~350 mm during the 3 year drought period
(Barr et al. 2007). Results such as these, and those found in this study reveal the delicate balance
between P and E in the aspen parkland and the boreal forest of Canada. Trembling aspen dieback
has been well documented in North America (Hogg et al. 2005; Hogg et al. 2008; Michaelian et
al. 2011; Anderegg et al. 2012). Reduced drainage has been correlated with large-scale
afforestation (Rijtema and de Vries 1994; Perry et al. 2001), and fresh water sources (glaciers)
are diminishing and major tributaries (rivers) are drying (Comeau et al. 2009; Kienzle et al.
2012; MacDonald et al. 2013). Therefore, water balance studies and evapotranspiration
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modelling efforts are invaluable and necessary to evaluate possible drawbacks regarding largescale HP afforestation effects on groundwater, as well as the possible benefits regarding biomass
and soil C sequestration.
5.4

Carbon balance
Both sites in this study were C sources, i.e., NEP < 0, until the end of the 2nd year of

growth, as Re exceeded GPP. In Belgium, Zona et al. (2013) found HP planted on a sandy loam
soil receiving ~700 mm of annual P quickly shifted to a C sink in the 2nd year of growth, whereas
Cai et al. (2011) found HP planted on silty-clay Luvisolic soil in Alberta, Canada receiving ~350
mm of annual P remained a C source until the 5th year of growth, a drought year, in which the
plantation sequestered a meager 17 g C m-2 y-1. In this study NEP in the 3rd year of growth was
strikingly similar between sites but the magnitudes of Re and GPP were disparate. Drought
supressed GPP at HP11 was correlated with lower Re values indicating GPP was directly
correlated with autotrophic respiration (Ra; Barr et al. 2007), which becomes increasingly
dominant over heterotrophic respiration (Re) as the HP plantations aged (Arevalo et al. 2010;
Arevalo et al. 2011). Both Re and GPP increased each year of the study at both sites except in the
5th year of growth at HP09, when a Cytospora sp. fungal infection was observed and suppressed
both Re and GPP, but GPP to a lesser extent than Re likely due to the uninfected understory
which partially compensated for decline in HP GPP. Although the HP plantations in this study
became C sinks relatively quickly it is important to consider that no measure of C flux was made
during or preceding site preparation, which is an admitted shortcoming of studies akin to ours
(Zona et al. 2013; Verlinden et al. 2013). Another short-coming of this C balance analysis lies in
the lack of data and knowledge regarding soil C sequestration at the two sites, which is
considered a long-term storage medium in relation to biomass. Sierra et al. (2013) found
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agricultural land converted from corn to HP sequestered an average 1.6 Mg C ha-1 y-1 in the soil
during a 30 year rotation, particularly in the top 20 cm of the soil profile, and studies done in
Alberta show conversion of agricultural land to HP causes soil C to decline initially, after which
soil C begins to accumulate with plantation age (Sierra et al. 2013; Arevalo et al. 2010; Arevalo
et al. 2011). Nevertheless the opposite has been reported in some studies. For example, Vesterdal
et al. (2002) found that soil C declined on the top 25 cm of the soil profile and a synthesis of soil
C sequestration after afforestation performed by Nave et al. (2013) found that gains on
agricultural lands were insignificant, but that afforestation on reclamation sites significantly
increased soil C, particularly near the soil surface. Studies like this one are important to quantify
the C balance of whole ecosystems, but it will be important for future efforts to properly quantify
the specific C sinks within ecosystems to assess the long-term soil C sequestration potential of
HP plantations and afforested ecosystems in general.
5.5

Water use efficiency
WUE increased every year of the study at both sites. In the 2nd year of growth, for which

we have measurements from both sites, WUE at the two sites was similar but in the 3rd year of
growth WUE at HP11 was higher than at HP09, despite having a much lower GPP. This is likely
due to the fact that stomatal conductance dynamics affect exchange of CO2 and H2O vapour at
the leaf scale equally. Over a 12 year old HP plantation in Italy, Migliavacca et al. (2009) found
growing season (April to September) WUE was equal to 4.26 g C kg−1 H2O in 2002 (12th year of
growth) and declined to 3.07 g C kg−1 H2O during a drought in the following year (2003). In
contrast, Brümmer et al. (2012) found WUE of a 70-year-old trembling aspen stand showed little
change during the 2001-2003 drought mentioned above, given E and GPP declined
proportionally. This may indicate relatively young HP are more susceptible to changes in soil
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moisture potential than mature native aspen stands, causing their intrinsic water use efficiency
(WUEi = WUED) (Beer et al. 2009) to decline during drought events. Despite WUE increasing
every year after HP establishment it remained relatively unchanged from the 4th to 5th year of
growth at HP09 despite the fact the site experienced no drought conditions, which wasn’t
expected, and may be attributable to a reduction in WUEi as a result of the previously mentioned
Cytospora sp. infection. It will be interesting to see how and investigate why WUE and WUEi
change as HP age as it will enable us to better understand HP response to disturbance and
drought, particularly in a highly dynamic grassland-forest transition zone such as the aspen
parkland.
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6

Conclusions
I parameterized canopy conductance (Gc) and soil evaporation (Es) sub-models which

were subsequently input to a surface conductance (Gs) model that showed excellent agreement
across annual, daily and hourly temporal scales with Gs calculated using the inverted PenmanMonteith (PM) equation and eddy-covariance (EC) measured evapotranspiration (E) above two
HP plantations. Gs calculated from EC flux data showed strong dependence on
photosynthetically active radiation (Q) and vapor pressure deficit (D), but there was a less clear
relationship with soil water. A soil water supply function (f) set equal to the relative soil water
content was incorporated in the Es sub-model which greatly improved E predictions during
leafless periods, but soil moisture effects were not incorporated in the Gc sub-model but may
become increasingly relevant during severe drought conditions as the plantations grow older.
The robust nature of the Gc sub-model allowed the larger Gs model to exemplify the strong
diurnal stomatal closure response and seasonal changes seen in Gs calculated from EC flux data,
without drawing empirical relationships between EC derived Gs and measured variables. A
definite strength of the two-source model was the fact it allowed separate parameterizations of Es
and Ec, enabling accurate predictions of E in an intensively managed and highly dynamic
deciduous ecosystem, accurately predicting Es during the leafless periods of the year and Ec
during spring leaf-out, full-leaf periods and fall senescence. Separate from Gs modelling efforts I
was able to show:


Two HP plantations grown on high productivity (Class 1) Chernozemic soil shifted from
being C sources to C sinks in the 3rd growing season.



Annual E increased with plantation age in proportion to increases in Ec and GPP, and
could exceed P after only three years of growth.
63



WUE increased with plantation age but was independent of productivity given stomatal
controls affect CO2 and H2O gas exchange at the leaf level equally.
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Appendices
Appendix A : Wind rose, flux footprint analysis and site stability parameters
A.1

Wind rose at HP09 and HP11 each year of measurement

Figure 25: 11o bins of half hourly (May 1- September 30) wind direction for each year at HP09.
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Figure 26: 11o bins of half hourly (May 1- September 30) wind direction for each year at HP11.
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A.2

Flux footprint analysis at HP09 and HP11 each year of measurement

Figure 27: Daytime flux footprint analysis showing the 50, 80 and 90% cumulative turbulent
source area for each year at HP09.
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Figure 28: Daytime flux footprint analysis showing the 50, 80 and 90% cumulative turbulent
source area for each year at HP11.
A.3
Site instrumentation and canopy heights used to calculate stability parameters and flux
footprint analysis

Table 3: EC instrumentation (z), canopy (h), zero plane displacement (d), and z - d along with
roughness length (zm) at HP09 and HP11, each year of the study.
Site
HP09

HP11

Year
2010
2011
2012
2013
2011
2012
2013

z (m)
2
2
4.5
5.5
2
2
3

h (m)
0.5
1.5
2.5
4
0.5
1.5
2.5

d (m)
0.33
0.98
1.63
2.6
0.33
0.98
1.63

z - d (m)
1.67
1.02
2.87
2.9
1.67
1.02
1.37

zm (m)
0.05
0.15
0.25
0.4
0.05
0.15
0.25
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Appendix B : Site pictures
B.1

Instrumentation at HP09 and HP11

September 2010

Net radiometer and
PAR sensors
EC system

Figure 29: Tripod on which EC and radiation sensors were initially mount at HP09.
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September 2011

Net radiometer and
PAR sensors

EC system

Figure 30: Scaffold tower used to increase EC and radiation sensor height in response to HP
growth at HP09.
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June 2013

EC system

PAR sensors
Net radiometer

Figure 31: Tripod with guy-wires on which EC and radiation sensors initially mounted at HP11.
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B.2

Soil and vegetation during HP growth at HP09 and HP11

Figure 32: Soil horizon profile (0 - 80 cm) at HP09.
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a) May 2010

b) August 2010

c) August 2012

d) August 2013

Figure 33: Progression of HP growth throughout the measurement period. Panel a) and b) show
HP09 early and late in the 2nd year of growth, respectively. Panels c) and d) show HP09 during
the 4th and 5th year of growth.

81

Figure 34: Soil horizon profile (0 - 80 cm) at HP11.
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a) August 2011

b) July 2012

c) June 2013

Figure 35: Progression of HP growth throughout the measurement period at HP11. Panels a), b)
and c) show HP11 during the 1st, 2nd and 3rd growing seasons.
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