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The survival of riparian forests depends on water input from their adjacent rivers. There are multiple,
additional demands on river water that threatens to reduce the water supply, prompting the question,
how much water must be left flowing within a river to sustain the native riparian ecosystems? To address
this, we made eddy covariance measurements of riparian cottonwood forest evapotranspiration (ET) in
a representative site and used remote sensing and the Penman-Monteith equation to up-scale ET along
the 171 km river corridor from the Oldman River Dam to Lethbridge, Alberta. Our study was conducted
in two growing seasons with contrasting weather conditions, including one with over-bank flooding
(2014). Measured cumulative forest ET from May-September (2014: 451 £90 mm; 2015: 411+ 18 mm)
was very similar in the two years despite contrasting May-September cumulative precipitation input
(2014: 362 mm; 2015: 181 mm). Integrated over the 56 km? area of riparian forest along the Oldman
River corridor, the cumulative forest ET during May-September was 19.1 million m? (339 mm/season),
about 0.9% of the average cumulative Oldman River discharge during 2008-2013. Cottonwood forest
ET during May-June was less than 1% of average river flow rates during 2008-2013, but the ratio of ET
to average river flow rate increased markedly to peak values of 4-5% in late July and early August. Our
analysis indicated that the water-use rates of riparian cottonwood forests were high, even for a broad-leaf
deciduous forest functional type, particularly given the modest leaf area index (1.4 m? m~2) we measured
for riparian forests along the Oldman River corridor. The high ET rates were possible because of tree
access to alluvial groundwater to support transpiration. Our ET measurements and calculations provided
perspective on riparian forest water use in relation to precipitation inputs and total river discharge,
knowledge that is important for successfully managing the multiple demands on river water use.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction that contribute many valued environmental services (Naiman et al.,

2005). These riverine ecosystems are dependent upon sufficient

In most regions world-wide, rivers provide the primary surface
water supplies for human uses including agricultural irrigation, and
domestic, municipal and industrial consumption (Oki and Hanae,
2006; Vorosmarty et al., 2010). Rivers also support rich and bio-
diverse aquatic (instream) and riparian (streamside) ecosystems
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instream flows and this prompts the fundamental questions, how
much water must be left flowing within a river to sustain the native
ecosystems and conversely, how much water can be withdrawn for
human use (Richter and Richter, 2000; Stromberg, 2001)?

To answer these questions and optimize river resource man-
agement, it is essential to understand the water supplies and
demands within a watershed. Mass balance river basin models
are developed and these characterize the water supply as pro-
vided by the natural, seasonal river inflows, and then consider
the multiple human withdrawals, along with considerations for
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flow trapping and storage with dams and reservoirs (Sauchyn
et al, 2016). A fundamental weakness in these models is the
incomplete understanding of water use by the natural ecosys-
tems along the river corridor. This information gap is especially
problematic for semi-arid ecoregions, including the prairies, shrub-
steppe and semi-desert zones, since in these areas, the rivers
are ‘losing streams’ where water infiltrates from the river into
the adjacent alluvial groundwater. The deep-rooted phreatophytic
trees subsequently uptake and transpire substantial water vol-
umes from this floodplain groundwater, but the magnitude and
seasonality of floodplain forest water use and the proportional con-
tributions from river water versus local precipitation are poorly
understood (Scott et al., 2000, 2003, 2004; Wang and Dickinson,
2012).

Most of the rivers of the South Saskatchewan River Basin in
southern Alberta are dammed and have regulated river flows
(Schindler and Donahue, 2006; Rood et al., 2005, 2008). In the
past, alterations of the river flow patterns associated with dams
have caused considerable damage to riparian forests for two rea-
sons (Rood et al., 1995, 2003a, 2005; Williams and Cooper, 2005).
First, the dams reduce the magnitude of peak spring river flows
and floods that create newly exposed sediments along the mean-
dering river courses, which in turn, provide habitats for cottonwood
seedling establishment without competition from other tall vege-
tation (Scott et al., 1997, 1999). Without the high spring flows, the
cottonwood trees are unable to regenerate, because their seedlings
cannot survive and develop in the shaded understory of mature
forests or with other competing vegetation. Second, the dammed
rivers normally only release very low water flows in the later por-
tions of the summer (late June through September) after the natural
peak in river flow that occurs in early June. The low stream flow in
late summer occurs during the time of warmest air temperatures
and high solar radiation input that can lead to drought stress and
death of mature cottonwood trees in these riparian forest ecosys-
tems (Rood et al., 20033, 2005, 2008, 2013).

While it is clear that riparian forest ecosystems are reliant on
the natural river flow regime they evolved with (Poff et al., 1997),
it is impractical and even impossible to completely restore natural
flow patterns on dammed and regulated rivers. As a practical alter-
native, however, it should be possible to develop procedures for a
regulated river flow pattern (a functional flow pattern) that could
still sustain healthy river ecosystems, but also allow for significant
water withdrawal for important human uses (Rood et al., 2005).
Recent examples of the implementation of the functional flows
concept on the Bridge River (British Columbia, Canada) and Truc-
kee River (Nevada, USA) have demonstrated that carefully managed
river flows canrestore severely degraded floodplain riparian forests
(Rood et al., 2003b, 2005; Hall et al., 2009). Despite the significant
success of these implementations of the functional flows concept,
the new river flow patterns were applied without knowledge of
the magnitude of the actual water requirements of the associated
riparian forest ecosystems. This limits the water manager’s abil-
ity to fine-tune the approach and to plan for altered river flow
patterns and riparian forest water use in the future under climate
change.

This study was undertaken to characterize the water use by a
typical riparian forest in a northern prairie zone, and undertake
spatial up-scaling to estimate the subsequent influence on river
flows in a heavily allocated river system, the Oldman River. Our
analyses involved eddy covariance flux measurements and upscal-
ing based on remote sensing estimates of ecosystem leaf area
index. The findings will contribute to the understanding of the
eco-physiological function of riparian forests, and work towards
resolving the largest current information gap for river basin water

balance models (Nagler et al., 2005; Doody et al., 2015; Sauchyn
et al., 2016).

2. Materials and methods
2.1. Study site description

Our main study site was in the Helen Schuler Nature Reserve
(HSNR), a natural riparian cottonwood forest within the Oldman
River valley at Lethbridge, Alberta, Canada (49.702°N, 112.863°W,
elevation 928 m; Fig. 1). This riparian forest consists of the following
tree species: prairie cottonwood (Populus deltoides), narrow-leaf
cottonwood (Populus angustifolia), balsam poplar (P. balsamifera);
or the closely related and almost indistinguishable black cot-
tonwood, (P. trichocarpa); and their interspecific hybrids (Gom
and Rood, 1999; Rood et al., 2014). Average (+SD, n=60) tree
height was 18 +5m and tree diameter at breast height (1.35m)
was 37 =15 cm. The average (£SD; n=33, 10m x 10 m plots) tree
density was 276 +300 trees per hectare. The understory of the
forest consisted of grasses and other herbaceous plants plus a
range of small shrubs, such as wolf willow (Elaeagnus commutata),
silver buffaloberry (Shepherdia argentea), and wild rose (Rosa acic-
ularis). The mean annual (1981-2010) temperature for Lethbridge
was 5.9°C and average annual precipitation was 380.2 mm (Cana-
dian Climate Normals, Environment Canada; climate.weather.gc.
ca/climate_normals/).

2.2. Leaf area index measurements at the HSNR

Leaf area index (LAI) was measured for the HSNR cottonwood
canopy using the LAI-2000 (LI-COR Lincoln, NE, USA) and the Trac-
ing Radiation and Architecture in Canopies (TRAC) (Leblanc et al.,
2002) instruments. Two LAI-2000 instruments were employed to
measure the LAI of the canopy. One LAI-2000 was placed on a tripod
in a large open area of the cottonwood forest. It was used to col-
lect measurements of incoming radiation with no interference from
the cottonwood tree canopy. This was set to automatically mea-
sure unobstructed diffuse radiation at 30s intervals. The second
LAI-2000 was carried through the woodland along pre-determined
transects to measure incoming radiation below the tree canopy.
The 90° view caps were affixed to each instrument. At the start
of each set of transect measurements, several measurements were
taken simultaneously with the two LAI-2000 instruments side by
side. These measurements were used to check the inter-calibration
of the instruments while post-processing the data. The LAI-2000
measurements were conducted in the evening near sunset under
diffuse illumination conditions.

The Tracing Radiation and Architecture in Canopies (TRAC)
instrument was used to measure the canopy clumping index
throughout the cottonwood forest along pre-determined transects.
TRAC measurements were conducted in the mid-afternoon under
clear, sunny skies by walking the instrument along each transect
at a continuous, slow pace. The transect orientation and timing of
the measurements were planned to result in a solar zenith angle
between 30° and 60°, and with the Sun approximately perpen-
dicular to the instrument path, following recommended practices
(Leblanc and Chen, 2001; Leblanc et al., 2002). The clumping index
was used to correct the results obtained from the LAI-2000, which
does not account for within branch clumping (Leblanc and Chen,
2001; Chen et al., 2006). Tree LAl measurements were made every
two weeks throughout the 2014 growing season (May-October).

Eq. (1) was used to calculate tree LAI from measurements of the
LAI-2000, (Chen et al., 2006):
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Fig. 1. Map of the Oldman River in southern Alberta, Canada including the flux tower location in Lethbridge and the LAI sample sites distributed along the river (left panel).
The panel on the right shows a false color image based on an air photograph of the flux tower study site in Lethbridge.

where L. is the effective LAl as measured by the LAI-2000 (m? m~2);
yE is the leaf-to-shoot area ratio, where yg is 1 for broadleaf decid-
uous trees; Qg is the clumping index as measured using the TRAC
(2 =0.93 at this site); ayy is the woody-to-total leaf area ratio and
was determined using the method described in Serbin et al. (2013).
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where W is the woody surface area (m? m~2) or effective LAl mea-
sured with the LAI-2000 after leaf senescence had occurred. A value
of 0.3 was used for W, which was experimentally determined after
leaves had fallen from the trees in late fall of 2014.

Senescent tree leaves were collected in litter traps, in order to
estimate peak tree LAI for comparison with measurements made
using the LAI-2000 and TRAC instruments. A total of 19 laundry
baskets (with areas of either 0.195 m?2 or 0.213 m?), were randomly
placed throughout the cottonwood forest to collect leaf litter. Lit-
ter was collected at two-week intervals starting in mid-September
and continuing until late October when leaves had fully senesced.
Collected litter was dried and the LAI of the collected litter was cal-
culated as the product of the dry weight of the collected litter and
the average leaf area/dry mass (measured on separately collected
leaves), divided by the basket collection area.

Measurements of tree canopy LAI were added to the under-
story plant LAI obtained through destructive sampling in order to
determine the total LAI for the forest. The one-sided leaf area per
unit ground area of the understory plants at the HSNR was mea-
sured by harvesting, every two weeks, all vegetation rooted within
a20 x 50 cm frame. The total green leaf area of the harvested plants
was measured using a leaf area meter (LI-3100C, LI-COR). This was
done for the first half of the growing season until peak biomass
was observed. Subsequently, a regression between green biomass

and measured LAI was used to calculate LAI until the conclusion
of the growing season from biomass harvest measurements. Four
sampling locations were used to capture the variability observed
in understory vegetation throughout the HSNR site.

2.3. Meteorological and eddy covariance flux measurements

A telescoping aluminum instrumentation tower (22.5m tall,
Model T-75HD, Aluma Tower Company Inc., Vero Beach, FL,
USA) was installed at the HSNR site. The tower supported a
variety of instruments for meteorological and eddy covariance
measurements. An air temperature and relative humidity probe
(HMP45C (Vaisala Inc.), Campbell Scientific, Inc., Logan, Utah, USA)
inserted within a naturally ventilated radiation shield (41002, Gill
Multi-Plate Radiation Shield, R.M. Young Company, Traverse City,
Michigan, USA) was mounted at a height of 1 m. Net radiation was
measured at a height of 22.5 m by a net radiometer (NR Lite, Kipp
& Zonen, Delft, The Netherlands). Incoming photosynthetically-
active photon flux density (PPFD) was measured at 22.5m with
a quantum sensor (LI-190SA, LI-COR Inc., Lincoln, Nebraska, USA).
Soil temperature and soil moisture content were measured with
soil thermocouples (105T, Campbell Scientific) and soil water
reflectometers (CS616, Campbell Scientific), respectively, at depths
below the surface of 100, 150, 200 and 250 cm. A site-specific cal-
ibration was developed to convert the period measurements of
the water content reflectometers to volumetric moisture content.
Three soil heat flux plates (REBS HFT3.1, Radiation and Energy Bal-
ance Systems, Seattle, WA, USA) were installed a depth of 5cm.
Atmospheric pressure was measured with an analogue barometer
(Vaisala PTB101B, Campbell Scientific) A tipping-bucket rain gauge
(CS700, Campbell Scientific) was used to measure total precipita-
tion recorded in 30-min intervals. With the exception of the rain
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gauge, all meteorological sensors were scanned at 5-s intervals and
recorded as half-hourly means by a data logger (CR23X, Campbell
Scientific). Any missing meteorological data was gap-filled using
measurements made with similar instruments at the Lethbridge
grassland eddy covariance site, which was 5.7 km distant from
the cottonwood forest site (Flanagan et al., 2002; Flanagan and
Atkinson, 2011). Cumulative precipitation was monitored with a
weighing gauge (T-200B, Geonor Inc., Netherlands) located at the
Lethbridge grassland flux site.

The eddy covariance (EC) technique (Baldocchi, 2014) was used
to measure net ecosystem fluxes of CO,, water vapour (or latent
heat (LE)) and sensible heat (H). The EC system consisted of a
three-dimensional sonic anemometer-thermometer (SAT; CSAT3,
Campbell Scientific), used to measure wind velocity and direc-
tion (the instrument was oriented to the west at 22 m height),
as well as temperature fluctuations, and a fast response, enclosed
infra-red gas analyzer (IRGA; L17200, LI-COR), used to simultane-
ously measure changes in CO, and H,0O molar densities. Air was
pulled through the IRGA at a flow rate of 14Lmin~! by the asso-
ciated LI-COR Flow Module via a 1m length of Dekabon tubing
with the tubing inlet mounted on the bottom support arm of the
CSAT3 bottom transducers. Output signals from the SAT and IRGA
were sampled at a frequency of 10Hz by the associated LI-COR
Analyzer Interface Unit and recorded on a storage drive. The EC
system was operational during the growing season months of 2014
(May-October)and 2015 (May-August), although flux data was not
collected during the period of over-bank flooding of Oldman River
in June 17-July 1, 2014 and due to LI-7200 instrument malfunction
during July 28-August 22, 2014. Power was supplied to the meteo-
rological and eddy covariance sensors by an array of 6 V deep-cycle
batteries that were charged by six 70 W solar panels.

Processing of high-frequency EC data was performed with
EddyPro software (Version 5.2.1, LI-COR). Ecosystem fluxes of CO5,
H,0, and H were calculated as the mean covariance of vertical
wind velocity and scalar fluctuations. Coordinate rotations were
performed to align the mean vertical velocity measurements nor-
mal to the mean wind streamlines prior to scalar flux calculations.
A storage term was added to the calculated CO, fluxes for the deter-
mination of net ecosystem CO, exchange (NEE) and was estimated
using the single level measurements of CO, concentration with the
IRGA. The EC tower was located near the center on the north-south
axis, and near (within 80 m) the eastern boundary of the HSNR site.
This resulted in a uniform fetch of approximately 400 m in both
the north and south directions from the tower, and approximately
300 m directly west of the tower. Data collected while the wind
originated from the east in the direction sector between 45—135°
was associated with grassland vegetation and sloped terrain out-
side the cottonwood forest and was removed before any analyses
were completed.

We conducted an analysis to determine a level of turbulence (as
indicated by friction velocity, u-) required for acceptable nighttime
CO; flux measurements by the EC system. Measured u- values from
the HSNR were sorted from their lowest to highest values using data
from July when the canopy was at its maximum LAI and photosyn-
thetic capacity. The u- values (and associated nighttime NEE values)
were averaged into 0.03 ms~! bins ranging from 0.0-1.0ms~!. To
determine the turbulence threshold, a range of possible thresh-
olds were tested following the general procedures recommended
by Aubinet et al. (2012). From this analysis we determined the u-
threshold to be 0.39ms1.

A flux footprint analysis was conducted using the model of Kljun
et al. (2004) calculated within the EddyPro software. The output
from the footprint predictions gave Xe,x, the horizontal distance
(m) from the EC tower with the peak contribution to the measured
fluxes, and Xggy, the horizontal distance (m) from the EC tower
within which 90% of measured fluxes originate, under the partic-

ular set of meteorological conditions input into the model. For EC
data collected between 6:30-19:30 h at the HSNR site during July
2015 after the friction velocity threshold (0.39 ms~1) screening was
completed, the average (4 SD) Xpeai distance was 120 + 5 m, while
Xgoz, Was calculated to be 330 + 26 m. Therefore, the estimated sur-
face contribution to the vast majority of the measured turbulent
fluxes originated from within the HSNR cottonwood forest, when
wind was from all directions except the excluded wind direction
sector 45-135°.

As an additional assessment of the quality of the eddy covari-
ance data, we calculated a check on the ecosystem energy balance
by plotting the sum of latent and sensible heat fluxes (y value -
see equations below) as a function of the available energy input
(difference between net radiation and soil heat flux, x-value -
see equations below). This analysis was done using all 30-min EC
flux data and associated meteorological measurements collected in
July of 2014 and July 2015, after first screening out data from the
excluded wind sectors, data below the friction velocity threshold,
and data collected during rain periods. The ordinary least-squares
linear regression equations calculated for these data plots were:
July 2014, y=0.907 x+43.8, 2 =0.794; July 2015, y=1.005 x +41.0,
r2=0.854. This represented very high quality energy balance clo-
sure for this cottonwood forest ecosystem (Wilson et al., 2002; Stoy
et al, 2013).

2.4. Growing season carbon budget calculations for the HSNR

Mean diurnal patterns (bin-averages by time of day) of NEE
(negative values indicate net uptake of CO, by the ecosystem),
photosynthetic photon flux density (PPFD) and air temperature (T)
were calculated for data from two-week periods or monthly peri-
ods during May-September depending on the available flux data.
Data from the mean diurnal trends were then fitted to the following
equation:

AmaxePPFD
Amax + aPPFD

where Amax is the maximum gross ecosystem photosynthesis
(wmolm~2s~1) at infinite PPFD (wmolm=2s-1); « is the initial
slope of the ecosystem photosynthesis light-response curve or the
apparent light-use efficiency (mol CO, mol~! photons); Ryq is total
ecosystem respiration rate (TER) at 10°C (mmolm=2s~1); Q¢ is the
temperature sensitivity coefficient for TER for a 10° change in tem-
perature; and T is air temperature (°C). Non-linear, least squares
regressions were used to calculate estimates of Amax, @, Rig and
Q10 parameters using Matlab software (R2014a, The Mathworks
Inc., Natick, MA, USA). The calculations were done with the param-
eters bound over the following ranges: Amax between 0.1 and 40, «
between 0.01 and 0.08, Ry¢ between 0.1 and 8.0, and Q9 between
1.8 and 2.2. Eq. (3) was used, along with meteorological measure-
ments (PPFD and T), to calculate NEE and to partition NEE between
gross ecosystem photosynthesis (GEP, positive values indicate CO,
uptake by the ecosystem) and total ecosystem respiration (TER)
so that integrated growing season carbon budgets could be deter-
mined (-NEE=GEP-TER). This required information on seasonal
variation in each of the equation parameters (Amax, &, R1g, Q10)
determined from the calculations done on two-week or monthly
periods during the growing season. The 2014 and 2015 growing
season C budgets were calculated by the integration of available
EC measurements with gap-filled data calculated using the NEE
model (Eq. (3)) when EC measurements were not available. The
gap-filling and partitioning procedure used here had been tested
previously, and compared well with the Fluxnet-Canada standard
protocol for these analyses when using data for periods of one year
or longer (Barr et al., 2004; Syed et al., 2006). For shorter time
periods (4-5 months, as in this study), the NEE partitioning and gap-

()
NEE = +R10Qio\ 1° (3)
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filling method based on using Eq. (3) works better than protocols
developed for annual and longer time periods.

An estimate of the total random uncertainty in the eddy covari-
ance NEE measurements was obtained using the “model residual
approach” of Richardson et al. (2012) by comparing the observed
NEE fluxes to model calculations of NEE based on Eq. (3) for the
same time periods. We used these uncertainties and the growing-
season average (absolute value) NEE value to calculate relative,
total random uncertainties of 22.5% and 20.5% in 2014 and 2015,
respectively. We also estimated the systematic uncertainty associ-
ated with use of the friction velocity threshold screening procedure
for removing data under low turbulent conditions. To do this, we
repeated the gap-filling and NEE partitioning procedure described
above after applying alternative friction velocity thresholds of 0.36
and 0.42ms~! (compared to our established value of 0.39ms™1).
The average difference in cumulative NEE (May-August) for these
alternative friction velocity thresholds was small, with only 0.44%
(2014) and 0.21%(2015) change in cumulative growing season NEE
calculated relative to values obtained with our established friction
velocity threshold of 0.39 ms~1.

2.5. Growing season water budget calculations for the HSNR

Gap-filling of missing EC data for water budget calculations was
done using the Penman-Monteith equation (Monteith, 1965) to
calculate ecosystem ET. All the required meteorological data were
available to drive the Penman-Monteith equation, but we needed to
develop a leaf phenology model and a stomatal conductance model
(described below) in order to apply the full Penman-Monteith
equation in our ET calculations. Our approach in developing a leaf
phenology model was guided by two empirical observations. First,
canopy gross photosynthesis rates in broad-leaf deciduous trees
tend to decline as leaves age after the seasonal peak, even while
canopy LAI measurements remain at peak values (Keenan et al.,
2014). Second, there is a strong physiological link between leaf
photosynthetic capacity and stomatal conductance (Wong et al.,
1979). So we used our gap-filled, daily-integrated calculations of
gross ecosystem photosynthesis (gCm~2day~!), based on eddy
covariance measurements, as a proxy for describing temporal (phe-
nological) variation in functional leaf area.

2.5.1. Leaf phenology model

Aleaf phenology model, which was driven by seasonal variation
in air temperature, daily total PPFD and available soil moisture, was
developed and fit to seasonal variation in daily GEP in order to cal-
culate temporal changes in functional leaf area. The leaf phenology
model had the following form:

FunctionalLAl = f(T)f(Q)f (Aw) (4)

where f(T) is a temperature function, f{Q) is a PPFD function, and
flAw) is a soil moisture function, all these functions vary between O
and 1 with the details explained below.

a
f(T) - <(] —+ e_b(Taccl_C))> (5)

where fitted constant a is the maximum value for f(T), fitted
constant b is the slope when f{T) is at 50% of maximum, fitted con-
stant c is the temperature at which f(T) is 50% of maximum, and
T.ca is the acclimation temperature (Makela et al., 2004; Kolari
et al., 2007), which accounts for the lagged response of leaf devel-
opment to changes in air temperature. The lagged response was
based on a 200 h time constant that was previously found to work
well for describing the acclimation of photosynthesis to tempera-
ture changes in different tree species (Kolari et al., 2007; Flanagan
etal,, 2012). The T, in the current time period (T,cc(j)) Was calcu-

lated from the change in T, (AT, ) and the T, from the previous
time period (Tecii— 1))

Taccl(i) = ATaccl + Taccl(i— 1) (6)
Tair — Tacel(i—
ATacd: ( air ‘:ccl(r 1)) dt (7)

where Tj;; is the measured air temperature (daily average value),
dt is change in time (24 h) and 7 is the lag period (200 h). The cal-
culations were initiated with T,.q set equal to T;; on 1 April.

The f{lQ) was calculated from the sum of theoretical direct
and diffuse solar radiation input as described by Campbell and
Norman (1998, pp. 167-175) using an atmospheric transmit-
tance of 0.75, with a value for the top of the atmosphere PPFD
of 2737 wmolm~—2s-1 (400-700nm) [which was calculated by
assuming the solar constant was 1360 W m~2, and that the pro-
portion of solar radiation in the 400-700 nm region was 0.473
(Papaioannou et al., 1993), and that the average energy per mole
of photons in the 400-700 nm region was 235 kJ/mol (Campbell
and Norman, 1998)]. The daily-integrated values of theoretical
PPFD input were calculated for all days in May-October and used
to express f(Q) as a relative (0-1) function by dividing by the
maximum calculated daily-integrated PPFD that occurred on the
summer solstice (day 172).

(8)

flAw) = ( (Aw — 0)(Aw — Max) )

(Aw — 0)(AW — Max) — (Aw — Opt)?

where Ay, is available soil moisture, a relative measure calculated
based on the soil volumetric moisture measurements made at four
depths through the soil profile and integrated vertically to calcu-
late the total moisture content in the upper 2.5 m of soil. Available
soil moisture (Aw) was specifically defined as the ratio of actual
available soil water (difference between a given daily volumetric
measurement and the minimum volumetric soil water content)
to maximum available soil water (difference between maximum
and minimum volumetric soil water contents). The maximum vol-
umetric water content (1577 mm) was recorded during the flood
conditions of June 2014 and the minimum (250 mm) value was esti-
mated from the permanent wilting point in the soil type at our study
site. Opt is a fitted constant, the value of Ay, at which flAw) is at its
maximum (1), and Max is a fitted constant, the maximum value of
Aw that results in the return of the f{Aw) function to zero, and acts
to define the shape of the f{Aw) function.

The values of the five constants (q, b, ¢, Opt, Max) were deter-
mined by fitting Eq. (4)-(8) to daily relative GEP values, using
the measured air temperature, calculated PPFD and measured soil
moisture content for May-September in both 2014 and 2015. The
daily GEP values were set to a relative scale (0-1) for each year
by dividing by the seasonal maximum GEP value for that year. Our
objective was to fit the leaf phenology model as a boundary line to
the observed relative GEP values, with one set of model constants
applied for both study years. The following values were determined
for the functional leaf area model constants: a=1.15,b=0.4, c=12,
Opt=0.77, Max =2. Finally, the seasonal peak of measured LAI (1.8)
was multiplied by the Functional LAI (Eq. (4)-(8)) to obtain a sea-
sonal pattern of change in the absolute functional leaf area index
(see Fig. 9).

2.5.2. Stomatal conductance model

In order to develop a model for stomatal conductance, we
first produced a set of surface or canopy conductance calcula-
tions that were obtained by inverting Penman-Monteith equation
(Monteith, 1965) following the approach described by Wever
et al. (2002). These calculations made use of the following inputs:
(i) evapo-transpiration rates measured by eddy covariance and
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Fig. 2. Images used for riparian cottonwood forest LAI calculations along the Oldman River corridor. The three different rows represent three separate cottonwood forest
sites with their locations noted in Fig. 1. Within each row, the image on the left is a digital airborne reconnaissance color infrared image with a spatial resolution of 1m
acquired around the time of peak LAI (July 29, 2014), and the image on the right is the corresponding area as imaged by Landsat 8 OLI using a similar band combination.
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selection within a forest site by providing enhanced spatial resolution compared to the satellite imagery. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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Fig. 3. Monthly total precipitation recorded in Lethbridge, Alberta during 2014
and 2015. Also shown is the climate normal precipitation (30-year average + SD,
1981-2010).

(ii) the associated environmental conditions, that had been bin-
averaged by time of day for separate monthly data (May-July)
collected in both 2014 and 2015. Thus, we generated six sets of
the mean diurnal pattern of canopy conductance, one for each
month in 2014 and 2015. The associated mean diurnal pattern of
stomatal conductance was determined by dividing the monthly
canopy conductance values by the average absolute functional
leaf area index values for each month (May-June) i.e. canopy
conductance (mmol m~2s~1; ground area) = stomatal conductance
(mmolm~2s~1;leafarea) x LAI(m? m~2; leafarea per ground area).
The combined six sets of data for the mean diurnal pattern of stoma-
tal conductance were used to develop and parameterize a stomatal
conductance model as described below.

We used a model of the form proposed by Jarvis (1976) for
stomatal conductance (g, mmol m=2s~1):

g=gmaxf(Q)f (Aw) (9)

where gmax iS a maximum value of stomatal conductance
(mmolm~2s-1), Q) and flAw) are functions that vary between 0
and 1 and describe the response of stomatal conductance to inci-
dent photosynthetic photon flux density (Q, wmol m=2s~1) and
available soil moisture (Aw, unit less), respectively. The gmax value
was calculated as a function of vapor pressure deficit (D, hPa) using
the equation proposed by Lloyd (1991):

1

k(D1 i

gmax =
where kp is a fitted constant. The function for response to PPFD was

based on an equation used to describe electron transport (Harley
et al, 1992):

f@)= [lj"‘rs (=) (1)
8max?

where « is a fitted constant. Eq. (8) was used for the response of
stomatal conductance to available soil moisture, f{Aw).

Non-linear least-squares regression was used to obtain esti-
mates of the parameters kp, o, Opt and Max with Matlab software,
as described above. The stomatal conductance model was fit to

the six monthly sets of the mean diurnal pattern of stomatal con-
ductance and associated environmental data. The following values
were calculated for the stomatal conductance model constants:
kp=8.61x 1074, a=0.431, Opt=0.769, Max = 1.066.

An estimate of the total random uncertainty in the eddy covari-
ance ET measurements was obtained using the “model residual
approach” of Richardson et al. (2012) by comparing the observed
ET fluxes to Penman-Montieth equation calculations of ET for the
same time periods. We used these uncertainties and the growing-
season average (absolute value) ET values to calculate relative, total
random uncertainties of 20.0% and 4.4% in 2014 and 2015, respec-
tively.

2.6. Ecosystem water-use efficiency

Ecosystem water-use efficiency (WUE, mmol mol-!) was cal-
culated as the ratio of gross ecosystem photosynthesis (GEP) to
ecosystem ET. These daily average calculations made use of the half-
hour time periods between 10:00 and 17:00 h when VPD was high,
and near the daily maximum. In order to reduce the contribution
of the evaporation component of ET, days with recorded precipita-
tion were excluded. In addition, we also excluded any time periods
with low ET fluxes (0.05 mmol m~2 s~1) and inadequate turbulence
(u*<0.15ms~1),asdescribed in Ponton et al. (2006). We made WUE
calculations during the period of time when the ecosystem was near
peak photosynthetic activity (June-July, days 152-212).

2.7. Scaling-up cottonwood forest ET for the Oldman River
corridor

Riparian cottonwood forest ET was calculated for all forest areas
along the Oldman River from the Oldman River Dam to the city of
Lethbridge (at the Highway 3 bridge, see Fig. 1), a total distance
along the river of 171 km (referred to subsequently as the river
corridor):

ETcorridor = ETpm % LAl corrigor X Ar€agotq) (12)

where ET.orridor 1S the calculated forest ET for the entire corridor,
LAl corridor 1S the area-weighted average cottonwood forest LAl along
the corridor, and Aredy,, is the total area of all riparian forests along
the river transect. The ET calculations (ETpy;) were done using the
Penman-Monteith equation with gap-filled meteorological input
data from the HSNR study site in 2014 and 2015. The parameter-
ized stomatal conductance model was also used to provide input
data to the Penman-Monteith equation for the ET calculations. The
parameterized functional leaf area model was used to determine
seasonal changes in leaf area, while the absolute leaf area index
of cottonwood forests (LAl oridor) along the Oldman River corridor
were determined as described below.

Using a high resolution satellite base map, riparian cottonwood
forest areas were manually outlined using commercial GIS software
(ArcGIS Version 10.1, ESRI, Redlands, CA, USA) and the total cotton-
wood forest area along the Oldman River corridor was estimated
(Areayoia =5637 ha or 56.37 km?). The absolute peak LAI of these
forests was estimated based on vegetation greenness measure-
ments from satellite images taken along the Oldman River corridor
and a local calibration curve empirically developed between vege-
tation greenness and LAl measured on the ground in 120 m x 120 m
sample plots. To develop the local calibration curve, we first identi-
fied accessible cottonwood forest sites using high spatial resolution
color infrared airborne reconnaissance imagery acquired on July
29th, 2014 (peak LAI). Three locations were selected that had sub-
stantial apparent variation in vegetation greenness within and
among the sites (see Fig. 1 for forest site locations). The reconnais-
sance digital images had a nominal spatial resolution of 1 m and
display near infrared (0.8-0.93 wm), red (0.55-0.64 wm) and green
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Fig. 4. Seasonal variation in daily average soil moisture content in the top 250 cm depth during (a) 2014 and (c) 2015. Available soil water content (Ay ), a relative (0-1 scale)

soil moisture content during (b) 2014 and (d) 2015.

(0.47-0.56 p.m) reflectance as reds, greens, and blues respectively.
These reconnaissance images (Fig. 2 - left side) are shown with the
corresponding area as imaged by Landsat 8 OLI (Fig. 2 - right side)
for the separate sites. At one forest site with high apparent green-
ness we established one 120 m x 120 m plot (Fig. 2 top panels), a
second site had two plots, one in an area of low greenness and one
in an area of moderate vegetation greenness (Fig. 2, middle panels).
At the final forest site, we established 5 study plots, 2 in areas of
high apparent greenness, 1 in an area of moderate greenness and
2 in areas of low apparent greenness (Fig. 2 bottom panels). Land-
sat 8 Operational Land Imager (OLI) image data were downloaded
from the United States Geological Survey (USGS) data portal (http://
earthexplorer.usgs.gov/). These Landsat 8 products were already
geo-rectified, atmospherically corrected, and calibrated to spectral
reflectance by the USGS. For each of the eight 120 x 120 m plots
from the three separate cottonwood forests, the average normal-
ized difference vegetation index (NDVI) was calculated from the
image spectra from all 16 pixels (30m x 30 m pixels) associated
with a 120 m x 120 m plot using ENVI Version 5.1 software (Exelis
VIS, Boulder, CO, USA):

NDVI = (NIR — Red)/(NIR + Red) (13)

where NIR is the reflectance in the near infrared spectral band
(wavelength: 0.85-0.88 um) and Red is the reflectance in the red
spectral band (wavelength: 0.64-0.67 wm) from the Landsat 8
imagery (see Fig. 2, right-side panels). The average NDVI value for
each sample plot was compared to empirical forest LAl measure-
ments conducted on the ground in the 8 sample plots during August
2015. The LAI-2000 and TRAC instruments were used to measure
tree canopy LAI, and biomass harvest measurements were used to
determine the LAI of low stature understory plants in the plots,
using methods described above. The NDVI values were calculated
from cloud-free Landsat 8 imagery collected as close as possible to

the dates of ground LAI measurements for this exercise (+4 days).
A linear regression between the ground LAl measurements and
Landsat 8 NDVI produced the following local calibration curve:

LAI = 2.2662NDVI — 0.0724(r = 0.718,n = 8) (14)

An area-weighted average LAI value (LAl o ridor) Was calculated
for all the cottonwood forests along the Oldman River corridor
using NDVI values calculated from a Landsat 8 OLI image acquired
on July 22, 2015:

N
LAl orridor = ZLAI,- * Area; /Ared o

1

(15)

where LAl is the LAl of riparian forest i determined from the empir-
ical regression between LAl and NDVI (Eq. (14)), Area; is the area of
riparian forest i, and Area, is the total area of all riparian forests
along the river transect (56.37 km?). This calculation resulted in an
area-weighted average LAI of 1.44 for the Oldman River corridor.

Calculations of riparian cottonwood forest ET were compared
to daily average flow rates of the Oldman River as recorded at
Lethbridge (water ID station 05AD007, near the highway 3 bridge),
values that are archived and available at the Water Survey of Envi-
ronment Canada (http://wateroffice.ec.gc.ca).

3. Results
3.1. Comparison of environmental conditions in 2014 and 2015

Precipitation inputs during all growing season (May-October)
months except June were quite similar in 2014 and 2015 and
also close to the long-term average (1981-2010, +SD) for those
months (Fig. 3). However, more than double the normal precipita-
tion occurred in June 2014 (Fig. 3), and this resulted in contrasting
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Fig. 5. Seasonal variation in daily average discharge of the Oldman River in 2014 (a)
and 2015 (b) compared to average river discharge rates measured during 2008-2013
at Lethbridge, Alberta.

seasonal patterns of soil moisture content (Fig. 4) and Oldman River
discharge (Fig. 5) in 2014 and 2015, with over-bank flooding of the
river apparent in June 2014. Total precipitation recorded during
the entire May-October period was higher in 2014 (374 mm) than
2015 (192 mm) and the long-term average (+SD) for Lethbridge
(268 92 mm). The 2014 flood of the Oldman River was typical for
this region in that the flood occurred during the time period from
late May to early July when soils in the upper catchment of the
watershed are near saturation, and it was caused by a substantial
precipitation event. Floods in this region are generally not associ-
ated with annual variation in snow-pack conditions in the Oldman
River watershed (Rood et al., 1998, 2007).

The seasonal pattern of daily average air temperatures was simi-
lar in the two study years, except that there were cool temperatures
in June of 2014 (days 156-170) associated with the high precip-
itation inputs during that month, and there was a second low
temperature period recorded in early September of 2014 (centered
on day 253, Fig. 6).

3.2. Leaf area in the HSNR

The cottonwood tree canopy was at peak leaf area of
0.9+0.1m?m2 between July 11th (day 192) and August 26th
(day 238)in 2014 based on the LAI-2000 and TRAC measurements.
The understory LAI reached a peak of 0.9 + 0.2 m? m~2, so the total
LAI of the HSNR was 1.8 +0.2m2 m~2 with the tree canopy and
understory plants contributing about equally. The tree canopy LAI
calculated from leaf litter collections (1.3 + 0.4 m? m~2) was simi-
lar, but slightly higher and much more variable than the tree LAI
determined with the LAI-2000 and TRAC instruments.
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Fig. 6. Seasonal variation in the daily average air temperature (1 m)in a cottonwood
forest at Helen Schuler Nature Reserve in Lethbridge, Alberta during (a) 2014 and (b)
2015. The solid black line in each figure shows the acclimation temperature (Tac,
Eq. (6), (7).

Table 1

Comparison of non-linear regression parameters estimated using Eq. (3) for July
1-15 during 2014 and 2015. Eq. (3) was parameterized using diurnal means of net
ecosystem exchange (NEE), photosynthetically-active photon flux density (PPFD)
and air temperature (T), as shown in Fig. 7. 12 is the coefficient of determination for
each regression model.

2014 2015
Amax 40 40
a 0.067 0.045
Rio 7.7 4.5
Qio 1.8 1.8
P 0.90 0.84

3.3. Ecosystem CO, exchange in the HSNR

The mean diurnal patterns for NEE, PPFD and air temperature
during the peak of the growing season (July 1-15) were very sim-
ilar between the two study years (Fig. 7). Eq. (3) was fitted to the
NEE data and allowed comparison of ecosystem photosynthetic and
respiratory capacities. The calculated peak ecosystem maximum
photosynthetic capacity (Amax) and photochemical efficiency (o)
were similar in the two years, while respiratory capacity (R1g) was
higher in 2014 than 2015 (Table 1, Fig. 7).

The seasonal pattern of daily-integrated GEP had similar initial
increases in the spring and similar peak values, but GEP declined
sooner and at a slightly higher rate after the July peak in 2015 than
in 2014 (Fig. 8). The leaf phenology model (Eq. (4)-(8)) was fit to
seasonal changes in relative GEP from both 2014 and 2015, and pro-
vided a description of seasonal changes in functional LAI (Fig.9). The
leaf phenology model showed a slightly extended growth season
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of this article.)

after the peak during 2014 compared to 2015 (Fig. 9), which was
likely related to the higher soil moisture apparent in 2014 (Fig. 4).

When integrated over May-August, net ecosystem carbon
uptake was greater in 2015 than 2014, the result of lower TER in
2015 while GEP values were similar in both years (Table 2). The
ratio of TER and GEP was 0.94 in 2014 and 0.76 in 2015.

Table 2

Comparison of the May-August cumulative CO,-C budget (g C m~2) during 2014 and
2015 for the Helen Shuler Nature Reserve (HSNR) in Lethbridge, Alberta. NEE is net
ecosystem exchange, GEP is gross ecosystem photosynthesis, and TER is total ecosys-
tem respiration (-NEE = GEP — TER). Error bars represent total random uncertainties
calculated for the eddy covariance measurements.

2014 2015
NEE -73+16 —268 +£55
GEP 1175+ 264 1137 £233
TER 1102 +248 869+178
TER:GEP 0.94 0.76

3.4. Ecosystem water flux at the HSNR

The mean diurnal pattern of latent heat flux in July 2014 showed
higher peak values than were observed for 2015, despite similar net
radiation during the two time periods (Fig. 10). As a consequence,
sensible heat flux during July 2015 reached slightly higher peak val-
ues than were observed in 2014 (Fig. 10b,e). Canopy conductance
values, calculated from the inversion of Penman-Monteith equa-
tion, reached higher values in July of 2014 than in 2015 (Fig. 10c,f).

The seasonal patterns and peak rates of daily-integrated ET from
our gap-filled data sets were similar in both study years, although
the seasonal time period for ET was slightly extended during 2014
compared to 2015 (Fig. 11a,c). Cumulative ET from May-September
(£random uncertainty) was slightly higher in 2014 (451 £90 mm)
than 2015 (411+18 mm), and ET exceeded cumulative precipi-
tation inputs in both years, although the difference between ET
and precipitation was much larger in 2015 (230 mm) than in 2014
(89 mm) (Fig. 11b,d). For comparison, cumulative potential ET for
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May-September calculated with the Penman-Monteith equation
was Monteith equation was 1583 mm in 2014 and 1922 mm in
2015.

Average (£SD) ecosystem WUE during June-July was sim-
ilar in both study years (2014, 4.9+ 1.0mmolmol-'; 2015,

4.5+ 1.1 mmol mol~1). In addition, there was a significant negative
correlation between WUE and VPD in both years (2014, r=-0.64,
n=38, P<0.05; 2015, r=-0.52, n=59, P<0.05). The slightly lower
average WUE observed in 2015 compared with 2014, was asso-
ciated with a higher average VPD (2014, 1.56 £0.60kPa; 2015,
2.18 £0.87 kPa).

3.5. Scaling-up cottonwood forest ET for the Oldman River
corridor

We calculated the daily average ET for all riparian forests along
the 171 km Oldman River corridor using our area-weighted aver-
age LAI calculation of 1.44 for these forests, the Penman-Montieth
equation and our parameterized stomatal conductance and leaf
phenology models. The calculated rates of ET peaked at approx-
imately 5mm/day in July, and the cumulative forest ET during
May-September for the river transect was 339 mm in both study
years (Fig. 12a). Cottonwood forest ET during May and June was less
than 1% of average river flow rates during 2008-2013, but the ratio
of ET to average river flow rate increased markedly to maximum
values of approximately 4-5% in late July and early August before
declining through to the end of September in both years (Fig. 12b).
Integrated over the 56.37 km?2 area of riparian cottonwood forest
present along the Oldman River corridor, the cumulative forest ET
during May-September was 19.1 million m3 in both years or about
0.9% of the average (2008-2013), cumulative (May-September)
Oldman River discharge (2098 million m3).
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Fig. 9. Seasonal variation in relative daily gross ecosystem photosynthesis (GEP, solid blue circles) and the functional leaf area index model (black line, Eq. (4)-(8)) fitted as a
boundary line to the GEP data in 2014 (a) and 2015 (c). Calculated seasonal variation in functional leaf area index (LAI) based on a measured seasonal peak LAl of 1.8 in 2014
(b) and 2015 (d). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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4. Discussion

Our measurements and calculations of riparian cottonwood for-
est CO, and H,0 exchange were influenced by a range of factors:
LA soil moisture content, VPD, stomatal conductance and length of
the growing season. Our discussion of these mechanistic controls on
ecosystem gas exchange will be illustrated by using a comparative
eco-physiological approach, with direct comparisons of our cotton-
wood riparian study site to an aspen (Populus tremuloides) forest on
the southern edge of the boreal forest in northern Saskatchewan,
and a native grassland ecosystem in southern Alberta (Ponton et al.,
2006; Zha et al., 2010). The aspen forest is located just north of a
vegetation (climatic) transition zone with grassland and cropland
ecosystems to the south and conifer-dominated boreal forest to the
north (Hogg, 1994; Hogg and Hurdle, 1995; Hogg et al., 2002, 2005).
The Lethbridge grassland is representative of the dominant native
vegetation in southern Alberta in areas outside of the riparian cor-
ridors (Flanagan et al., 2002; Flanagan and Atkinson, 2011). The
comparison among the cottonwood, grassland and aspen sites is

useful from two perspectives. First, the cottonwood and aspen are
genetically-related, broad-leaf deciduous trees that are exposed to
contrasting environmental conditions (temperature, VPD, precipi-
tation, soil moisture conditions). Second, the grassland is exposed
to similar aerial environmental conditions (temperature, VPD, pre-
cipitation) as the cottonwood site, albeit with contrasting soil
moisture conditions, but the grassland is dominated by plants from
a contrasting plant functional type (C3 grasses) and this has sig-
nificant implications for control of leaf and canopy gas exchange
processes (Osmond et al., 1982; Ponton et al., 2006).

4.1. Leaf area index

The HSNR cottonwood forest and Oldman River corridor had rel-
ative low LAI (1.8 and 1.4, respectively), only approximately 50% of
the Saskatchewan aspen forest (LAI averages approximately 4), but
about twice that of the Lethbridge grassland during productive, wet
years (Ponton et al., 2006; Zha et al., 2010). The cottonwood trees
contributed about 50% of total ecosystem leaf area, similar to the
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case for the aspen forest, where the aspen understory was domi-
nated by a broad-leaf deciduous shrub (hazelnut, Corylus cornuta)
(Barr et al., 2004).

4.2. Soil moisture content

Soil moisture content varied significantly within and between
the two study seasons, associated with the over-bank river flood-
ing in 2014 and the low precipitation of 2015 (Figs. 3 and 4). There
was a relatively large difference between the highest and low-
est integrated soil moisture content within both growing seasons
(439 mm in 2014, 486 mm in 2015; Fig. 4). In addition, integrated
soil moisture content was quite low during July-September 2015
(Fig. 4). However, the cottonwood forest soil also had a rela-
tively large water storage capacity (field capacity — wilting point,
1577 — 250=1327 mm) compared to the shallow Lethbridge grass-
land soil (420 — 160 =260 mm; Hufkens et al.,, 2016). In addition,
the riparian cottonwood trees have roots that extend deep enough
in the soil (approximately 2.5m) to reach the capillary fringe,
even when the water table is near its maximum depth below the
floodplain soil surface (Rood et al., 2011, 2013). The deep-rooted
cottonwood trees should be able to access groundwater (which
extends almost horizontally from the river water) for much of
their transpiration requirements in years with river flow rates like
that observed in 2015 (Rood et al., 2013). Despite this, it has been
observed that cottonwood growth rates and carbon isotope dis-
crimination declined during years with very low river flow rates,
especially in trees that were higher in elevation relative to the
river or more distant from the river’s bank, implying soil drought
effects can affect leaf gas photosynthetic exchange (Rood et al.,
2013). In addition, the more shallowly rooted herbaceous plants

and small shrubs in the cottonwood forest understory are likely
even more negatively influenced by the decline in soil moisture
that was observed in the cottonwood ecosystem during 2015 (see
below).

4.3. Ecosystem CO, exchange

While the cottonwood forest had similar maximum daily GEP
rates in July during both study years, the reduction in GEP after
the July peak occurred earlier in 2015 than in 2014 (Fig. 6), likely
associated with the lower soil water content in 2015 (Fig. 4). In
addition, ecosystem respiration rates were higher in 2014 than
2015 (Fig. 7, Tables 1 and 2), perhaps because the higher water
content in the shallow soil layers in 2014 increased respiration of
roots and microbes compared to 2015, when lower soil moisture
in the shallow soil layers due to low precipitation and lack of river
flooding would have likely restricted respiratory activity (Flanagan
and Johnson, 2005). It is also possible that the over-bank flooding
of 2014 stressed plants (Kreuzwieser and Rennenberg, 2014), and
respiration increased after the flood waters retreated as physiolog-
ical processes and growth recovered from the stress. Overall the
difference in photosynthetic activity between the two study years
was remarkably small (Table 2), given the significant contrast that
was observed for precipitation and soil moisture content in 2014
and 2015 (Figs. 3 and 4).

4.4. Leaf phenology model

Our addition of a leaf phenology model to canopy conductance
calculations provided a simple mechanism to account for seasonal
(growing season) changes in functional LAI that have previously
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Fig. 12. Seasonal variation in the daily evapotranspiration (ET) rates in cottonwood forests along the Oldman River corridor (Oldman Dam to Lethbridge) in southern Alberta
during 2014 (a) and 2015 (b); and ratio of the daily evapotranspiration flux of cottonwood forests along the transect and daily average river discharge (2008-2013) measured

at Lethbridge in 2014 (b) and 2015 (d).

been noted as important for accurate ET calculations (e.g. Kasurinen
et al., 2014). The leaf phenology model that we developed and
applied, which included an interacting combination of tempera-
ture, radiation and soil moisture controls, was similar to that used
in other phenology studies (Stockli et al.,, 2011). As applied in
this study, the phenology model allowed explicit consideration of
significant seasonal changes to leaf photosynthetic gas exchange
capacity that typically occur in broad-leaf deciduous trees, even
when peak canopy LAI shows limited variation within the growing
season (Keenan et al., 2014). In this sense our model improves upon
the phenology model applied by Kasurinen et al. (2014) to ET calcu-
lations, as the Kasurinen et al. (2014) model quickly increases to the
maximum value and remains constant during the growing season
months in boreal environments. Our leaf phenology model allowed
a single set of parameters to be used in the stomatal conductance
model for calculations across a large range of environmental con-
ditions within and between study years.

4.5. Ecosystem H,0 exchange

Maximum values of calculated canopy conductance in the cot-
tonwood forest (Fig. 10) were very similar to those determined
for aspen forest (Blanken and Black, 2004), despite the lower LAI
for the cottonwood forest. Canopy conductance includes contribu-
tions from the tree canopy, understory plants and soil evaporation.
During early July 2014 there were still pools of standing water evi-
dent in the understory of the cottonwood forest, remnants from
the over-bank flooding of the Oldman River in June 2014. So the
relatively high canopy conductance observed for the cottonwood
forest in July 2014, compared to values calculated for July 2015
(Fig. 10) and the aspen forest, may partly be related to contributions

of soil evaporation to total ecosystem ET. The lower precipitation
and soil moisture recorded in the cottonwood site during 2015
(Figs. 3 and 4), may have also slightly inhibited physiological activ-
ity of shallowly rooted understory plants (particularly herbaceous
species) and reduced their contribution to ecosystem ET and calcu-
lated canopy conductance in July 2015.

The maximum daily ET (approximately 6 mm/day) and the
cumulative total ET for the May-September growing sea-
son (+random uncertainty) in the cottonwood forest (2014:
451 +90 mm; 2015: 411 + 18 mm, Fig. 11) were both higher than
respective growing season values observed in the Lethbridge
grassland (4-5mm/day; 320489 mm, average 4 SD, n=8years,
Flanagan and Atkinson, 2011) and in the aspen forest (3-4 mm/day;
232 +43 mm, average+SD, n=4years, Kljun et al, 2006). The
native C; grass plants of the Lethbridge grassland tend to have
relatively high leaf and canopy conductance rates, which in com-
bination with the high VPD of their habitat, results in large ET
rates, despite the relatively low LAI apparent in this ecosystem
(Wever et al., 2002; Ponton et al., 2006). This is consistent with
a strategy of grass plants to grow fast while moisture conditions
are favorable and then enter dormancy during harsh, dry condi-
tions. In contrast, the aspen forest had similar canopy conductance
despite higher LAI than our cottonwood forest site (Blanken and
Black, 2004), but lower ET rates because of generally cooler air tem-
peratures, lower VPD and slightly shorter growing season than the
cottonwood forest (Ponton et al., 2006). This illustrates the inter-
action between the biological and environmental characteristics
influencing ecosystem-level water fluxes.

The cottonwood trees likely had access to alluvial groundwa-
ter that was recharged with river water and so ecosystem ET was
relatively insensitive to differences in precipitation between the



346 L.B. Flanagan et al. / Agricultural and Forest Meteorology 232 (2017) 332-348

two study years. During 2015, the year with low precipitation and
no river flooding, cumulative ET was substantially higher than the
cumulative precipitation (230 mm, Fig. 11d), consistent with the
cottonwood trees accessing to groundwater/river water to support
ET (Scott et al., 2003, 2004). The difference between ET and precip-
itation was much lower in 2014 (89 mm,; Fig. 11b) because of the
very high precipitation inputs in June 2014 (Fig. 4). The relatively
small difference in cumulative ET between the two years (451 mm
in 2014; 411 mm in 2015; Fig. 11b, d) was likely indicative that
soil water availability was not limiting ecosystem ET to any major
extent in either 2014 or 2015, despite the possible reduced con-
tribution of shallow-rooted understory plants to ecosystem ET in
2015. The slightly cooler and lower VPD conditions would have also
limited ET somewhat in 2014, and helped to minimize inter-annual
differences in cumulative ET, even though soil moisture was higher
in 2014 than in 2015 (Fig. 4). In contrast, cumulative ET followed
cumulative precipitation quite closely in most years at the Leth-
bridge grassland site (Wever et al., 2002), as the soil water storage
capacity is low at the grassland and there is no saturated ground-
water table that is accessible to the plants at this site (Flanagan and
Atkinson, 2011). Soil water storage in the aspen site can also help
to maintain some consistency in ET among different growing sea-
sons, as aspen trees can draw on deep soil water reservoirs causing a
decline in the soil water table during years with lower precipitation,
while the saturated water table recovers in years when precipita-
tion inputs are higher than ET (Kljun et al., 2006; Zha et al., 2010).
However, the ability of deep soil water to buffer variation in precip-
itation inputs is limited at the aspen site, and moderate soil water
limitations on ET and ecosystem CO, exchange have been recorded
at this site (Kljun et al., 2006), so in terms of groundwater access
it is an intermediate case relative to the grassland and cottonwood
sites.

Average cottonwood ecosystem WUE was very similar in both
study years (4.5 and 4.9 mmol mol~1) and close to values observed
in the aspen forest (4.5-5.4 mmol mol~!; Arain et al., 2002; Ponton
et al., 2006). The negative relationship between WUE and VPD,
that was apparent for the cottonwood forest, was also observed
for the aspen forest by Ponton et al. (2006). Much lower ecosys-
tem WUE values were observed for the Lethbridge grassland
(2.6-3.1 mmol mol~1; Wever et al., 2002; Ponton et al., 2006). The
difference in WUE apparent between ecosystems dominated by
C3 grasses and broad-leaf deciduous trees was expected based on
the known variation in leaf physiological traits between these two
plant functional types (Osmond et al., 1982).

4.6. Landscape-level calculations of ET along the Oldman River
corridor

We calculated that total ET of the riparian forests along the Old-
man River corridor was 19.1 million m3 at a rate of 339 mm/season
during May-September. This is the same order of magnitude as esti-
mates of total ET from riparian cottonwood-mesquite woodland of
27-36 million m3 per year along the San Pedro River in southern
Arizona (a 100 km length of river with riparian vegetation covering
an area of 4500 ha with an average LAI of approximately 1.5-similar
but slightly smaller characteristics than our Oldman River study
system) (Scott et al., 2004; Nagler et al., 2005). However, annual
ET rates in the riparian woodlands along the San Pedro River were
higher (852 mmy/year) than we measured for the Oldman River, but
the growing season is much longer and air temperature and vapor
pressure deficit are both much higher in the Arizona study area
(Scott et al., 2004). A relatively large increase riparian ecosystem
ET relative to Oldman River flow (2008-2013) occurred in August
(Fig. 12), a time period with high air temperatures (Fig. 6) and VPD,
and this illustrates the importance of maintaining sufficient river
flow rates during this time in order to supply sufficient alluvial

groundwater recharge into the cottonwood soil system to support
the ecosystem’s water use (Rood et al., 2003a, 2008).

4.7. Conclusions

Our comparative analysis showed that the water-use rates of
riparian cottonwood forests are high, even for a broad-leaf decid-
uous forest functional type. This was particularly true given the
relatively modest LAI (1.4) we measured for the cottonwood sites
across the Oldman River corridor. The high ET rates we mea-
sured were caused by the relatively warm summer temperatures
and high VPD, along with the lack of significant soil moisture
limitation to the cottonwood tree conductance and transpiration
because of sufficient access to alluvial groundwater. The cotton-
wood ecosystem also had very similar patterns of CO, and H,0
exchange (Figs. 7, 8 and 11) in two years of contrasting precipita-
tion input and soil water content (Figs. 3 and 4). This suggested
that the cottonwood trees dominated ecosystem gas exchange
processes, even more than would be expected by their 50% con-
tribution to total ecosystem LAI The earlier reduction in GEP after
the seasonal peak during 2015 compared to 2014 (Fig. 8), was likely
associated with reduced activity in the shallow-rooted understory
vegetation, which was probably not supplied with alluvial ground-
water. Our ecosystem flux measurements were consistent with the
Sperry and Love (2015) prediction that riparian cottonwood forests
would be less sensitive to summer drought caused by low precipita-
tion inputs than exposure to restricted alluvial groundwater access
which is dependent on river discharge rates. We also showed that
the cottonwood forest water use increased markedly relative to the
Oldman River flow rates in August (Fig. 12), a time of warm tem-
perature and high VPD (Rood et al., 2003a, 2008). Recent empirical
dataindicated that annual river discharge rates have declined in the
South Saskatchewan River basin that includes the Oldman River,
with this largely caused by an earlier onset of snowmelt resulting in
low mid- to late-summer river flows (Rood et al., 2008; St-Jacques
etal., 2010). Model predictions indicate a high probability of gener-
ally low river flows and extreme low flows in this basin in the future
due to climate change (Shepherd et al.,, 2010; St-Jacques et al.,
2013). This poses a significant threat to supporting the high water
use requirements of cottonwood riparian forests along the Oldman
River in the future. The research described here contributes directly
to understanding how much water needs to remain in southern
Alberta rivers to sustain healthy riparian cottonwood ecosystems.
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