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A B S T R A C T

Within the grassland-dominated landscape of the North American Great Plains, riparian forest ecosystems exist
along river floodplains. We compared cumulative evapotranspiration (ET) and ecosystem water-use efficiency
(WUE) between a cottonwood forest and a nearby native grassland ecosystem in southern Alberta, using eddy
covariance measurements during May-September (growing season) of three study years. Our objective was to
test predictions about mechanistic controls on ecosystem water-use, and to provide insights into the amount of
alluvial groundwater and stored soil water required to support a healthy riparian forest within the Great Plains
biome. Grassland ET was dependent on precipitation inputs during the growing season. Cumulative growing
season ET at the cottonwood site (375–451mm) exceeded grassland ET (111–213mm) by 2.1- to 3.4-fold de-
pending on study year, despite slightly higher WUE in the cottonwood ecosystem. The difference in cumulative
ET between ecosystems ranged from 238 to 264mm in different years, in a region that normally receives
258mm of cumulative precipitation during May-September. The large ET at the cottonwood site was caused by
two-fold higher LAI, and associated greater canopy conductance than was apparent at the grassland site. The
additional soil water required for the higher cottonwood ET was supplied by access to alluvial groundwater,
which is recharged by river water, and was also supported by a larger soil volume to store water from pre-
cipitation and river flooding inputs. These factors resulted in a relatively long interval for cottonwood photo-
synthetic gas exchange that was consistent among years despite widely different environmental conditions,
while the grassland had shorter growing season lengths that were constrained further as precipitation and soil
moisture declined among years. Our analyses contribute to understanding the water requirements of these
contrasting ecosystems and will help to improve management procedures for regulating river flow rates in order
to sustain healthy riparian cottonwood ecosystems.

1. Introduction

The Great Plains is the second largest biome in North America and
extends south from the aspen parkland and boreal forest areas in
Alberta and Saskatchewan, Canada through the USA to New Mexico
and Texas (Ostlie et al., 1997; Zhang et al., 2011). There is a substantial
west to east gradient in precipitation that divides the native vegetation
of the Great Plains into short-, mid- and tall grasslands or prairie eco-
systems (Heisler-White et al., 2009; Wilcox et al., 2015). Productivity
and water-use in prairie grassland ecosystems are strongly controlled by
the amount of summer precipitation inputs, although the size of rain
events and the interval between rain events can also significantly

influence grassland ecosystem physiology (Knapp and Smith, 2001;
Heisler-White et al., 2008, 2009; Knapp et al., 2008). Within this
grassland-dominated landscape, riparian ecosystems also exist along
the floodplains of rivers that distribute snow-melt water from the Rocky
Mountains as they flow out through the prairies (Rood et al., 2003).
Within the northern Great Plains of southern Alberta, river water also
flows laterally out of the main river channels (“losing rivers”) creating
an alluvial aquifer below the river floodplain (Hauer et al., 2016). A
variety of important ecological processes connect the aquatic and ter-
restrial ecosystems through this alluvial aquifer and these ecological
interactions promote regional biodiversity across the full spectrum from
microbes to vertebrate animals (Hauer et al., 2016). Riparian
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cottonwood forests develop on these floodplains within the semiarid
landscape that is otherwise treeless, in part supported by the alluvial
groundwater which supplements any precipitation inputs to the soil
(Snyder and Williams, 2000; Rood et al., 2003; Scott et al., 2003, 2000;
Flanagan et al., 2017). The riparian forest ecosystems contribute many
valued ecosystem services (Naiman et al., 2005; Hauer et al., 2016), but
their health and survival has been threatened by reductions in river
flows associated with dams that divert river water for agricultural ir-
rigation, municipal and industrial consumption (Rood et al., 1995,
2003, 2005, 2008; Schindler and Donahue, 2006). This raises the fun-
damental question, how much river water is required to support healthy
riparian forest ecosystems within the Great Plains biome? In order to
help answer this question, and to provide some ecological perspective
on the water-use requirements of riparian cottonwood forest ecosys-
tems, our major objective in this study was to compare water-use and
water-use efficiency between a native grassland ecosystem and a native,
riparian cottonwood ecosystem in the northern Great Plains of southern
Alberta. This comparison should provide insights into the amount of
river water required to support a healthy riparian forest ecosystem in
this region, as the local grasslands were expected to rely only on water
sourced from summer precipitation inputs (Wever et al., 2002). More
generally, this analysis would allow evaluation of some important
factors influencing water-use and water-use efficiency in these two
ecosystems.

In this paper we define water-use as cumulative ecosystem evapo-
transpiration (ET) during the growing season, and water-use efficiency
(WUE) as the ratio of ecosystem photosynthesis to ecosystem ET.
Several ecological and physiological factors can control ecosystem
water-use and WUE, including: leaf area index (LAI), stomatal con-
ductance, precipitation input, soil moisture content, access to ground-
water, temperature, vapor pressure difference (VPD), and growing
season length (Kelliher et al., 1995; Ponton et al., 2006; Beer et al.,
2009). We predicted that cottonwood riparian forests and native
grassland ecosystems should differ for several of these factors, as is
described below. The contrasting dominant plant functional types as-
sociated with cottonwood forests and native prairie grassland will result
in important differences in leaf and canopy photosynthetic gas ex-
change processes. Broad-leaf deciduous trees tend to have lower ratios
of stomatal conductance to photosynthetic capacity than C3 grasses
(Smedley et al., 1991; Brooks et al., 1997), but the typically larger LAI
of forests than grasslands results in canopy conductance being higher in
the forest ecosystems (Kelliher et al., 1995; Wever et al., 2002;
Flanagan et al., 2017). While precipitation input will be the same in
nearby riparian forest and grassland ecosystems, groundwater access by
deep-rooted, phreatophytic cottonwood trees should increase the
supply of water to riparian forests above that available to grasslands
(Scott et al., 2003, 2004). In addition, the depth of soil and permeable
substrate beneath floodplain forests (2–3m) exceeds that of native
grasslands in the northern Great Plains (0–30 cm), and so the riparian
forests should have greater soil water storage capacity. Local forest and
grassland ecosystems are exposed to similar aerial environmental con-
ditions (photosynthetically active radiation, temperature, VPD), but
they differ in ecological strategies of the dominant plant functional
types. In addition, the differing amounts of available soil water can
result in contrasting growing season lengths for forest and grassland
ecosystems. Grassland plants grow fast and use water quickly when it is
readily available and then go dormant to survive times of water
shortages (Flanagan and Adkinson, 2011). This ecological strategy of
grassland plants can result in significantly shorter active growing sea-
sons than is apparent for riparian forest ecosystems.

In this study, we compared ecosystem water-use and WUE between
nearby riparian cottonwood forest and native grassland ecosystems in
southern Alberta using eddy covariance measurements. Our goal was to
test these predictions made above about mechanistic controls on eco-
system water-use, and to provide insights into the amount of alluvial
groundwater and stored soil water that is required to support a healthy

riparian forest ecosystem within the Great Plains biome. The study was
conducted during May-September in three different years that had
contrasting precipitation, air temperature and VPD, and so provided
perspective on summertime environmental controls that influence
water-use and WUE in riparian forest and grassland ecosystems in the
northern Great Plains biome.

2. Materials and methods

2.1. Study site descriptions

The two study sites were located in Lethbridge, Alberta, Canada
near the northwestern limit of the Great Plains biome. The mean annual
temperature for Lethbridge was 5.7 °C and average annual precipitation
was 386.3 mm (1971-2010: Canadian Climate Normals, Environment
Canada; climate.weather.gc.ca/climate_normals/). The forest site was a
riparian cottonwood forest in the Helen Schuler Nature Reserve (HSNR,
49.702 °N, 112.863 °W, elevation 928m) within the Oldman River
valley (Flanagan et al., 2017). This forest was dominated by plains
cottonwood (Populus deltoides W. Bartrum ex Marshall), narrow-leaf
cottonwood (Populus angustifolia James), balsam poplar (P. balsamifera
L.), black cottonwood (P. trichocarpa Torr. & A. Gray) and their natural,
interspecific hybrids (Gom and Rood, 1999; Rood et al., 2013). Average
tree height was 18 ± 5m (mean ± SD, n=60), tree diameter at
breast height (1.35 m) was 37 ± 15 cm, average tree density was
276 ± 300 trees per hectare (mean ± SD), and peak LAI in 2014 was
1.8 m2m−2 (Flanagan et al., 2017). The grassland site (49.471 °N,
112.940 °W, elevation 951m) was 5.7 km distant from the cottonwood
forest site, had flat terrain, and the soil was underlain by a thick glacial
till with very low permeability and no water table (Flanagan and
Adkinson, 2011). The dominant species were northern wheatgrass
(Agropyron dasystachyum (Hook) Scribn. & J.G. Sm.) and western
wheatgrass (Agropyron smithii (Rydb.) Á. Löve), and peak LAI in 2014
was 1.0 m2m−2 (Flanagan et al., 2002; Flanagan and Johnson, 2005;
Flanagan and Adkinson, 2011). The site included native prairie that had
never been cultivated and had minimal livestock grazing, with no
grazing for at least 35 years.

2.2. Meteorological and eddy covariance flux measurements

The instruments and procedures for meteorological and eddy cov-
ariance (EC) flux measurements for CO2, water vapor (latent heat) and
sensible heat have been previously described in detail for both the
cottonwood forest (Flanagan et al., 2017) and grassland site (Flanagan
and Adkinson, 2011). For background we also include some basic in-
formation on the eddy covariance equipment in the following text. At
the cottonwood forest, the sonic anemometer (CSAT3, Campbell Sci-
entific, Edmonton, AB, Canada) was mounted on an instrumentation
tower at 22m above ground. An infrared gas analyzer (LI-7200,
LI−COR Inc., Lincoln, NE, USA) measured changes in CO2 and H2O
molar densities in an air flow of 14 L min−1 that was pulled by the flow
module (LI-7200-101, LI−COR Inc.) through 1m of Decabon tubing to
the analyzer, with the tubing inlet attached to the bottom support arm
of the sonic anemometer. The signals from the sonic anemometer and
gas analyzer were sampled at 10 Hz by an analyzer interface unit (LI-
7550, LI−COR Inc.) and stored on a memory drive. At the grassland
site, the sonic anemometer (R3, Gill Instruments Ltd., Lymington, UK)
was mounted on a support scaffold at a height of 6m above ground. The
infrared gas analyzer (LI-7000, LI−COR Inc.) was located in a tem-
perature-controlled housing and used to measure changes in CO2 and
H2O mixing ratios after air was drawn through 3m of tubing to the
analyzer (17 L min−1) by a diaphragm pump (UN828 KNI, KNF Neu-
berger Inc., Trenton, NJ, USA) placed downstream of the analyzer. The
signals from the sonic anemometer and gas analyzer were recorded at
20 Hz on a computer located in a temperature-controlled hut at the site.
The EC system was operational at the cottonwood site during the
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growing season months of 2014 (May-October), 2015 (May-August)
and 2017 (May-September), although flux data were 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. The grassland EC system was functional during
almost all 30-minute time periods from 2014 through 2017. The fetch
at the grassland site was a minimum of 300m to the east (wind from
this direction only occurred infrequently) and extended from 500 to
1000m in all other directions. At the cottonwood forest, the fetch was
400m in both north and south directions and 300m directly west of the
tower. Fetch was only 80m east of the tower, but data collected when
the wind originated from the sector between 45-135° (infrequent wind
direction) was removed before any analyses were conducted. Flux
footprint calculations at the cottonwood site indicated that the average
horizontal distance to the peak contribution for the measured eddy
covariance fluxes was at 120 ± 5m, while the distance within which
90% of the fluxes originated was 330 ± 26m. So the vast majority of
the measured eddy fluxes originated within the cottonwood forest,
except when the wind came from the excluded wind sector (Flanagan
et al., 2017).

2.3. Growing season ecosystem water budget calculations

The process of gap-filling missing ET data for water budget calcu-
lations was done using the Penman-Monteith equation (Monteith,
1965). In order to calculate canopy conductance for use in the Penman-
Monteith equation, we developed linked leaf phenology and stomatal
conductance models (Flanagan et al., 2017). The development of the
leaf phenology model was guided by two empirical observations. First,
there are strong physiological links among leaf photosynthetic capacity,
stomatal conductance and hydraulic conductance (Wong et al., 1979;
Katul et al., 2003). Second, canopy gross photosynthesis rates in broad-
leaf deciduous trees and grass tend to decline as leaves age after the
seasonal peak, even while canopy LAI measurements remain at peak
values (Keenan et al., 2014). Therefore we used gap-filled, daily-in-
tegrated calculations of gross ecosystem photosynthesis (g C m−2 day-1)
as a proxy for describing temporal variation in functional leaf area. The
procedures used for partitioning eddy covariance measurements (30-
minute average values) of net ecosystem CO2 exchange into total eco-
system respiration and gross ecosystem photosynthesis (GEP) and gap-
filling the GEP values have been described previously (Flanagan et al.,
2017 for the cottonwood site; Flanagan and Adkinson, 2011 for the
grassland site). Full details of the functional leaf phenology model are
outlined in Flanagan et al. (2017). The same phenology model and its
parameters were used for both the grassland and cottonwood sites.

To develop a model for stomatal conductance we first produced a
set of surface or canopy conductance calculations that were obtained by
inverting the Penman–Monteith equation (Monteith, 1965) as described
earlier (Wever et al., 2002; Flanagan et al., 2017). At the grassland,
previous calculations of the decoupling coefficient (Jarvis and
McNaughton, 1986) indicated strong control of evapotranspiration by
canopy conductance (Wever et al., 2002). Decoupling coefficient values
are typically lower in forest than grassland ecosystems because of the
associated higher magnitude of aerodynamic roughness and boundary
layer conductance in forest ecosystems (Jarvis and McNaughton, 1986).
So we assume that in both of our study ecosystems, evapotranspiration
was strongly controlled by canopy conductance. Our canopy con-
ductance calculations made use of the following inputs: (i) evapo-
transpiration rates measured by eddy covariance and (ii) the associated
environmental conditions, that had been bin-averaged by time of day
for separate monthly data (May-July) collected in 2014, 2015, and
2017. Thus, we generated nine sets of the mean diurnal pattern of ca-
nopy conductance for both the forest and grassland sites, one for each
month in all three study years. 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) calculated with the functional leaf
phenology model (i.e. canopy conductance (mmol m−2 s-1; ground
area) = stomatal conductance (mmol m−2 s-1; leaf area) x LAI
(m2m−2; leaf area per ground area). For each site, the combined nine
sets of data for the mean diurnal pattern of stomatal conductance were
used to develop and parameterize a stomatal conductance model as
described below.

We used the Jarvis (1976) model for stomatal conductance (g, mmol
m−2 s-1):

g = gmax f(Q) f(Aw) (1)

where gmax is a maximum value of stomatal conductance (mmol m−2 s-
1), f(Q) and f(Aw) are functions that vary between 0 and 1 and describe
the response of stomatal conductance to incident photosynthetic photon
flux density (Q, μmol m−2 s-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):

=g
k D

1
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where kD is a fitted constant. The f(Q) function was based on an
equation used to describe electron transport (Harley et al., 1992):
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where α is a fitted constant. Eq. (4) was used for the response of sto-
matal conductance to available soil moisture, f(Aw):
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where Aw is available soil moisture, a relative measure calculated based
on the soil volumetric moisture measurements (made using calibrated
readings from soil water reflectometers (CS616, Campbell Scientific) at
both study sites). At the cottonwood site, soil water content measure-
ments were made at four depths through the soil profile and integrated
vertically to calculate the total moisture content in the upper 2.5m of
soil (Flanagan et al., 2017). The maximum integrated soil water content
(1577mm) was recorded at the cottonwood site during the flood con-
ditions of June 2014, and the minimum (250mm) value was estimated
from the permanent wilting point in the soil type at the site. For the
grassland site, the maximum (0.45 m3m−3) and minimum
(0.10 m3m−3) volumetric soil water contents were those recorded for
the soil depth interval 0–15 cm during a decade of sampling at the site
(1998-2008; Flanagan and Johnson, 2005; Flanagan and Adkinson,
2011). Available soil moisture (Aw) was specifically defined as the ratio
of actual available soil water (difference between a given daily mea-
surement and the minimum soil water content) to maximum available
soil water (difference between maximum and minimum soil water
contents). Opt is a fitted constant, the value of Aw at which f(Aw) 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.

Non-linear least-squares regression was used to obtain estimates of
the parameters kD, α, Opt and Max with Matlab software (R2014a, The
Mathworks Inc., Natick, MA, USA). The stomatal conductance model
was fit to the nine monthly sets of the mean diurnal pattern of stomatal
conductance and associated environmental data for each site. The fol-
lowing values were calculated for the stomatal conductance model
constants: for the cottonwood site, kD=8.61×10−4, α=0.431,
Opt=0.769, Max =1.066; for the grassland site, kD= 17.10×10−4,
α=0.800, Opt=0.959, Max =1.000.

As noted above, gap-filling of missing EC data for water budget
calculations was done using the Penman-Monteith equation to calculate
ecosystem ET. These gap-filling ET calculations were done using gap-
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filled meteorological data from both study sites, and calculations of
seasonal variation in canopy conductance determined using the func-
tional leaf phenology and stomatal conductance models described
above. We observed strong correlation between measurements of eco-
system ET and calculations of ET using the Penman-Monteith equation,
examples of which are shown in Figs. 3 and 4.

2.4. Daily and seasonal ecosystem water-use efficiency

We calculated seasonally-integrated WUE from the ratio of cumu-
lative GEP and cumulative ET during May-August for both the cotton-
wood and grassland sites. In addition, daily average ecosystem WUE
(mmol mol−1) was calculated as the ratio of GEP to ecosystem ET in
June-July (days 152–212), when the ecosystem was near peak photo-
synthetic activity. These daily average calculations made use of the
half-hour time periods between 10:00 and 17:00 h at both sites when
air temperature and VPD were high, and near the daily maximum (see
Table 1 for average air temperature and VPD values that were apparent
during the time periods used for these calculations). To reduce the
contribution of the evaporation component of ET, days with recorded
precipitation were excluded. In addition, we also excluded any time
periods with low ET fluxes (0.05mmol m-2 s−1) and inadequate tur-
bulence (u*<0.15m s−1), as described in Ponton et al. (2006). The
number of days during June-July with available daily WUE values
(sample size) differed among sites and years (forest sample size: 38, 59,
58; grassland sample size: 60, 60, 61; for 2014, 2015 and 2017, re-
spectively). A two-way ANOVA for an unbalanced design (with type III
sums of squares) was conducted to test the significance of “site” and
“year” effects (and their interaction) on the daily WUE values averaged
over June-July. A one-way ANOVA was used to test for significant
differences among years for average air temperature and VPD condi-
tions that were apparent during the time of daily WUE calculations
(Table 1). These statistical tests were also conducted using Matlab
software.

3. Results

3.1. Comparison of environmental conditions

Total growing season (May-September) precipitation was higher in
2014 (363mm) than normal (258 ± 106mm, 30-year average ± SD),
near normal in 2015 (181mm), and below normal in 2017 (125mm)
(Fig. 1). Extremely high rainfall of 144.5 mm during days 164–170
caused widespread over-bank flooding of the Oldman River in 2014
(Fig. 2). This flood was typical for floods of the area in that it was
caused by heavy precipitation during late May to early July when soils
of the upper watershed catchment were near saturation. Floods in the
Oldman River watershed are generally not associated with inter-annual
variation in snow-pack conditions (Rood et al., 1998, 2007).

The seasonal patterns for daily maximum and minimum air tem-
perature were similar in 2014, 2015, and 2017, but the maximum
temperatures increased progressively from 2014 through the two later
years, particularly during July and August of 2017 when there was

almost no precipitation (Fig. 2, Table 1). Daily maximum VPD increased
from May to September, and this growing season trend was stronger in
2017 than in the other two study years (Fig. 2, Table 1). Available soil
moisture content was very high throughout the 2014 growing season at
the cottonwood site because of the over-bank flooding of the adjacent
Oldman River, but soil moisture declined progressively during the study
period to values in 2017 that were only approximately 30% of max-
imum observed in 2014 (Fig. 2). Available soil moisture at the grassland
site varied quite strongly within the growing season in all three study
years in association with alternating times of precipitation inputs and
periods with no rain (Fig. 2). However, time periods with relatively
high soil water content at the grassland site were more frequent in 2014
and declined consistently from 2015 to 2017. Virtually all available soil
moisture was exhausted at the grassland site by early July in 2017, and
precipitation input during later July and August was too low to cause
any substantial change in soil moisture content for the rest of the 2017
growing season (Fig. 2). The relatively high precipitation that occurred
in early September 2015 at the grassland site resulted in a large in-
crease in soil moisture content and a second pulse of new plant growth
after the initial plant community had largely gone into a drought-in-
duced dormancy (see further discussion on this below, associated with
descriptions of data in Figs. 6 and 7).

3.2. Ecosystem energy and water fluxes

The peak value of the July mean diurnal pattern for latent heat flux
showed a progressive decline from 2014 through 2017 at both the
cottonwood and grassland sites, although there was a larger decline
apparent at the grassland site (Figs. 3 and 4). There were associated
increases in the peak values of the diurnal pattern for sensible heat flux
as latent heat flux declined at both study sites. At the cottonwood site,
peak sensible heat flux was higher than peak latent heat flux only in
July 2017, while at the grassland the peak sensible heat flux was higher
than peak latent heat flux in July of both 2015 and 2017 (Figs. 3 and 4).
Canopy conductance values in July, calculated from inversion of the
Penman-Monteith equation, showed progressive declines from 2014
through 2017 at both study sites. The July maximum canopy con-
ductance values were substantially higher at the cottonwood site than
at the grassland site in all study years (Figs. 3 and 4).

The peak values and seasonal patterns for daily-integrated ET were
similar in all study years at the cottonwood site, with only a relatively
small reduction in daily ET values during July and August of 2017

Table 1
Comparison of daily average (± SD) air temperature and vapor pressure deficit
(VPD) in Lethbridge, Alberta during 2014, 2015, 2017. The daily average cal-
culations only made use of the half-hour time periods between 10:00 and
17:00 h in June and July (days 152–212, n=61). Significant differences were
apparent among years for both air temperature and VPD based on one-way
ANOVA, (air temperature: F(2, 180)= 8.64, P < 0.001; VPD F(2,
180)=23.15, P < 0.001).

2014 2015 2017

Air Temperature (ºC) 21.0 ± 4.9 23.3 ± 4.9 24.7 ± 5.0
VPD (kPa) 1.5 ± 0.7 2.2 ± 0.9 2.5 ± 1.0

Fig. 1. Total precipitation recorded in Lethbridge, Alberta from May to
September during 2014, 2015, 2017. The climate normal precipitation was the
30-year average ± SD during 1971–2000 recorded at the Lethbridge airport.
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compared to values measured in 2014 (Fig. 5). The cumulative ET from
May-September at the cottonwood site was also quite similar among
study years (451mm [2014], 411mm [2015], 375mm [2015]) (Fig. 5).
While cumulative ET exceeded cumulative precipitation in all years at
the cottonwood site, the difference between ET and precipitation was
much larger in 2015 (230mm) and 2017 (251mm) than in 2014
(89mm) (Fig. 5).

The peak values and seasonal patterns for daily-integrated ET dif-
fered among study years at the grassland site (Fig. 6). Maximum ET
values at the grassland declined from 2014 through to 2017, in asso-
ciation with the lower precipitation inputs and reduced soil moisture
during 2015 and 2017 (Fig. 2). In addition, the active time period with
high ET rates was progressively lower in 2015 and 2017 relative to
2014 (Fig. 6). A second peak of ET activity occurred in early September
2015 (Fig. 6), in association with a second pulse of new plant growth
stimulated by significant precipitation input at this time (Fig. 2). Cu-
mulative ET during May-September at the grassland varied strongly
among study years (213mm [2014], 160mm [2015], 111mm [2017]),
and was lower than cumulative precipitation input in all years (Fig. 6).
The seasonal pattern of grassland cumulative ET closely followed the
pattern of cumulative precipitation input in 2015 and 2017 (Fig. 6). In
2014 the seasonal pattern of cumulative ET also followed cumulative

precipitation inputs, with the exception that the extremely high rainfall
during days 164–170 did not stimulate similar increases in ET, and this
short pulse of precipitation was likely lost as runoff (Fig. 6).

3.3. Ecosystem photosynthesis and water use efficiency

Ecosystem photosynthesis (GEP) showed similar patterns of sea-
sonal variation as that illustrated for ET for both the cottonwood and
grassland ecosystems (Figs. 5–7). In addition, the peak GEP values and
the seasonal patterns of GEP variation were very similar among years at
the cottonwood site (Fig. 7). At the grassland site, maximum GEP was
only approximately 50% of that recorded at the cottonwood forest
(Fig. 7a,b). The seasonal peak values of GEP at the grassland site de-
clined from 2014 to 2017, and the active time period with high GEP
values was much shorter in 2015 and 2017 than in 2014 (Fig. 7). In
addition, the peak GEP values at the grassland occurred earlier in 2015
and 2017 compared to 2014. The contrasting peak values and seasonal
patterns of GEP contributed to the large differences observed between
sites in the growing season cumulative GEP (Fig. 8a). The May-August
cumulative GEP was very similar among years at the cottonwood site
(1176 g C m−2 [2014], 1137 g C m−2 [2015], 1222 g C m−2 [2017]),
while cumulative GEP values at the grassland in 2015 (321 g C m−2)

Fig. 2. Seasonal variation in the daily maximum and minimum air temperature (a, e, i), daily maximum vapor pressure deficit (VPDmax) (b, f, j), daily total
precipitation (c, g, k), and soil moisture content (d, h, l) at a cottonwood forest and a nearby grassland in Lethbridge, Alberta during 2014, 2015, 2017. Soil moisture
content was expressed on a relative scale (0–1), as available soil moisture, calculated using the maximum and minimum volumetric water contents recorded at the
two sites. Soil moisture measurements were integrated over 0–250 cm depth at cottonwood forest and over 0–15 cm depth at the grassland.

H. Yang, et al. Agricultural and Forest Meteorology 271 (2019) 22–32

26



and 2017 (325 g C m−2) were only approximately 57% of that recorded
in 2014 (564 g C m−2; Fig. 8a).

We calculated growing season average ecosystem WUE using two
approaches, the first was based on the ratio of cumulative GEP and ET
during May-August (Fig. 8), and the second on the average daily WUE
calculated during mid-day (10:00 to 17:00 h) in June and July (Fig. 9).
Ecosystem WUE values calculated with the first approach were similar
among all three years at the cottonwood site; the slightly higher WUE
calculated for the cottonwood site in 2017 was primarily due to lower
cumulative ET in that year (Fig. 8). Grassland WUE values were lower
than those calculated for the cottonwood site in all years based on
cumulative values of GEP and ET (Fig. 8c). In addition, grassland WUE
was lower in 2015, and marginally higher in 2017 compared to the
WUE calculated for the grassland in 2014 (Fig. 8c).

Site, year and their interaction were all statistically significant ef-
fects based on a two-way ANOVA for the average daily WUE values

shown in Fig. 9. The grassland had significantly lower WUE than the
cottonwood forest in June-July of 2015 and 2017, but the small dif-
ference in average WUE between sites during 2014 was not statistically
significant (Fig. 9).

4. Discussion

This comparative study between native grassland and riparian forest
ecosystems, which were exposed to the same aboveground environ-
mental conditions, allowed for evaluation of other dominant factors
including plant functional type, LAI and soil and groundwater access for
their effects on ecosystem water-use and WUE. In addition, the con-
trasting environmental conditions among study years provided insights
into mechanisms that control water-use and WUE in the two ecosys-
tems. Such comparative studies of water-use are important for helping
to understand how ecosystem carbon and energy budgets will be

Fig. 3. Mean diurnal patterns in July for measured latent heat flux (λE) and sensible heat flux (a, c, e), and calculated canopy conductance (b, d, f), at a cottonwood
forest in Lethbridge, Alberta during 2014, 2015, 2017. The solid blue lines in component figures a, c, and e were calculated using the Penman-Monteith equation.
Data from figures a–d were originally presented in Flanagan et al. (2017). (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article).

Fig. 4. Mean diurnal patterns in July for measured latent heat flux (λE) and sensible heat flux (a, c, e), and calculated canopy conductance (b, d, f), at a grassland in
Lethbridge, Alberta during 2014, 2015, 2017. The solid blue lines in component figures a, c, and e were calculated using the Penman-Monteith equation (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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influenced by climate change and by the management of regulated river
flow patterns associated with dam operation.

4.1. Ecosystem water-use

Growing season (May-September) cumulative ET was very similar to
cumulative precipitation input at the grassland during 2015 and 2017
(Fig. 6d, f). In 2014, however, cumulative precipitation exceeded cu-
mulative ET by 150mm, an amount that was similar to the large rainfall
event of 144.5 mm during days 164–170 that caused widespread over-
bank flooding of the Oldman River (Fig. 2). After subtracting this pulse
of precipitation, much of which was likely lost as runoff, the seasonal
pattern of cumulative ET also closely followed cumulative precipitation
inputs in 2014 at the grassland (Fig. 6b). Consistent with previous
analyses conducted at this study site (Wever et al., 2002), grassland
ecosystem water-use depended primarily on precipitation inputs during

the growing season to supply the necessary soil moisture. It is possible,
however, for some carry-over of soil moisture from the previous year’s
growing season to influence water-use and productivity in a subsequent
year, but this does not occur every year at this grassland study site
(Flanagan and Adkinson, 2011). The shallow soil at the grassland re-
sults in relatively low water storage capacity (field capacity minus
wilting point, 420 – 160=260mm; Hufkens et al., 2016), an amount
that was similar to the 30-year average precipitation input during May-
September (Fig. 1).

Seasonal peak values of mid-day ET (approximately 6mm day−1;
Fig. 5) in the cottonwood forest were on the low end of the range of
peak daily values (6–10mm day−1) for ET in riparian Populus ecosys-
tems in New Mexico and California (Cleverly et al., 2006; Nagler et al.,
2007). The cumulative ET during the growing season at the cottonwood
site was quite similar among study years and it exceeded seasonal cu-
mulative precipitation inputs in all years (Fig. 5). The water required

Fig. 5. Seasonal variation in the daily evapotranspiration (ET) rates (a, c, e) and cumulative ET (solid blue circles) and cumulative precipitation (open black squares)
(b, d, f) at a cottonwood forest in Lethbridge, Alberta during 2014, 2015, 2017. Data from figures a–d were originally presented in Flanagan et al. (2017). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

Fig. 6. Seasonal variation in the daily evapotranspiration (ET) rates (a, c, e) and cumulative ET (solid blue circles) and cumulative precipitation (open black squares)
(b, d, f) at a grassland in Lethbridge, Alberta during 2014, 2015, 2017 (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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for ET, that exceeded growing season precipitation, could be provided
by soil water storage or by access to alluvial groundwater. Soil at the
cottonwood forest (2.5 m depth) had a relatively large water storage
capacity (approximately 1300mm, Flanagan et al., 2017), and 22–32%
(286–416mm) of this soil water capacity was available even during the
dry 2017 growing season (Fig. 2). The difference between the maximum
(Aw=0.32) and minimum (Aw=0.22) soil water contents recorded in
2017 was equivalent to approximately 130mm of water (Fig. 2). If all
that seasonal change in soil water content (130mm) was used in ET,
along with all of the precipitation input during May-September
(125mm), an additional supply of 120mm would have been required
from alluvial groundwater sources to support the observed cumulative
ET of 375mm in 2017 at the cottonwood site. This should be a very
conservative estimate of the alluvial groundwater used in ET, because
seasonal changes in soil water content at this site are also strongly in-
fluenced by seasonal changes in the flow rate of the adjacent Oldman
River, which is a “losing river” that contributes to the riparian forest
soil water storage capacity as the river level fluctuates (Rood et al.,
2013; Flanagan et al., 2017). So both the large soil water storage ca-
pacity and access to alluvial groundwater by deep-rooted, phreato-
phytic trees supported the relatively consistent and high cumulative ET
recorded at the cottonwood site during the three study years (Fig. 5).

4.2. Ecosystem water-use efficiency

We used two approaches to calculate ecosystem WUE, and both
calculation procedures produced similar values of WUE (Figs. 8 and 9).
However, the first approach (Fig. 8c) resulted from an integrated per-
spective on GEP and ET during the majority (May-August) of the po-
tential growing season, which can extend from May to September in
years with favorable environmental conditions. In contrast, the second
approach (Fig. 9) focused on processes only at mid-day during peak
photosynthetic activity in June and July, and so it was not as strongly
influenced by differences in the inter-annual variation in the seasonal
timing of GEP and ET that were very pronounced at the grassland site
(Figs. 5–7). Instead, the second approach for calculating WUE was more
strongly influenced by leaf-level photosynthetic characteristics and
maximum LAI than by variation in the seasonal timing of GEP and ET.

At the leaf level, WUE is controlled by the ratio of photosynthetic
carbon uptake (A) and stomatal conductance to water loss (g), or

intrinsic water-use efficiency (A/g). Plants with different life histories
or contrasting plant functional types show systematic variation in A/g
when grown under similar environmental conditions, and grasses tend
to have lower A/g values than broad-leaf deciduous trees (Smedley
et al., 1991; Brooks et al., 1997). These expected differences in leaf gas
exchange characteristics likely contributed to the lower ecosystem WUE
we observed for the grassland relative to the cottonwood forest site
(Figs. 8c and 9). In addition, the lower maximum LAI at the grassland
site allowed for greater solar radiation input to the soil surface and may
have increased soil evaporation and ET relative to GEP, which would
also contribute to the lower WUE observed at the grassland site. The
WUE values we measured for the cottonwood site (4.4-5.3 mmol mol−1,
based on cumulative GEP and ET) were very similar to WUE values
(4.5-5.4 mmol mol−1) measured for an aspen forest (Populus tremu-
loides) in Saskatchewan (Arain et al., 2002; Ponton et al., 2006). In
addition, the WUE values we measured based on cumulative GEP and
ET at the grassland site (3.0-4.4 mmol mol−1) were similar but slightly
higher than WUE values (2.6-3.1 mmol mol−1) measured at the same
site in different years (Wever et al., 2002; Ponton et al., 2006; Flanagan
and Farquhar, 2014).

At the cottonwood site there were only minor differences apparent
among years for WUE (Figs. 8c and 9). The small increase in WUE
during 2017 was a result of slightly lower ET in that year, while cu-
mulative GEP remained approximately equal during all study years at
the cottonwood site (Fig. 8). Canopy conductance was markedly re-
duced in 2017 compared to 2014 and 2015 at the cottonwood site
(Fig. 3), and this was likely the major reason for the slightly lower
cumulative ET and higher WUE during 2017. We speculate that most of
the reduction in canopy conductance was a result of reduced photo-
synthetic gas exchange in shallowly rooted understory plants at the
cottonwood site associated with low precipitation in 2017, and was not
due to substantially lower photosynthetic activity in the cottonwood
trees. Total LAI (1.8) is split equally between cottonwood trees (0.9)
and understory plants (0.9) at this site (Flanagan et al., 2017). Lower
rates of soil evaporation, due to reduced surface water input from
precipitation at the cottonwood site, may have also contributed to the
lower ET and higher WUE during 2017.

There was relatively large inter-annual variation in WUE at the
grassland site, with significantly lower WUE recorded in June-July of
2015 and 2017 compared to 2014 (Fig. 9). Interacting effects of

Fig. 7. Seasonal variation in the daily-integrated gross ecosystem photosynthesis (GEP) rates at a cottonwood forest (a, c, e) and a nearby grassland (b, d, f) in
Lethbridge, Alberta during 2014, 2015, 2017. Data from figures a and c were originally presented in Flanagan et al. (2017).
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environmental variation among years and peak GEP values combined to
result in higher WUE in 2014 compared to 2015 and 2017. Peak GEP
values were reduced in both 2015 and 2017 compared to 2014 because
of reduced precipitation, but peak GEP was higher in 2017 than 2015
despite the drier conditions in 2017 (Fig. 7). The warmer conditions,
combined with sufficient precipitation and soil moisture during the
start of the growing season (May-June), resulted in earlier leaf devel-
opment and higher peak GEP in 2017 compared to 2015 (Figs. 2,7).
However, leaf senescence occurred earlier in 2017 than 2015, so the

total length of the growing season at the grassland was shorter in 2017
than in 2015 (Fig. 7). The higher peak GEP could have contributed to
higher WUE in 2017 relative to 2015, but this was opposed by higher
VPD conditions in 2017 (Table 1; Ponton et al., 2006) which stimulated
ET and resulted in almost equal WUE occurring during June-July of
2015 and 2017 (Fig. 9). The higher peak GEP (Fig. 7) and lower VPD
conditions (Table 1, Fig. 2) apparent in 2014 resulted in higher average
mid-day WUE in June-July of that year compared to 2015 and 2017
(Fig. 9).

The pattern of variation in WUE observed among years at the
grassland was different for the two procedures used to calculate WUE
(Figs. 8c, and 9). As discussed above, this resulted from contrasting,
seasonal variation in GEP and ET apparent among the different study
years at the grassland site. Cumulative GEP values were almost iden-
tical in 2015 and 2017 despite the differences observed in peak GEP
during these two years (Figs. 7 and 8). The longer time period of
photosynthetic activity compensated for the lower peak GEP in 2015,
relative to values observed in 2017. While cumulative GEP values were
almost identical, cumulative ET was lower in 2017 than in 2015, and so
WUE integrated over May-August was higher in 2017 than 2015
(Fig. 8). The flexible timing of plant growth in grasslands, and the warm
conditions with sufficient soil moisture early in the 2017 growing
season resulted in the higher, seasonal-integrated WUE in 2017 com-
pared to 2015 (Fig. 8). The importance of interacting effects of tem-
perature and soil moisture on the timing of leaf development, maximum
LAI produced, and associated changes in ET and GEP have been noted
previously at this site (Flanagan and Adkinson, 2011) and for grasslands
in general (Hufkens et al., 2016).

4.3. Conclusions

Our measurements indicated that cumulative growing season ET at
the cottonwood site exceeded grassland ET by 2.1- to 3.4-fold de-
pending on study year, despite slightly higher WUE in the cottonwood
ecosystem. The absolute difference in cumulative ET between ecosys-
tems ranged from 238 to 264mm in different years, in a region that
normally receives 258mm of cumulative precipitation during May-
September (Fig. 1). The relatively large ET at the cottonwood site was
caused by higher LAI (approximately 2-fold higher), and associated

Fig. 8. Cumulative values during May-August for (a) ecosystem photosynthesis
(GEP, g C m−2), (b) cumulative ecosystem evapotranspiration (ET, mm) and (c)
seasonal ecosystem water-use efficiency (WUE, mmol mol-1, ratio of cumulative
GEP and ET) in a cottonwood forest and grassland in Lethbridge, Alberta during
2014, 2015, 2017.

Fig. 9. Average (± SE) daily water-use efficiency for the cottonwood forest and
grassland ecosystems at mid-day (10:00 to 17:00 h) in June-July (days
152–212) in Lethbridge, Alberta during 2014, 2015, 2017. Statistical sig-
nificance was based on two-way ANOVA [Site effect, F(1, 330)= 52.6,
P < 0.001; Year effect, F(2, 330)=14.8, P < 0.001; Interaction, F(2,
330)= 10.9, P < 0.001].
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greater canopy conductance than was apparent at the grassland site.
The additional soil water required to support the higher cottonwood ET
was supplied by access to the semi-saturated capillary fringe above the
alluvial groundwater table, and was also supported by a larger soil
volume to store water from precipitation and river flooding inputs.
These factors resulted in a relatively long time period for cottonwood
canopy photosynthetic gas exchange that was very consistent among
years despite widely different environmental conditions (Fig. 2,
Table 1), while the grassland had shorter growing season lengths that
were constrained further as precipitation and soil moisture declined
among years. Our comparative analyses of water-use in these two
ecosystems were consistent with the prediction that riparian cotton-
wood forests would be less sensitive to summer drought caused by low
precipitation inputs than restricted access to alluvial groundwater as-
sociated with changes to adjacent river flow rates (Sperry and Love,
2015). Our analyses will help to improve management procedures for
regulating the flow rates of southern Alberta rivers in order to sustain
healthy riparian cottonwood ecosystems. This study also provides a
research strategy that should be broadly applicable, and the findings
provide guidance for water resource management in other semi-arid
ecoregions where riparian cottonwood forests provide rich ecological
resources that contrast within the otherwise treeless landscapes.
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