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Abstract: During the last 40 years, Carolina willow (Salix caroliniana Michx.) expanded into areas previously dominated by herbaceous
marshes in the Upper St. Johns River basin (USJRB) of east-central Florida, United States. This change in vegetation affects evapotranspiration (ET). To quantify changes in ET at the community level after willows were removed using herbicides, a two-year field experiment
with a randomized complete block design was implemented. The design included an unsprayed control and two different aerially sprayed
herbicide treatments and was replicated in four blocks along the Upper St. Johns River. Daily ET was estimated using the Penmen-Monteith
equation from July 1, 2014, to August 31, 2016. Cumulative ET difference between the control and treated plots increased substantially
during the growing season after herbicide application. Mean annual evapotranspiration was 1,368  51 mm year−1 on control plots,
1,096  137 mm year−1 on plots treated with Aquasweep or Ecomazapyr herbicide, and 968  117 mm year−1 on plots treated by Clearcast
herbicide. A single-parameter annual ET model derived from a Budyko-type equation was applied to the study area, and the model parameter
(ε) strongly correlated with willow fractional coverage in April. The empirical equation obtained from this study can be potentially used for
evaluating the impacts of willow treatment and climate on long-term evapotranspiration in the study area. DOI: 10.1061/(ASCE)HE.19435584.0001685. © 2018 American Society of Civil Engineers.
Author keywords: Willow; Herbicide; Evapotranspiration; Penman-Monteith; Budyko.

Introduction
Almost 80% of the world’s human population lives in regions
where water security and riparian biodiversity are threatened
(Vörösmarty et al. 2010). East-central Florida is no exception.
Rapid population growth and suburban sprawl are depleting
groundwater supplies, making surface water more important for
sustaining human activities (Hackney 2015). At the same time, vegetation changes along the state’s largest river—the St. Johns—may
send increasing amounts of water into the atmosphere, reducing the
amount available both to humans and to the riparian ecosystem.
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Over the last 40 years, altered hydroperiods, reduced fire frequency,
and other changes to the ecological disturbance regime allowed
Carolina willow (Salix caroliniana Michx.), a native deciduous
shrub or small tree, to invade areas that historically were herbaceous marshes in the Upper St. Johns River basin (USJRB) of
east-central Florida, United States (Hall 1987; Ponzio et al. 2006;
Quintana-Ascencio et al. 2013). Conversion of herbaceous marshes
into willow swamps limits recreational activities like boating,
fishing, and duck hunting, and reduces the fuel load needed to
sustain prescribed burns. More alarming, however, is the potential
for Carolina willow to reduce water availability through its high
transpiration rate, which is about twice as high as the herbaceous
vegetation it replaces (Doody et al. 2009).
To address the ecological and hydrological consequences of
Carolina willow invasion, vegetation management such as mechanical removal, hydroperiod manipulation, and herbicide use may be
required (Castro-Morales et al. 2014; Chee et al. 2016; Nicholson
et al. 2012; Ponzio et al. 2006; Quintana-Ascencio et al. 2013;
Wilkinson et al. 2013). Changes in vegetation may alter evapotranspiration (ET) by orders of magnitude (Bosch and Hewlett
1982). Previous studies evaluated effects of vegetation change on
ET at different temporal and spatial scales (e.g., Donohue et al.
2007; Zhang et al. 2001). Correspondingly, methods have been
developed to measure (e.g., eddy covariance measurements and
lysimeters) or estimate (e.g., models) ET rates.
Several equations estimate the short-term ET rate (Bai et al.
2016; Choudhury 1997; Jensen et al. 1990; Monteith 1981; Zhang
et al. 2016). The Penman-Monteith (PM) equation usually provides
results consistent with direct ET measurements from flux towers
and other field measurements, especially for well-watered and
stressed canopies (Cleugh et al. 2007; Jensen et al. 1990; Leuning
et al. 2008; Mu et al. 2007) such as willow swamps. The PM equation was introduced by Penman to estimate open water evaporation
(Penman 1948) and extended by Monteith to include canopy
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Fig. 1. (a) Locations of MI and SWC in the USJRB; (b) plot centers in MI North and MI South blocks and the weather tower; and (c) plot centers in
SWC East and SWC West blocks and the weather tower.

resistance to evaporation (Monteith 1965). It is an efficient tool for
estimating ET from vegetation-covered surfaces (Stanhill 2002) and
was recommended by the Food and Agriculture Organization to
calculate the ET of crops (Allen et al. 1998).
On the long-term scale, annual ETat the catchment scale primarily
depends on annual precipitation (P) and atmospheric water demand
(Ol’dekop 1911; Schreiber 1904). Atmospheric water demand can
be computed by potential evaporation or energy supply represented
by water equivalent of net radiation (Rn ) for a moist surface
(Budyko 1958; Choudhury 1999). Various deterministic or parametric Budyko-type equations describe that relationship (e.g., Budyko
1958; Choudhury 1999; Dooge 1992; Yang et al. 2008; Zhang et al.
2004). Wang and Tang (2014) derived a one-parameter Budyko
equation by applying a proportionality relationship, generalized
from the Soil Conservation Services (SCS) curve number method
(US Department of Agriculture SCS 1972), to the partitioning of
annual precipitation. These parsimony models provide practical tools
to quantify annual ET and evaluate its long-term responses to landscape change (e.g., deforestation and vegetation management).
The objectives of this case study were to (1) evaluate the effects
of experimentally removing Carolina willow on daily ET, and
(2) develop a single-parameter, annual ET model for quantifying
the long-term response of ET to willow management. Results of
this study compare the daily ET rates and seasonality of willow
growth and ET, and estimate a parameter for an annual ET model.

Field Experiment and Data Collection
Field Experiment
A two-year experiment was implemented at two sites, Moccasin
Island (MI) and Sweetwater Canal (SWC), along the USJR in
© ASCE

Florida [Fig. 1(a)] using a randomized complete block design
(Clewer and Scarisbrick, 2001) with two blocks per site (i.e., four
repeats in total). Each block contained three square (150 × 150 m)
plots with a 50-m buffer between adjacent plots. Two plots within
each block were selected at random and sprayed by helicopter
with herbicides. The remaining plot was untreated and served as
a control [Fig. 1(b)]. Herbicides were applied in two years: first
in August 2014, and again in July 2015. Plots treated by Clearcast
(BASF Corporation, Research Triangle Park, North Carolina) were
sprayed in both years (denoted as “C-C-treated”) whereas the other
herbicide treatment used Aquasweep (Nufarm Americas Inc., Burr
Ridge, Illinois) in 2014 and Ecomazapyr (Alligare, LLC, Opelika,
Alabama) in 2015 (“A-E-treated”; Table 1). Plots were sprayed in
back-to-back years because willows resprouted the first spring after
spraying, but not after the second herbicide treatment.
Data Collection
One weather station (HOBO U30 USB Weather Station, Onset
Computer Corporation, Bourne, Massachusetts) at ∼2-m height
was installed at the center of each plot, and one weather tower at
∼7-m height was installed midway between blocks at each site
[Figs. 1(b and c)]. Towers were installed atop a telescoping antenna
mast sleeved inside a steel pipe anchored in 45.4 kg (100 lb) of concrete, and were guyed to the base of nearby willows. Weather towers
remained operational during Hurricane Matthew, which made landfall on October 7, 2016, but the below-canopy weather stations were
removed beforehand to prevent damage from downed willows.
Air temperature (T), solar radiation (Rs ), relative humidity (Rh ),
and wind speed (U) were recorded at 30-minute intervals from
July 1, 2014, to August 31, 2016, on each weather station and
weather tower. Over the entire period, missing data for these
meteorological variables due to sensor failure were less than 5%.
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Table 1. Herbicides applied on treatment plots and dates of application
First treatment
Plot type
A-E-treated
C-C-treated

Second treatment

Plot name

Date

Herbicide

Date

Herbicide

North A, South A, East B, West A
North B, South C, East C, West C

8/21/2014
8/21/2014

Aquasweep
Clearcast

7/15/2016
7/15/2016 or 7/21/2016

Ecomazapyr
Clearcast

Note: See Fig. 1 for plot locations.
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Table 2. Latitude (φi ) and height (zmi ) of weather stations and towers, and
the calibrated extinction coefficient (k) of Eq. (4) for each plot along the
St. Johns River
Name
North A
North B
North C
South A
South B
South C
East A
East B
East C
West A
West B
West C
Tower in MI
Tower in SWC

φi (°N)

zmi (m)

k

28.20
28.20
28.20
28.20
28.20
28.20
28.07
28.07
28.07
28.07
28.07
28.07
28.20
28.07

1.88
1.92
1.87
1.89
1.89
1.88
1.82
1.84
1.93
1.88
1.89
1.94
7.00
7.94

0.30
0.14
0.18
0.44
0.31
0.26
0.39
0.40
0.50
0.22
0.29
0.28
—
—

Note: The four unsprayed control plots are highlighted in bold.

Linear interpolation was used to fill data gaps. Daily values of
mean, maximum, and minimum T, Rs , U, and Rh were computed
from the 30-minute sampling records. Latitude (φi ) and height (zmi )
of each weather station and weather tower were measured during
sensor installation (Table 2). Heights of willow stands within a 7-m
radius of each plot center were measured with telescoping rods or
retractable measuring tapes in September 2014. Mean willow
height (hc ) was 4.2 m for MI North, 4.6 m for MI South, 4.8 m
for SWC East, and 5.1 m for SWC West. Canopy fractional
coverage (Cw ) was measured with a spherical crown densiometer
(Forestry Suppliers, Jackson, Mississippi) in six random locations
within each subplot in April 2015 and 2016.
Daily potential evapotranspiration (Ep ) for 2014–2015 was
obtained from the Caribbean-Florida Water Science Center at the
U.S. Geological Survey (USGS). Daily Ep was computed by the
Priestley-Taylor (PT) equation based on Geostationary Operational
Environmental Satellites (GOES) with a spatial resolution of 2 km
(Jacobs et al. 2008). The Ep data for pixels covering the four experimental blocks were extracted: pixel (28.20°N, 80.83°W) for MI
North, pixel (28.20°N, 80.81°W) for MI South, pixel (28.08°N,
80.76°W) for SWC East, and pixel (28.08°N, 80.77°W) for SWC
West. Daily precipitation from rain gauges #0530225 (near MI)
and #04210749 (near SWC) were provided by the St. Johns River
Water Management District [triangles in Fig. 1(a)]. The annual
value of flux variable (e.g., precipitation) referred to a water year
(September 1st to August 31st) and was aggregated from daily values. Means and standard deviations for each type of treatment
(e.g., control plots) were calculated to quantify mean responses
and their uncertainties, which are vital for ecological forecasting
(Clark et al. 2001, Nilsson et al. 2003).

Methods
Daily ET estimations were computed using the PM equation, and
ET seasonality was analyzed based on monthly ET means from
© ASCE

daily values. A one-parameter Budyko equation was developed
to model annual ET as a function of willow fractional coverage.
Daily Evapotranspiration by the Penman-Monteith
Equation
Daily evapotranspiration on each plot was computed by the
Penman-Monteith equation (Allen et al. 1998; Monteith 1965)
as follows:
λET ¼ ½ΔðRn − GÞ þ ρa cp ðes − ea Þ=ra =½Δ þ γð1 þ rs =ra Þ
ð1Þ
where ET = estimated daily actual evapotranspiration (mm day−1 );
λ = latent heat of vaporization (MJ kg−1 ), which depends on temperature; Δ represents the slope of the relationship between
saturation vapor pressure and air temperature (kPa °C−1 ); Rn = daily
net radiation (MJ m−2 day−1 ), which is the difference between net
longwave radiation and net shortwave radiation, and 0.17 is used
for albedo considering willow land cover (Blanken and Rouse
1994); G = ground heat flux, which was assumed to be negligible
for daily calculation; ρa = mean air density at constant pressure
(kg m−3 ); cp = specific heat of air at constant pressure, and the
value of 1.013 × 10−3 (MJ kg−1 °C−1 ) was recommended by Allen
et al. (1998); es = saturation water vapor pressure at a given air
temperature (kPa); ea = actual water vapor pressure (kPa), which
is derived from es and Rh ; γ = psychrometric constant (kPa °C−1 );
ra = aerodynamic resistance (s m−1 ), which determines transfer of
heat and water vapor from the evaporating surface into the air above
the canopy; and rs = bulk surface resistance for vapor flow through
the land surface (s m−1 ).
Aerodynamic Resistance
The aerodynamic resistance (ra ) to heat transfer from the surface to
the air above the canopy (e.g., at the towers) depends on wind speed
and land surface roughness, which is affected by vegetation height
and the amount of foliage. When vegetation height is more than
0.7 m, foliage roughness accounts for a small portion of surface
roughness (Antonarakis et al. 2010; Järvelä 2004). Because
Carolina willows were ∼4- to 6.5-m tall, the effect of herbicides on
surface roughness was assumed to be negligible. Therefore, the
variable ra was approximated under neutral stability conditions
(Brutsaert and Stricker 1979; Garratt and Hicks 1973) as
ra ¼ ln½ðzm − dÞ=zom  ln½ðzh − dÞ=z0h =k2 =uz

ð2Þ

where zm = height of wind measurements (m); zh = height of
humidity measurements (m), and both zm and zh are approximated
to the height of wind speed measurement at the towers in this study;
d = zero plane displacement height (m); zom = roughness height
governing momentum transfer (m); zoh = roughness height governing transfer of heat and vapor (m); uz = wind speed measured
at the towers (m s−1 ); and k = von Karman’s constant and equals
0.41 (dimensionless). According to Allen et al. (1989), zom is ten
times zoh . The parameter zom was estimated as 0.123 times hc ,
which is mean vegetation height; therefore, zoh was computed
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as 0.0123 hc . Displacement height d is defined as the height
at which mean wind velocity is zero due to large obstacles
such as canopy and grass surface. The value of d was designated
as 0.9 times the height of weather stations below canopy
(i.e., d ¼ 0.9zm;below ) since measured mean daily wind speed
was 1 m s−1 at the towers and 0.1 m=s at the below-canopy weather
stations.
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Surface Resistance
Surface resistance was estimated as the canopy resistance for
well-watered, actively growing willow stands (Allen et al. 1989)
as follows:
rs ¼ 2rI =LAI

ð3Þ

where rI = mean value of minimum daytime stomatal resistance for
a single leaf; and LAI = leaf area index (m2 of leaf area per m2 of
soil surface). Minimum stomatal resistance of willow without water
stress is about 100 s m−1 (Glenn et al. 2008), which is close to the
value for alfalfa and some grasses (Monteith 1965, 1981). Szeicz
and Long (1969) recommended one-half leaf area as effective in
evapotranspiration because typically the upper half of dense vegetation surface receives the most net radiation. Allen et al. (1989)
defined the half of LAI as the active (sunlit) leaf area index for
estimating reference evapotranspiration.
The LAI for willow stands varied with time, vegetation height,
and treatment. Therefore, daily LAI values were estimated for each
experimental plot using measured solar radiation above and below
the canopy. The LAI is based on the inverse of the expanded BeerLambert equation (Bréda 2003; Monsi and Saeki 1953) as follows:
LAI ¼ −ð1=kÞ lnðI=I 0 Þ

ð4Þ

where I = solar radiation transmitted below canopy (MJ m−2 day−1 );
I 0 = above-canopy solar radiation measured at the towers
(MJ m−2 day−1 ); and k is the extinction coefficient, which is dimensionless and can be calibrated based on direct measurements of
LAI by allometry or litter fall (Burton et al. 1991; Smith et al.
1991; Vose and Swank 1990). The temporal variation of LAI was
described by the ratio I∶I 0 , and k was calibrated by matching
mean estimated daily LAI during July 1–31, 2014, from Eq. (4)
to a reported value of LAI for July (Schaeffer et al. 2000, 3.2,
p. 269, Fig. 10).

computed by comparison with the observed monthly time series.
Additionally, to understand the controlling factors on the seasonality of ET, the correlation coefficients (r) between mean monthly
ET and mean monthly LAI, Rn , and P were calculated.
Comparing Evapotranspiration among Treatments
The cumulative ET difference between control and treated plots
was calculated. The entire study period was divided into five sections: (1) pretreatment, July 1, 2014, to August 21, 2014; (2) the
first nongrowing season after the first herbicide application, which
spanned November 1, 2014, to March 31, 2015; (3) the first growing season, April 1, 2015, to October 31, 2015, when willows
re-leafed after herbicide application; (4) the second nongrowing
season, November 1, 2015, to March 31, 2016; and (5) the second
growing season, April 1, 2016, until August 31, 2016, when
willows did not recover from herbicide treatments. The cumulative
ET differences among five time sections were compared.
Annual Evapotranspiration Model
The annual ET model is based on a one-parameter Budyko equation derived by Wang and Tang (2014). Annual Ep in their model
was estimated by the water equivalent of net radiation (Budyko
1958; Choudhury 1999) as follows:

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ 
ET ¼ P þ Rn − ðP þ Rn Þ2 − 4εð2 − εÞP × Rn
½2εð2 − εÞ
ð7Þ
where ET = annual evapotranspiration; P = annual rainfall; Rn =
water equivalent of annual net radiation; and ε = model parameter
that represents the control of landscape characteristics on ET. The
parameter ε ranges from 0 to 1, with ε ¼ 0 corresponding to the
lower bound of ET and ε ¼ 1 to the upper bound of ET. The value
of ε can be calculated by substituting annual P, Rn , and ET during
the study period into Eq. (7). Annual P was obtained from daily data
measured at rain gauges [Fig. 1(a)]. Annual Rn is the annual value of
the water equivalent of net radiation. Daily ET estimations by the
Penman-Monteith equation were aggregated to produce annual ET.

Results
Seasonal Variation in LAI and ET
Monthly ET and LAI were estimated by averaging daily values;
then, the effects of willow removal on seasonality of LAI and
ET were evaluated. Based on observed data for control plots and
previous studies (Berghuijs et al. 2014; Li et al. 2017; Milly 1994),
the intra-annual variability of ET and LAI follows a simple sine
curve and can be modeled as follows:
LAIðtÞ ¼ LAI½1 þ δ LAI sinð2πðt − sLAI Þ=τ LAI Þ

ð5Þ

ETðtÞ ¼ ET½1 þ δ ET sinð2πðt − sET Þ=τ ET Þ

ð6Þ

where LAIðtÞ = leaf area index as a function of t, with the timemean value of LAI; ETðtÞ = evapotranspiration as a function of t,
with the time-mean value of ET; δ = dimensionless seasonal amplitude; t = time (days); s = phase shift (days) for LAI or ET; and
τ = duration of the seasonal cycle (days). Duration of the seasonal
cycle is 1 year (i.e., τ LAI ¼ τ ET ¼ 365). The variables τ and δ were
estimated by minimizing the squared errors between observed
and modeled values from Eqs. (5) and (6). The coefficient of determination (R2 ), which reflects the goodness of the model, was
© ASCE

Daily Evapotranspiration by the Penman-Monteith
Equation
Leaf Area Index
The calibrated extinction coefficient k [Eq. (4)] varied among the
twelve plots from 0.14 in North B to 0.50 in East C; the mean value
was 0.31 (Table 2). During the pretreatment period (July 1–14,
2014), differences in daily LAI among plots were small [Fig. 2(a)].
After the first herbicide application, the July 1–14, 2015, LAI
in control plots, which were not sprayed with herbicide, was larger
than in treated plots, especially those sprayed with Clearcast
[C-C-treated plots, Fig. 2(b)]. After the second herbicide treatment
in 2016, July 1–14 LAI was still the largest in control plots, but
differences between treated plots were smaller [Fig. 2(c)]. Mean
daily LAI values with uncertainties (standard deviation) from
September 1, 2014, to August 31, 2016, were 2.1  0.6 for control
plots, 1.3  0.5 for the A-E-treated plots, and 1.0  0.4 for the
C-C-treated plots. Mean daily LAI values during the growing
season were 2.4  0.4 for control plots, 1.4  0.3 for the A-E
treatment, and 1.0  0.2 for the C-C-treated plots. Mean daily
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7.0
6.0

4.0
3.0
2.0

Date

(c)

7/13

7/11

7/9

7/7

7/5

7/3

7/1

7/13

7/11

7/9

7/7

7/5

7/3

7/1

7/13

7/11

(b)

Date

Date

Fig. 2. Estimated daily leaf area index averaged over the control plots and plots treated by A-E and C-C during July 1–14 in (a) 2014 (pretreatment);
(b) 2015 (after the first treatment); and (c) 2016 (after the second treatment).

LAI values during the nongrowing season were 1.6  0.3 for
control plots, 1.3  0.4 for the A-E treatment, and 1.0  0.3
for the C-C-treated plots.
Aerodynamic Resistance and Surface Resistance
Heights (e.g., zm , zh , and d) can be considered constant for each
plot, and differences among plots were less than 0.9 m [Eq. (2)].

The spatial variation of wind speed above canopy was relative
small; mean wind speed was 1.0 m s−1 at both the MI and SWC
towers. Thus, temporal variation of ra was mainly driven by variation of wind speed above canopy, and the spatial variation of ra can
be negligible. Mean wind speed in the growing season (April to
October) (i.e., 0.8 m s−1 ) was lower than in the nongrowing season
(1.2 m s−1 ). Correspondingly, ra was larger in the growing season

8
7

Herbicide date
Pre-treatment period

6

PM ET (mm

d-1)

5
4
3
2
1

(a) 0
900
A-E-treated

800

Cumulative ET difference (mm)
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(a)

7/9

7/3

7/1

0.0

7/7

A-E-treated
C-C-treated
Control

1.0

7/5

LAI

5.0

C-C-treated

700
600
500
400
300
200
100
0

(b)

Date

Fig. 3. (a) Computed daily Penman-Monteith ET averaged over the control plots; and (b) averaged cumulative difference (control minus treated)
of daily ET during July 1, 2014, to August 31, 2016, over A-E-treated and C-C-treated plots. Vertical lines indicate herbicide application dates.
Horizontal lines indicate the pretreatment period.
© ASCE

05018018-5

J. Hydrol. Eng., 2018, 23(9): 05018018

J. Hydrol. Eng.

6

2.5

5

PM ET (mm day-1)

3

LAI

2
1.5
1
0.5

4
3
2
A-E-treated
C-C-treated
Control

1
0

0

J FMAM J J A S OND

J F MAM J J A S O N D

Month

(a)
Downloaded from ascelibrary.org by University of Central Florida on 09/20/18. Copyright ASCE. For personal use only; all rights reserved.

was 3.9  0.1 mm day−1 (Jacobs et al. 2008). The reported transpiration rate of willow in riparian regions was 6.0  0.5 mm day−1
during the growing season (Hall et al. 1998).

(b)

Month

Fig. 4. (a) Mean monthly leaf area index; and (b) mean monthly ET
computed by PM equation during September 1, 2014, to August 31,
2016, over the control plots and A-E-treated and C-C-treated plots.

Comparing Evapotranspiration among Treatments
The difference among treatments in daily ET rate was close to zero
during the pretreatment period. Treatments also had similar daily
ET rates during the nongrowing season after the first herbicide
application. Starting from the first growing season, the daily ET
difference increased substantially for C-C-treated plots but increased relatively less for A-E-treated plots. During the second
nongrowing and growing seasons, the ET change rates were similar
for both A-E-treated and C-C-treated plots. Compared with the first
growing season, the ET difference for A-E-treated plots increased
substantially during the second growing season.
Seasonal Variations of LAI and ET

Table 3. Correlation coefficients between mean monthly evapotranspiration
and mean monthly leaf area index, mean monthly net radiation, and mean
monthly precipitation
Plot type

LAI

Net radiation (Rn )

Precipitation (P)

Control
A-E-treated
C-C-treated

0.91
0.17
0.04

0.99
0.95
0.87

0.47
0.44
0.41

Note: The correlation coefficients with p-values less than 0.05 are
highlighted in bold.

than in the nongrowing season. Minimum wind speed at the
towers was 0.7 m s−1 in September, and the maximum wind
speed was 1.5 m s−1 in February. Estimated ra ranged from
56 s m−1 in February to 110 s m−1 in September. The typical ra
value for willow canopy is about 50 s m−1 at a wind speed
of 1 m s−1 and about 150 s m−1 at a wind speed of 0.7 m s−1
(Lindroth 1993).
Willow surface resistance for each plot was computed by
substituting the daily LAI in Eq. (3). Variability of rs among plots
was mainly due to variation in LAI. For control plots, mean
monthly rs over blocks ranged from 83 s m−1 in September to
200 s m−1 in January. In the A-E treatment, rs ranged from
149 s m−1 in September to 283 s m−1 in August; in the C-C
treatment, rs ranged from 182 s m−1 in September to 438 s m−1
in June. The reported rs for willow from Bowen ratio measurements ranged from 40 to 1,000 s m−1 , which corresponds to variation in LAI from 6 to 0.2 (Lindroth 1993). The recommended rs
value for 95% coverage of herbaceous marsh in the Everglades of
Florida, United States, is 52 s m−1 (Jacobs et al. 2008).
Daily Evapotranspiration by the Penman-Monteith Equation
Daily ET values from July 1, 2014, to August 31, 2016, computed by
the PM equation varied from 0.3 to 7.4 mm day−1 . Mean daily ET
was 3.7  0.1 mm day−1 for control plots, with maximum values
of 5.5  0.6 mm day−1 in May [Fig. 3(a)]. In comparison, mean
daily ET for herbaceous marsh in the Everglades of south Florida


ET ¼
© ASCE

P þ Rn −

Consequently, seasonal variation in LAI in treated plots, especially the C-C treatment, differed from the control plot [Fig. 4(a)].
The R2 between observed monthly LAI and values predicted by
the sine model [Eq. (5)] was 0.78 for control plots, 0.29 for the
A-E treatment, and 0.53 for the C-C treatment. The small values
of R2 indicate that the simple sine model [Eq. (5)] had poor performance predicting the intra-annual variability of LAI in treated
plots. The seasonal variations in ET were similar in both the
control and treated plots [Fig. 4(b)]. The R2 between observed
and modeled monthly ET [Eq. (6)] for all treatments was higher
than 0.80.
The correlation coefficients (r) between mean monthly ET
and LAI was 0.91 in control plots, 0.17 for A-E-treated plots, and
0.04 for C-C-treated plots. The values of r between mean monthly
ET and Rn for all treatments was higher than 0.85, and the values of
r between mean monthly ET and P for all treatments was around
0.4 (Table 3).
Estimated Parameter of Annual Evapotranspiration
Model
The aggregated annual ET from the 12 plots in the two years of
the study varied from 575 mm year−1 to 1,519 mm year−1 . The
mean annual ET rate was 1,368  51 mm year−1 for control plots,
1,096  137 mm year−1 for the A-E-treated plots, and 968 
117 mm year−1 for the C-C-treated plots. Based on annual ET,
the parameter (ε) of the annual ET model [Eq. (7)] was computed,
and a strongly positive linear correlation (i.e., r ¼ 0.85, p < 0.01)
existed between ε and Cw . A natural-logarithm curve was fit to the
scatters in the ε and Cw space (Fig. 5) as follows:
ε ¼ 0.34 lnðCw Þ − 0.48

ð8Þ

The R2 of the fitted curve (i.e., the solid line in Fig. 5) was 0.85,
which indicated that the ε predicted by Eq. (8) explained 85% of
the variation in the estimated ε among the 12 plots. Substituting
Eq. (8) into Eq. (7), an empirical annual ET model can be obtained
as follows:

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðP þ Rn Þ2 − 4½0.34 lnðCw Þ − 0.48½2.48 − 0.34 lnðCw ÞP × Rn
f2½0.34 lnðCw Þ − 0.48½2.48 − 0.34 lnðCw Þg
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herbaceous vegetation such as sawgrass, cattail, and mixed marsh
in pasture by as much as 20% (Budny and Benscoter 2016; Jacobs
et al. 2008; Mao et al. 2002; McLaughlin et al. 2012).
Seasonality of ET is widely used in the management of irrigation and groundwater pumping in water-deficient regions (Zhang
and Oweis 1999). Removing willows affected the magnitude of
ET but not its seasonality. The simple sine models [Eqs. (5) and (6)]
had poor performances of predicting the intra-annual variability
of LAI in treated plots but good performances of predicting ET.
The correlation coefficients between monthly ET and LAI for the
treated plots were much smaller than those for Rn and P (Table 3).
These results indicated that the seasonal pattern of ET depended on
the seasonality of Rn and P, but not LAI.
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Fig. 5. The relationship between parameter ε of the Budyko model
[Eq. (7)] and the willow fractional coverage in April (Cw ) in 2015
and 2016 was fitted by ε ¼ 0.34 lnðCw Þ − 0.48 [Eq. (8)]. R2 evaluates
the goodness of the fitted curve to the individual data points.

Discussion
Uncertainties and Performance of Daily ET Estimation
The Penman-Monteith equation captured the detailed physical
processes of ET (Cleugh et al. 2007; Leuning et al. 2008); however,
a large number of parameters and inputs were required to accurately
estimate daily ET (Beven 1979; Jacobs et al. 2008). Although the
empirical equations used to estimate parameters and their applicability to local sites may bring uncertainties (Mu et al. 2007), some
parameters commonly assumed to be constant (e.g., roughness
height and albedo) were also sensitive to changes in land surface,
such as defoliation and death of willows (Lindroth 1993). Additionally, the “big leaf” assumption of the PM equation, which applies to
uniform and dense vegetation surfaces (Monteith 1965), was undermined by treatments that cause sparse surfaces, such as herbiciding
and mechanical removal. Few herbicides might reach the control
plots due to the aerial spray, which may cause the differences in
ET between the control and treated plots to be underestimated.
The daily ET estimates in this study were similar to the USGS
satellite-based Ep by the PT equation in corresponding pixels with
a correlation coefficient of 0.91 (r ¼ 0.91, p-value < 0.05).
Impact of Willow Removal on ET
In this study, the effect of vegetation change on ET was quantified
using the randomized complete block design of the field experiment, which minimized and accounted for nonvegetation factors.
After the herbicide application, woody vegetation growth was inhibited, and the leaf area index decreased substantially, especially
during the growing season (Fig. 2). The lowest ET was in C-Ctreated plots (2.7  0.3 mm day−1 ) because willows re-leafed
slowly after spraying the first year and suffered near-complete mortality after herbiciding the second year. Estimated ET was moderate
in the A-E-treated plots (3.0  0.4 mm day−1 ), where willows regenerated strongly after the initial spraying with Aquasweep but
were killed after treatment with Ecomazapyr in the second year.
The highest ET was in the control (3.7  0.1 mm day−1 ). Moreover, during the growing season when LAI was relatively large,
differences in ET among herbicide treatments and controls were
more substantial. ET estimates for Carolina willows obtained in
this study were higher than the ET rates previously reported for
© ASCE

Tool for Evaluating the Impacts of Herbicides and
Climate on Long-Term ET
By dividing the P on both sides of Eq. (9), a one-parameter
Budyko-type equation is obtained. This Budyko framework
describes climate (Rn =P) control on long-term water balance (Tang
and Wang 2017). One-parameter Budyko equations have been used
for quantifying the contribution of climate change and land-use
change to evapotranspiration changes and long-term stream flow
(e.g., Jiang et al. 2015; Roderick and Farquhar 2011; Wang
and Hejazi 2011). Therefore, Eq. (9) can be potentially used to
evaluate the effect of climate on long-term ET. Other than climate,
the controlling factors in this study were mainly restricted to variability in vegetation caused by herbicides. As a result, the correlation was strong between parameter ε of the Budyko equation
and willow fractional coverage (Cw ), which quantifies variation in
willow leaf area due to herbicides [Eq. (8)]. Therefore, Eq. (9)
also can be used to evaluate how herbiciding willows affects
long-term ET.

Conclusion
Changes in ET associated with removing invasive Carolina willows
using herbicides were calculated in the USJRB in east-central
Florida. Daily ET and annual ET were estimated by the PM equation and Budyko equation, respectively. Herbicide application significantly decreased LAI and ET. Evapotranspiration was higher in
control plots than in treatment plots, and differences increased during the growing season. The parameter ε of the annual evapotranspiration model derived from a Budyko-type equation strongly
correlated with willow fractional coverage in April. Based on this
correlation, an empirical Budyko-type relationship was proposed
that may provide a useful tool to predict the impact of willow
herbicide treatments on long-term annual evapotranspiration in the
USJRB, and these results are relevant for riparian zones in other
areas invaded by willows across the world.
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