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Abstract: Pot experiments are a low-cost and easy-to-use technique for studies of soil evaporation
and plant transpiration in controlled environments. However, little attention has been paid to the
applicability of evapotranspiration (ET) measured in pot experiments to the field. The objective
of this study was to determine whether a pot experiment can be used for measuring field ET.
Evapotranspiration experiments with winter wheat and summer maize were conducted in pots and
lysimeters under various water-deficit conditions. The measured ET values in the pot experiments
under different water conditions were considerably different from those of the lysimeters. Causes of
such differences in ET were analyzed, and a series of corrections were proposed to eliminate the effects
of different crop densities, representative areas per plant, and soil moisture conditions on pot experiment
results. After these corrections, the discrepancy in the total ET of wheat-maize seasons between pots
and lysimeters was greatly reduced from a maximum of 117% to only approximately 10%. The relative
mean square errors (RMSEs) for daily ET values also decreased from a maximum value of 4.56 mm to
less than 1.5 mm for the wheat season and from a maximum value of 6.02 mm to approximately 2 mm
for the maize season. Possible measures were proposed to further improve the accuracy of the corrected
ET obtained from pot experiments. In sum, pot experiments can serve as a feasible tool for estimating
ET in the field just with a few routine measurements at regions where large-scale weighing lysimeters,
an eddy covariance device, and even meteorological data are not available. The proposed corrections
can also be used for upscaling small-scale ET measurements to a large scale.

Keywords: crop transpiration; wheat-maize; lysimeter; upscaling; field scale

1. Introduction

Evapotranspiration (ET) is one of the most important components in field water cycles.
The accurate measurement or estimation of ET in fields is of great importance for quantifying
soil hydrological processes and, thus, making appropriate decisions regarding irrigation measures
to improve water use efficiency levels in agricultural areas, particularly in arid or semi-arid
regions. Currently, many tools and techniques, such as scintillometers [1], the eddy covariance (EC)
method [2–4], and the Bowen ratio-energy balance (BREB) measurement system [5,6], are available for
measuring ET at the field scale. Food and Agriculture Organization (FAO) crop coefficient methods [7]
are also usually used for estimating field-scale ET [8] based on reference crop ET calculated by various
models as reviewed by [9]. In addition, there are some models, including the Penman-Monteith
model [10], the Shuttleworth-Wallace Model [11] and the clumping model [12], that can directly
estimate field-scale ET. Among them, lysimeters [13,14] are normally used as a standard tool for
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evaluating field-scale approaches [15–18]. Moreover, lysimeters cannot be replaced with the EC and
BREB methods given their uncertain footprints, especially when plot experiments are used to evaluate
the effects of field management systems or soil water and nutrient deficits on ET. Even so, there are
still some disadvantages or faults of lysimeter applications. First, lysimeters are so expensive that
conducting such experiments with enough treatments and duplications is impossible in most cases.
Second, the representativeness of the ET measured by lysimeters is apt to be suspect for different crop
densities, crop heights, root characteristics, soil water and nutrient statuses, and soil profile structures
between inside and outside lysimeters [19]. More reviews on lysimeters can be found in [19]. So far,
it remains unclear how a lysimeter can be used to upscale ET to the plot or field scale.

Compared to large-scale lysimeters, pot experiments and micro lysimeters are low-cost and
easy-to-use tools that have been widely used in studies of soil evaporation and plant physiological
processes of plant transpiration, growth, and dry biomass production and allocation in controlled
environments [20–25]. However, due to the limited amount of soil available to the roots, plant growth
and, thus, ET in pots can be very different from that in the field due to differences in soil water
status [26,27] and nutrient and oxygen supply characteristics [28–30]. Water or nutrient stress and,
thus, a reduction in the crop yield or biomass amount can occur more frequently in pots even under the
same apparent soil water conditions as in lysimeters. Furthermore, a minor difference in crop density
between pots and lysimeters can result in a considerable difference of ET between them. Finally,
soil evaporation is dependent on the representative area per plant, which can differ considerably
between pots and lysimeters, especially in the maize season. For the above reasons, the measured ET
in a pot has never been adopted to represent the ET in a lysimeter or in the field.

Fortunately, some conservative relationships between plants and soil environmental factors
have been found in some studies [31,32]. These conservative relationships are independent of soil
volume size [24] and, thus, may be helpful for upscaling ET from pot scale to field scale. For example,
consistent transpirational responses of crops to drought stress have been found by [26] for different
pot sizes. A consistent relationship between dry matter accumulation and total transpiration was
found by [24] between pots and lysimeters. Conservative behavior of biomass water productivity
has also been observed by [31] and [32] under various environmental conditions. The conservative
behaviors of biomass water productivity have been successfully used to partition eddy covariance
ET [33,34]. However, few studies have been conducted to upscale ET in pots to field scale based on the
relationship between dry biomass productivity and plant transpiration.

Therefore, the first objective of this study is to analyze the differences in pot and lysimeter ET
values from experiments involving planted wheat and maize. The second objective is to propose and
test an approach for correcting or upscaling the measured ET of the pots to a comparable level with
those of the lysimeters. By using the same approach, the measured ET in the pots can be upscaled to
any field with known crop density and biomass per plant. Although it cannot reach an accuracy as
high as that of lysimeters, the approach proposed herein can be taken as a low-cost way for field ET
estimates in regions with limited conditions. Finally, we discuss and present possible ways to further
improve the accuracy of the approach as well as its potential use in the fields.

2. Materials and Methods

2.1. Experimental Site

The experiments were conducted at the Chinese Academy of Sciences Fengqiu Agro-ecological
Experimental Station (35◦00 N, 114◦24′ E). The station is located in the hinterland of the
Huang-Huai-Hai Plain (Figure 1), which is characterized by flat topography and an average altitude of
67.5 m above sea level. The region is characterized by a typical monsoon climate, an annual mean air
temperature of 13.9 ◦C, and an annual mean rainfall of 615 mm, of which 60–90% occurs between May
and October [35]. The annual mean water surface evaporation level is 1858 mm, which is much greater
than that of the precipitation [36]. During growing seasons, the maximum air temperature is 39.7 ◦C
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and the minimum air temperature is −1.1 ◦C. Sandy loam soil accounts for more than 98% of the total
arable land area of the region. Basic soil physical and chemical properties of the experimental site are
listed in Table 1, which are also valid for the soils in the pot and lysimeter experiments. A wheat–maize
rotation is the main cropping system applied in the study area. Normally, precipitation levels do not
satisfy the crop water requirement, especially during wheat seasons. Therefore, irrigation is required
to alleviate soil water deficits.
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Figure 1. Schematic locations of the Fengqiu Agro-ecological Experimental Station and the
Huang-Huai-Hai Plain in China [37].

Table 1. Soil physical and chemical properties.

Soil Depth
(cm)

BK
pH

OM TP * TK * TN * Sand Silt Clay θs θf θwp

(g cm−3) (g kg−1) (%) (%)

0–20 1.20 8.86 11.82 0.80 21.3 0.60 47.0 31.7 21.3 43.59 31.86 5.50
20–40 1.54 9.01 5.86 0.59 22.9 0.44 39.9 33.9 26.2 42.04 30.84 5.50
40–60 1.35 8.58 8.22 0.59 22.9 0.44 8.7 38.4 52.9 49.17 44.63 6.80
60–80 1.42 8.52 6.92 0.59 22.9 0.44 5.3 59.2 35.5 46.34 42.97 5.20
80–100 1.43 8.84 4.00 0.60 19.8 0.19 13.0 72.2 14.8 46.19 41.95 3.55

100–180 1.41 9.03 3.25 0.60 19.8 0.19 23.2 66.6 10.2 46.91 44.79 3.50

Note: BK, bulk density; OM, soil organic matter; TP, total phosphorous; TK, total potassium; TN, total nitrogen; θs,
porosity (v/v); θf, field capacity (v/v); θwp, wilting point (v/v). * data are cited from [35].

2.2. Experimental Design

2.2.1. Pot Experiments

Pot experiments were conducted using 27 ceramic pots (diameter: 30 cm; height: 38.5 cm)
positioned in a field in 2013–2014 for winter wheat and in 2014 for maize. A rain shelter with a glass
roof was used to prevent rainfall from entering the soil (Figure 2). The soil was sampled from the
cultivated layer (0–30 cm) near the experimental site, and then air-dried, crushed, and mixed for pot
experiments. Each pot was uniformly packed with roughly 35 kg of soil at the same bulk density
(1.2 kg m−3) as that of the cultivated horizon of the outer field. The bottom of each pot had a hole for
draining excess water. Each hole was covered with a piece of plastic screening to prevent soil from
leaking. Finally, the filled pots together with their outer buckets (diameter: 40 cm; height: 50 cm) were
buried in the field. The heights of soil surfaces in the pots were kept consistent with the surrounding
field. Two bricks and a plastic pan were placed underneath each pot to separate the pot from the subsoil
in the pit. During the crop growing seasons, the pots were lifted once every 3 days by a removable
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power-driven hook installed on the top of the rain shelter, and then weighed by an electronic balance
with an accuracy of 2 g (0.03 mm). Changes in pot weights were used to calculate the total water
volumes for controlling the soil moisture contents in the pots.
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Figure 2. A schematic sketch of the devices for the pot and lysimeter experiments.

Three groups of treatments (bare soil without crops (B); covered soil with crops (C); and normal
pots with crops (N)) were designed. Each group involved three volumetric soil moisture content levels
of 11 ± 2%, 18 ± 2%, and 25 ± 2%, which are lower than the field capacity (Table 1) and represent low,
middle, and high soil moisture conditions, respectively. Nine treatments were applied (B11, B18, B25,
C11, C18, C25, N11, N18, and N25). Each treatment was applied in triplicate. The total number of
pots was 27. Seeds were sown in 18 pots. At the seeding stage, all 18 planted pots were well-watered
for even seedling emergence, and the other 9 pots were watered to maintain uniform soil moisture
conditions across the planted pots. At the growing stage, the soil moisture contents in each pot were
controlled by routine weighing pots, calculating water loss and adding water into the pot. During the
experiments, no water was drained from the pots for all of the three soil moisture content levels, which
can be easily found by checking the pan when weighing each pot each time.

One row of wheat seeds (variety: Aikang 58, Henan Jinlei Seedling Co., Ltd., Xinxiang, China) was
sown with the density of 180 kg/ha on 10 October 2013, and was cropped on 4 June 2014. Sufficient
fertilizers (450 kg N ha−1, 200 kg P ha−1, and 150 kg K ha−1) were applied. All P and K fertilizers with
60% N fertilizers were applied as basal fertilizers. The remaining 40% N fertilizers were applied with
water on 9 March 2014. The soil surfaces of nine planted pots were then covered with foam sheets to
limit soil evaporation. The water control was conducted from 9 March 2014 to 4 June 2014.

Three maize seeds (variety: Zhengdan 958, Henan Jinboshi seed Industry Co., Ltd., Zhengzhou,
China) were sown in each pot on 4 June 2014. The same amount of fertilizer (450 kg N ha−1,
200 kg P ha−1, and 150 kg K ha−1) used in the winter season was applied. All P fertilizers, K fertilizers,
and 40% N fertilizers were applied when sowing. The remaining 60% N fertilizers were applied on
27 June 2014. After three leaves had expanded on 27 June 2014, only one plant remained in each pot,
and the soil surfaces of nine planted pots were covered with foam sheets to limit soil evaporation.
Soil water control began on 27 June 2014, and continued to 25 September 2014.

2.2.2. Lysimeter Experiments

Six weighable lysimeters (length: 1.5 m, width: 1 m, depth: 1.8 m), with undisturbed soils sampled
from the outer field close to the pot experiments and the experimental area, were also covered by the
removable rain shelter to prevent rainfall from entering the soil (Figure 2). The base of each lysimeter
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included a 20-cm layer of coarse sand from which a pipe facilitated water drainage from the soil. Six
tensiometers were vertically inserted to 20 cm, 40 cm, 60 cm, 80 cm, 120 cm, and 160 cm soil depths of
each lysimeter to measure soil water potential changes, and were transferred to soil moisture contents
based on the measured soil water retention curves of undisturbed soils sampled from different layers
with a sandbox (Eijkelkamp, Netherlands) and a pressure membrane (Soilmoisture Equipment Corp,
Goleta, CA, USA). Lysimeter weight changes were monitored through load cells with an accuracy of
50 g (i.e., at a water depth of 0.03 mm for the lysimeters). Lysimeter weights, water drainage levels,
and soil water potentials were automatically measured by weighing sensors (Interface Inc., LaGrange,
GA, USA) and pressure transducers (Honeywell International Inc., Morristown, USA) and acquired
four times a day using a data logger (Campbell Scientific, Inc., Logan, UT, USA).

The lysimeter experiments were carried out at the same time as the pot experiments. Three water
treatments and each with two replicates were designed. At the seeding stage, all six lysimeters were
well-watered to support strong seedling emergence. From the beginning of the shooting period, the
total soil water storages in lysimeters were controlled at three levels (50 ± 15 mm (W50), 100 ± 15 mm
(W100), and 150 ± 15 mm (W150)) below the total field water capacity (722 mm, determined by the
sum of field water capacities of all soil layers) corresponding to soil volumetric moisture content levels
of 37%, 35%, and 32%, respectively. When the total soil water storage in a lysimeter reached 15 mm
below that of the experimental treatment, water was added to allow the total soil water storage to
exceed the expected value by 15 mm.

Six rows of wheat seeds (variety: Aikang 58, Henan Jinlei Seedling Co., Ltd., Xinxiang, China)
were sown with the same density (180 kg/ha) as that of the surrounding field on 10 October 2013, and
the resulting plants were cropped on 4 June 2014. The water control was conducted from 9 March
2014 to 4 June 2014, in the wheat season. Maize seeds (variety: Zhengdan 958, Henan Jinboshi seed
Industry Co., Ltd., Zhengzhou, China) were sown in three rows and four columns on 4 June 2014.
There were three seeds at one sowing point. After three leaves had expanded on 27 June 2014, only
12 plants remained in each lysimeter. The soil water control for the maize season began on 27 June
2014, and continued to 25 September 2014, the end of the growing season. Sufficient fertilizer volumes
(225 kg N ha−1, 100 kg P ha−1, and 75 kg K ha−1) were applied for both wheat and maize.

2.2.3. Measurements

The crop density in each pot or lysimeter was measured at the start of the soil water control
period. The crop height and wet biomass levels per plant in the outer field were measured seven
times over different development periods. In each time period, the height of 10 randomly selected
plants in the outer field was measured, and the plants were cut to weigh their wet biomass using an
electronic balance with an accuracy level of 0.02 g. The crop heights of each pot and lysimeter were
also measured. At the end of the growing period, heights, crop yields, and aboveground dry biomass
levels were measured for all of the pots and lysimeters.

The relationship between crop height and wet biomass was determined from the data measured
in the field around the experimental area. Crop heights for each day were obtained by linearly
interpolating measured crop heights over several development periods. Then, the wet biomass levels
for each day were estimated from crop heights based on their relationship.

The ET for each pot or lysimeter was calculated from the decrease in weight per area plus irrigation
and minus drainage amounts between two adjacent measurements. Lysimeter data were acquired
daily, while a minimum time interval of 3 days was applied for the measured pot experiment data to
minimize manual weighing effects. Therefore, for the pot experiments, the mean daily value between
two adjacent measurements was used over the time interval.

2.3. Methods for Correcting ET in the Pot Experiments

Similar to those between lysimeters and the surrounding field [38,39], the processes occurring in
a pot differ from those observed in a field or lysimeter. First, due to the limits of pot sizes, the crop
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density in a pot is different from that in a lysimeter, as crop roots have to absorb water and nutrients
from a smaller volume of soil in a pot than in a lysimeter. Second, the representative area per plant in
a pot is normally also different from that in a lysimeter. Third, water and nutrient stress occur more
frequently in a pot and, thus, a reduction in crop yield or biomass is more possible even at the same
apparent soil water content level as in a lysimeter. Therefore, some corrections must be made on the
measured ET values from pot experiments to achieve ET values comparable to those of lysimeters.

2.3.1. Density Corrections

Correcting the ET of a pot with crops first involves making it represent the ET of the field with
crops planted with the same density as that in the lysimeter. The ETPot was corrected by multiplying
the ET produced by a single plant in a pot with the crop density of a lysimeter, as follows:

ETD =
NLAP

ALNP
× ETPot (1)

where ETD is the ET corrected by the lysimeter crop density (mm); ETPot is the originally measured
pot ET (mm); AL and AP are the surface areas of lysimeters and pots (m2), respectively; NL denotes
the number of plants in a lysimeter; and NP denotes the number of plants in a pot. For winter wheat,
the plant quantity refers to the number of tillers.

2.3.2. Area Corrections

Area corrections for pots with crops were conducted based on the following considerations:
(1) the difference between surface areas represented by one plant in a pot and a lysimeter can result
in a change in ET; and (2) the missing area in a normal pot during density corrections is bare soil on
which the evaporation is assumed to be equal to that of the pot without crops at the same soil moisture
content level. For planted pots with covered soil surfaces, area corrections are not required, as the
evaporation in bare soil is negligible. The method used to conduct area corrections for normal pots is
shown in Figure 3, and the expression is as follows:

ETA =
APNL

NPAL
× ETD +

(
1− APNL

NPAL

)
× ETPot,B (2)

where ETA is the ET corrected by the representative area per plant in a lysimeter (mm), and ETPot,B is
the mean measured ET for pots with bare soils of the same soil moisture content level (mm).

2.3.3. Biomass Correction

Because crop transpiration water use efficiency (TWUE) is conservative for a crop suffering from
soil water or nutrient stress [31,32], ET reduction can be explained by the dry biomass reduction.
Biomass levels in the planted pots were also corrected based on the crop density of a lysimeter using
the same method as that applied to ET values. Biomass corrections for normally planted pots were
conducted based on ETA using the following formula

ETB = ETA +
ML −MD

MD,C
× ETD,C (3)

where ETB is the ET corrected by the amount of dry biomass in a lysimeter (mm), ML is the amount of
aboveground dry biomass in a lysimeter at harvest (kg m−2), and MD is the amount of aboveground
dry biomass in a planted pot at harvest corrected by the crop density in a lysimeter (kg m−2). ETD,C

and MD,C are the mean ETD and mean MD, respectively, for the planted pots with covered soil surfaces.
For the planted pots with covered soil surfaces, soil evaporation is negligible and, thus,

the expression for correcting ET based on the aboveground dry biomass weight in a lysimeter is

ETB =
ML

MD,C
× ETD,C (4)
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Figure 3. A schematic sketch of corrected pot evapotranspiration (ET) values based on representative
areas per plant. NL and AL denote the number of plants and the soil surface area, respectively, for a
lysimeter. NP and AP denote the number of plants and the soil surface area, respectively, for a pot. ETA

is the corrected ET for pots based on the representative area for each plant. ETD is the corrected ET for
pots based on the mean crop density level found for lysimeters. ETPot,B is the measured ET value for
pots without crops.

2.3.4. Requirements and Procedures for Upscaling ET from Pot Experiments

In this study, we use lysimeters to draw comparisons to quantitatively test the method for
upscaling ET values in pots. If the method proposed here can give comparable ET values to those
of lysimeters, it is expected to be used for the estimation of field ET at different scales. In sum,
it is necessary to determine the minimum requirements and procedures for upscaling ET from pot
experiments to the lysimeter or field scale in applications.

• Requirements: At least three pots must be used. First, a normal pot with crops and without cover
must serve as a basis for ET correction. Second, a pot with a cover must be used to obtain the
ratio coefficient between transpiration and aboveground dry biomass of a specific crop. Finally,
a pot with bare soil must be used to determine soil evaporation levels under corresponding soil
moisture conditions. For closely planted crops, the last pot can be removed for the negligible
portion of evaporation in ET during growing seasons.

• Measurements: Changes in pot weight must be measured using at least a 0.1 mm resolution,
because daily cropland ET is normally several or tens of mm. The frequency of weighing is
dependent on the time scale used to measure the targeted field. Crop densities and the harvested
aboveground biomass amount in pots and the targeted field must be measured. The representative
area of one plant can be obtained from the inverse of the crop density.

• Procedures: First, calculate the original ET in the pots. Second, correct the ET in the normal
pot and the aboveground dry biomass amounts in the pots with covers using Equation (1)
based on the crop density of the targeted field. Third, correct the density-corrected ET using
Equation (2) according to the representative area per plant in the targeted field. Finally, correct the
area-corrected ET using Equation (3) based on the actual amounts of the harvested aboveground
dry biomass in the targeted field.

2.4. Statistical Analysis

A one-way analysis of variance was performed in SPSS to evaluate differences between water
treatments in terms of the aboveground dry biomass weights of wheat and maize. A least significant
difference (LSD) test was used to differentiate between treatments with significant differences of
p < 0.05. All statistical analyses were conducted by using SPSS16.0 (SPSS Inc., Chicago, IL, USA).
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Linear regressions and a corresponding determination coefficient (r2) were used to determine the
relationship between aboveground dry biomass weights and transpiration for wheat and maize for
the pots with covered soil surfaces and to evaluate the degrees of consistency between the corrected
daily ET values of the pots and the ET values measured by the lysimeters. Root mean square error
(RMSE) was used to quantitate the average difference in daily ET between the pot experiments and the
lysimeters after each phase of correction.

3. Results and Discussion

3.1. Soil Water Control in Pots and Lysimeters

Figures 4 and 5 present the soil moisture content changes that occurred during the wheat and
maize seasons in the pot and lysimeter experiments, respectively. As is depicted in Figures 4 and 5,
the soil moisture contents of all treatments are the same prior to the water control terms. Soil moisture
levels generally fluctuated within the expected range during the water control period. Generally,
the soil moisture contents in pots were controlled at the expected level (11%, 18%, and 25%). The actual
mean soil moisture contents in the lysimeters are about 37%, 35%, and 32%, respectively, for W50,
W100, and W150.
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Figure 4. The soil moisture content changes measured in the pot experiments during the wheat and
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Figure 5. The soil moisture content changes observed in the lysimeter experiments during the wheat
and maize seasons. Soil water deficits in lysimeters compared to field water capacities were controlled
to 50 ± 15 mm (W50), 100 ± 15 mm (W100), and 150 ± 15 mm (W150) during water control terms.

3.2. Crop Growth and Uncorrected Evapotranspiration

Figure 6 shows the irrigation and ET values for three water treatments applied in the lysimeter
experiments during the wheat and maize seasons. More frequent irrigations required by controlling
soil moisture levels make the total ET values of all treatments higher than the annual ET value (830 mm)
in this region. The total ET values for the treatments W150, W100, and W50 are 926 mm, 976 mm, and
1133 mm, respectively. Distinct differences in daily ET curves between the three water treatments
emerge after irrigations. An increase in irrigation amount may contribute to an increase in ET, as a
heavier irrigation leaves more water available for soil evaporation [40]. For the periods following
irrigations, there are no obvious differences between the daily ET curves shown in Figure 6. The results
shown in Figure 7 indicate that there is no significant difference in the harvested aboveground dry
biomass weights of wheat and maize among the three water treatments in the lysimeter experiments.
It can be concluded that all of the lysimeter crops were well-watered, and no water stress occurred.
Thus, the average crop parameters in the lysimeters (Table 2) were taken as a reference to correct
the measured ET values in the pot experiments. The average daily ET curve of lysimeters shown in
Figure 6 was taken as the daily ET curve under sufficient irrigation to draw comparisons with the
corrected ET values derived from the pot experiments.

As is shown in Figure 7, the water treatments applied in the pot experiments had a significant effect
on the aboveground dry biomass weights of wheat and maize. The aboveground dry biomass weights
in the pots increased with soil moisture contents, while no significant difference was found among
the three water treatments in the lysimeter experiments whether for wheat or maize. Additionally,
no significant difference in aboveground dry biomass weight was found between the normal and
covered pots with the same soil moisture levels. The aboveground dry biomass weights of all three
water treatments in the lysimeters at harvest show no significant differences from those of the 18%
and 25% water treatments in the pots, but show a significant difference from those of the lowest water
treatments (11%) applied in the pot experiments for both wheat and maize. Thus, it can be concluded
that the soil water content levels in the lysimeters were comparable to those between the 18% and 25%
water treatments used in the pot experiments.
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Figure 7. Aboveground dry biomass weights of (a) wheat and (b) maize per area measured during
the pot and lysimeter experiments at harvest. Data for pots were corrected based on the average
crop density found for the lysimeters. The three soil moisture content treatments involved 11 ± 2%,
18 ± 2%, and 25 ± 2% for pots with a crop (N11, N18, N25) and for covered pots with crops (C11,
C18, C25). Three water-deficit treatments applied to lysimeters were controlled to 50 ± 15 mm (W50),
100 ± 15 mm (W100), and 150 ± 15 mm (W150), compared to field water capacity levels. Different
letters (a, b, c) denote significant differences between treatments (p < 0.05).
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Table 2. Comparisons of pot and lysimeter crop density levels (N/A), representative areas per plant
(A/N), and aboveground dry biomass weights per area for the harvest period (M).

Treatment

Wheat Maize

N N/A
(m−2)

A/N
(10−4 m2)

M
(kg m−2) N N/A

(m−2)
A/N
(m2)

M
(kg m−2)

Lysimeter Mean 1848 1232 8.12 1.46 12 8 0.1250 1.89

PotPotPot
N11 102 1467 6.82 0.89 1 14 0.0697 0.71
N18 104 1495 6.69 1.32 1 14 0.0697 1.66
N25 115 1649 6.06 1.55 1 14 0.0697 2.55

Note: N and A denote the number of plants and the soil surface area, respectively, in a lysimeter or pot. M is the
amount of aboveground dry biomass at harvest measured for a lysimeter, but the corrected value for a planted pot.

Figure 8 shows the uncorrected total ET per unit of surface area for the pots and lysimeter
experiments conducted in the wheat and maize seasons. A significant difference in the total ET values
was found within the group of normal and covered pots with crops. The total ET values decrease with
reduced soil moisture contents for the normal and covered pots with crops. However, no significant
difference can be found among the three water treatments of lysimeters for the wheat and maize
seasons and for the group of bare soils in pots for the wheat season. Even for the maize season, only the
lowest moisture treatment (B11) presents a significantly different total evaporation value from that of
the other two water treatments of the bare soil group. This is reasonable, because soil evaporation is
considerably affected by the available water amount, which mainly comes from the very thin layer
close to the soil’s surface [41]. Once again, the results shown in Figure 8 confirm that the crops in all of
the lysimeters were well-watered and, thus, low levels of water stress occurred.

As is shown in Figure 8, compared to those of the pot experiments, the total ET values in the
lysimeters are generally comparable to those of the bare soil treatments and the lowest water treatments
involving pots with crops. Nevertheless, the total ET values for the high and middle water treatments
involving pots with crops are significantly different from those of the lysimeters with little water
stress. It is most likely that the volume effects result in the great differences in the measured ET values
between the pots and lysimeters [24]. Other possible explanations may involve the differences in crop
density, representative areas per plant, and soil moisture and nutrient conditions (Table 2) between
the pots and lysimeters. The aboveground biomass weights for wheat and maize at harvest also
show different values for the three soil water treatments in the pot experiments, even if the values are
corrected based on the average crop density in the lysimeters. Therefore, the ET measured through the
pot experiments must be corrected before being adopted.

3.3. Relationship between Aboveground Biomass and Transpiration

After making corrections based on the average crop density for the lysimeters, relationships between
harvested aboveground dry biomass weights and cumulative transpiration during the growing period for
both crops were identified and are depicted in Figure 9. The high determination coefficients show that the
aboveground dry biomass weights at harvest have a good linear relationship with the total transpiration
whether for the wheat or maize season. The result is consistent with many other studies [31,32]. Maize
seems to have a higher biomass water productivity level than wheat, which is slightly different from that
shown in [24]. A difference in the ratio of roots to shoots may be responsible for these results.

The strong linear relationship between aboveground dry biomass weights and total transpiration
denotes that the biomass water productivity of wheat and maize is conservative [32,34] and depends
little on water and nutrient levels. Moreover, the result shown in [24] illustrated that this relationship
is also stable regardless of the soil volume concerned. The conservative relationship between
aboveground dry biomass weight and transpiration forms the basis on which we conduct ET
corrections in this study. The results above show that the soil water content levels in the lysimeters fall
between those of the water treatments of 18% and 25% used in the pot experiments. Thus, it should
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be reliable to correct ET values derived from the pot experiments based on this linear relationship to
achieve comparable ET values with the lysimeters.Water 2019, 11 FOR PEER REVIEW  12 
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3.4. Corrected Evapotranspiration from the Pot Experiments

Figure 10 compares the average daily ET curve of the lysimeters with the uncorrected daily ET
curves of the normal pots with three water treatments (N11, N18, and N25), with the corrected daily
ET curves after the successive corrections of crop density, the representative area per plant, and the
aboveground dry biomass weight. Clearly, the uncorrected daily ET values of the normal pots (N18
and N25) are much greater than those of the lysimeters (Figure 10a). Most daily ET values measured
during the middle and later stages of wheat and maize development are higher than 10 mm, diverging
from the observed data based on lysimeters in the same region [42,43]. The total pot ET values of
the two seasons for N11, N18, and N25 are 14%, 68%, and 117% greater than those measured by the
lysimeters, respectively.

After making corrections based on the crop density derived from the lysimeters, all three daily
ET curves of the pot experiments drop considerably (Figure 10b). A lower ET was obtained for N11
than for the lysimeter, which is reasonable because N11 involves water stress while the lysimeter
experiments represent conditions of sufficient water supply. The reduction in the total ET values of the
treatments N25 and N18 after crop density corrections can explain 69% and 92% of the differences in
ET between the pot and lysimeter experiments, respectively, as depicted in Figure 10a.

As is illustrated in Figure 3, even after density corrections are made, the ET still cannot represent
the ET derived from the lysimeters because the bare soil area values for soil evaporation are still
different from those in the lysimeters. The results shown in Figure 10c indicate that the corrected
ET curves based on the representative area per plant in the lysimeters become similar to those of
the lysimeters except for N11, the most serious case of water stress. The area correction for this step
can further explain 9% and 4% of the differences in ET between the pot and lysimeter experiments,
respectively, as shown in Figure 10a.

For the different soil water conditions, the daily ET curves of the pot experiments are distinct
from one another, as shown in Figure 10a–c. It is impossible to obtain comparable daily ET values
to those of lysimeters via pot experiments without any corrections. The aboveground dry biomass
weight may serve as a substitute for soil moisture content in correcting daily ET, as its relationship with
transpiration depends little on the available soil volumes of wheat and maize roots [24]. As shown
in Figure 10d, differences in daily ET values from the pot experiments are almost eliminated in the
corrected daily ET curves by the aboveground dry biomass weight in the lysimeters. The corrected
daily ET curves from the three water treatments of pot experiments almost coincide with one another
during the wheat season. Although there are still some differences in daily ET curves between
the three water treatments of the pot experiments during the maize season, such differences have
been greatly reduced. Compared to the wheat season, the corrected ET values for the maize season
appear to be more susceptible to pot soil moisture conditions. As a result, an 83% difference in the
uncorrected total ET between N18 and the lysimeters, and a 90% difference between N25 and the
lysimeters, were eliminated by applying all of the three corrections listed above. The relative errors of
the corrected total ET values from the water treatments N11, N18, and N25 amount to approximately
16%, 12%, and 11%, respectively, relative to those of the lysimeters.

Table 3 compares the RMSEs of the daily ET values derived from the pot experiments and
lysimeters after each phase of correction for the wheat and maize seasons (Figure 10). Before corrections
are made, the RMSEs of the daily ET values in the pots are greater than 3 mm for the middle and
high water treatments. The maximum RMSE can reach 6.02 mm in the maize season, which is higher
than the daily ET values of most days. After corrections, almost all of the RMSEs are less than the
uncorrected data. The RMSEs of daily ET values are only approximately 1.34 mm for the wheat season
and 1.98 mm for the maize season, which are comparable to the daily ET value during the winter
season. Actually, the RMSEs above may be overestimated, because the weighing frequency of 3 days
in the pot experiments is not enough to accurately describe the differences of daily ETs within the 3
days. Comparisons at the time scale of 3 days should be more appropriate to reflect the real differences
between the two methods. As a result, all of the RMSEs of daily ET values between the pot experiments
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and lysimeters, whether before or after corrections, drop when comparisons were conducted at the
time scale of 3 days (Table 3).
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Table 3. The root mean square errors (RMSEs) of the uncorrected and corrected daily ET values of the
pots compared with those of the lysimeters.

Time Scale ET-Correction
Wheat (mm) Maize (mm)

N11 N18 N25 N11 N18 N25

1 day No correction 1.43 3.00 4.56 2.46 3.72 6.02
Density correction 1.12 1.29 2.01 2.49 1.68 2.20

Area correction 1.24 1.20 1.57 2.44 1.82 2.15
Biomass correction 1.30 1.31 1.42 1.83 1.79 2.10

3 days No correction 1.24 2.92 4.52 1.34 3.16 5.59
Density correction 0.89 1.11 1.90 2.28 1.31 1.92

Area correction 1.04 1.00 1.43 2.23 1.51 1.89
Biomass correction 1.12 1.14 1.27 1.48 1.46 1.84

Note: The three soil moisture content treatments are 11 ± 2%, 18 ± 2%, and 25 ± 2% for normal pots with crops
(N11, N18, N25).

The uncorrected and corrected ET values for all three phases of the pot water treatments (N11,
N18, and N25) are compared with the lysimeter ET values in Figure 11. For conducting comparisons on
the same time scale, the mean daily ET values of every 3 days were used in Figure 11 to upscale the data
of lysimeters to that of the pot experiments. A linear regression without an intercept was conducted to
evaluate their degrees of agreement. The slopes of the linear regressions before corrections deviate
from 1, especially in Figures 11b and 11c. After corrections, all slopes of the three linear regressions are
closer to 1. The corrected ET values are slightly greater than those measured by the lysimeters with a
relative error of 2–8%. The determination coefficient (r2) decreases from 0.77 to 0.70 for N18, and from
0.78 to 0.60 for N25, but increases from 0.67 to 0.72 for N11, which is comparable to some results of
comparisons between eddy covariance and Bowen ratio-energy balance methods in [44], and between
eddy covariance and a large-scale weighing lysimeter in [16]. Considering the great differences in soil
volume, soil water, and nutrient conditions between lysimeters and pots, the determination coefficients
in Figure 11, which are relatively lower than those in the comparisons among other methods for
measuring ET, should be acceptable. This implies that the corrected daily ET curves of the pots are
generally consistent with those of the lysimeters.

It is interesting to explore the causes of such differences in ET found between the pot and lysimeter
experiments after a series of corrections were made. First, the different frequencies of the measurements
should be responsible for the discrepancy. The lysimeter data were obtained once a day, while the
pots were weighed once every 3 days. Thus, the peak daily ET values, especially those measured
immediately after irrigations, were decreased by using the mean value to downscale the measured pot
ET values. Second, the different irrigation schedules applied also differentiate the daily ET values of
the pots and lysimeters, as soil evaporation is very sensitive to irrigation as is shown in Figure 6. Third,
the effects of different soil water levels on soil evaporation are not considered in our corrections. Such
an effect could be magnified with a decrease in the crop fraction [45]. Fourth, potted plants can be
damaged by disease or pest infestations, which cannot be corrected by a normal relationship between
crop biomass weights and transpiration. Fifth, the water biomass productivity of wheat and maize is
not necessarily constant on a daily scale [31,32,34,46], even if it appears to be conservative for the crop
season. The actual allocation ratio of photosynthetic products to roots and shoots varies as crops adapt
to their ambient environments (e.g., water or nutrient stress [28,47–52], or light available to shoots [53]).
Finally, edge effects of pots [19] on ET cannot be eliminated by the linear corrections. Also, the effects
of competition that occur due to plant density are not linear [54], and, thus, cannot be corrected in
our approach.
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Figure 11. Comparisons between the uncorrected ET (ETPOT) or corrected ET (ETB) for the pots with
different soil water treatments ((a) 11%, (b) 18%, and (c) 25% for the uncorrected and (d) 11%, (e) 18%,
and (f) 25% for the corrected) and measured ET values derived from the lysimeters (ETL). A linear
regression was applied to the data for the wheat and maize seasons. r2 is the determination coefficient
of the linear regression.

It is of value to discuss the ways to improve the accuracy of the corrected ET derived from the pot
experiments. As discussed above, most of the errors in daily ET values, and, thus, total ET values for
growth seasons, may be attributed to the pot sizes and to the different water management strategies
employed, which can be overcome to some extent. For example, a representative area per potted plant
that is consistent with those for the lysimeters could be used to reduce the discrepancies by regulating
crop densities or by using pots of a particular size. The water management in pots could be improved
by applying irrigations with a consistent schedule and frequency with lysimeters. If more frequent
irrigation is really required, soils in pots should be watered through an inserted tube to prevent excess
soil evaporation [24]. A fully automatic and well-controlled micro-lysimeter with crops [21,23] helps
to further reduce artificial errors in measurements and improve the measurement accuracy at a smaller
time scale. As the linear relationship between dry biomass levels and transpiration is not necessarily
safe when applied to a broad range of water conditions [24], comparable soil moisture conditions
should be maintained to avoid violating this linear relationship. Finally, proper management strategies
should also be adopted to protect crops from disease and pest infestations.
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4. Conclusions

In this study, the measured ETs of the pot experiments involving different water treatments were
found to differ from those of the lysimeters. Causes of such differences in ET values were analyzed,
and a series of corrections were proposed to eliminate such discrepancies. After corrections were made,
discrepancies in the total ETs or mean daily ETs between the pots and lysimeters were greatly reduced
from a maximum of 117% to only about 10% for both the wheat and maize seasons. The correction
method proposed here can be further improved by controlling the crop density and pot size and
by improving soil water management strategies. Overall, pot experiments are cost-efficient, easy
to conduct, and broadly applicable. Such experiments can serve as a feasible way for estimating or
upscaling ET in the field at regions with limited conditions, in which large-scale weighing lysimeters,
an eddy covariance device, and even meteorological data are not available, especially when total crop
water requirements are more valued than daily ETs for different growth durations.
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