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Abstract 

The dynamics of sap flow in relation to plant morphology and weather condi-
tions during reproductive growth of soybean (Glycine max. L. Merr.) influ-
ence decisions pertaining to efficient irrigation management and other inputs 
for high yields. Field studies began in 2017 at Marianna, Arkansas to measure 
moisture dynamics of soybeans during seed fill (R5 to R7) using heat balance 
stem flow gauges. Sap flow was highly correlated to solar radiation with maxi-
mum rates observed during beginning seed fill (R5). A solar radiation effi-
ciency (SRE) value, calculated as hourly sap flow rate per Watt-hour of solar 
radiation (g/Wh2), is proposed. The SRE relates to crop water demand and 
hydraulic resistance of the soil-root-stem-leaf-pod-seed pathway. SRE values 
ranged from 0 - 1.2 g/Wh2. Soil moisture, growth stage, time of day, and 
weather conditions influenced the SRE, with higher values observed in the 
morning, late afternoon, and during R5 growth. Peak sap flows of 39 g/h at 
R5, 25 g/h at R6, and 3 g/h at R7 occurred. The ratio of measured sap flow to 
estimated crop evapotranspiration was 0.9 to 1.3 during R5 to R6.9 (maxi-
mum dry matter), but dropped to 0.2 at R7. Further research is needed to 
better understand late season reproductive moisture dynamics in soybeans. 
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1. Introduction

Understanding soybean (Glycine max. L. Merr.) water dynamics in relation to 
the soil moisture content and weather conditions during late reproductive growth 
stages will improve water management and irrigation scheduling and irriga-
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tion-termination timing. Water demand of soybean plants varies with growth 
stage and weather conditions [1]. In every moment of the plant life cycle, nu-
trients in soil water are absorbed through the plant root system and transported 
to stems, leaves, and pods by osmosis hydraulic potentials created by xylem and 
phloem microcapillaries and leaf evapotranspiration. Soil water resistance and 
hydraulic conductance plant regulate sap flow. Some authors found that hydrau-
lic conductance of the soybean plant was not flow dependent [2]. Investigations 
of sap flow characteristics in different soil water resistance, growth stages and 
weather conditions can improve irrigation management decisions. 

In controlled environment studies, transpiration rates of soybean and maize 
(Zea mays, L.) declined rapidly at high soil matric potential and then dropped 
more slowly as the soil dried [3]. Although measured transpiration rate declined 
by nearly 30% following a reduction of soil matric potential to −0.1 MPa, differ-
ences in leaf water potential and CO2 assimilation rate were small and less than 
the sensitivity of the measurement techniques used. Total system resistance to 
water flow increased as the soil dried. Whether or not these patterns occur in 
actual real field conditions is unclear. 

Other researchers detail sap flow regulation by soil moisture, solar radiation, 
air temperatures, and vapor pressure deficits [4] [5]. Sap flow rates of soybeans 
and upland cotton (Gossypium hisutum, L.) were lower in humid conditions 
than arid conditions in both species [6]. Leaf temperature of the soybean cultivar 
changed almost in parallel with the air temperature during the daytime. On the 
other hand, the leaf temperatures of cotton were higher than the air tempera-
tures until mid-noon. Under the arid condition, the leaf temperatures of cotton 
were higher than that of soybean and the air temperature. There was no signifi-
cant difference in leaf temperature among the cotton and soybean cultivars un-
der humid conditions. The flow rates of stem sap in the cotton cultivars under 
the arid condition were always higher than that in the soybean cultivar, and were 
largely affected by vapor pressure deficit (VPD). Under the humid condition, 
however, the flow rates of stem sap were lower in the cotton cultivars than in the 
soybean cultivars. Researchers show that in leaf energy balance, the rate of ener-
gy attributed to water evaporation is from 20% to 40% [7] [8]. 

Sap flow measuring methods include stomatal conductance [9], plant cham-
bers [10], lysimeters [11], and field water balance [12]. The thermal method [13], 
installed using plant stem electric heaters and temperature sensors, is a relatively 
accurate and easy to use in field conditions. The objectives of this study were to 
investigate late season reproductive moisture dynamics of soybeans in relation to 
plant and environmental conditions using sap flow monitoring. The findings 
will lead to improved late season irrigation and pest management. 

2. Materials and Methods 

Soybeans (“Dyna-Gro 39RY43”, maturity group rating 3.9,  
http://www.dynagroseed.com) were planted on 19 April 2017 at the Lon Mann 
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Cotton Research Station, Marianna, Arkansas USA (34˚43'58.08''N, 90˚45'58.46''W). 
All cultivation and pest control practices were performed according to current 
recommendations of the University of Arkansas Extension Service. Soybean 
seeds were planted 0.96 m wide-row spacing and 271,700 seeds/ha. Final plant 
stand was determined by counting seedlings/61 m random row sections and av-
eraged 269,230 plants/ha. Due to 470 mm of precipitation in the 2017 growing 
season (78% of more than average precipitation in the study area) and with 434 
mm of potential evapotranspiration, the numbers of irrigation events were three 
times less than an average year. Potential evapotranspiration (ET) was recorded 
hourly using digital atmometers installed at the edges of the plots (etgage.com, 
Loveland Colorado). WaterMark™ soil moisture sensors installed at 15, 30, 45, 
and 76 cm depths and connected to 900 M Watermark monitor data logger (Ir-
rometer, Riverside, California, USA) recorded soil moisture (Cbars) every hour. 
Once a week during vegetative growth, gravimetric soil moisture content (g/g) 
and soil bulk density (g/cm3) were measured to a depth of 91 cm in 15 cm inter-
vals. The amount of soil water (cm) in the upper 91 cm of soil was determined 
by: 

1 100n
n mi i iiW S Hσ

=
= ∗ ∗∑                      (1) 

where, nW —Amount of water (cm) at from 1 to n layers of soil; 

miS —Gravimetric soil moisture in different depth intervals (%); 

iH —Height of soil depth intervals (cm); 

iσ —Soil bulk density (g/cm3). 
Soil temperature (˚C) was measured at 3 and 15 cm depths by iBWetL and 

temperature data loggers and WaterMark temperature sensors. Plant leaf, pod, 
and stem temperature was measured by infrared thermometer. Plant height, 
width, number of nodes, leaves, and stem diameter was measured weekly. Plant 
leaf and pod areas and plant moisture content was measured from random 
plants at R5, R6, R6.5, and R7 growth stages [14]. Weather parameters were rec-
orded with Watch Dog 2900 ET Weather Station (Spectrum Technologies, Au-
rora, IL, USA) installed adjacent to the field. 

SGB-9 WS sap flow sensors (Dynamax Inc., Fresno, CA, USA) were installed 
on random plants using 9 mm collars when stem diameter growth allowed. The 
Flow32-1K system is supplied with a data logger, multiplexer for up to 8 Dyna-
gages, and AVRD for supplying sensor heater voltage assembled in a weather-
proof enclosure. The datalogger is powered using a 12 volt marine battery and 
solar panel. Sensors are installed approximately 15 - 20 cm above the soil surface 
and wrapped with several isolators to keep heat energy in the plant stem. Each 
sensor is equipped with heater and temperature sensors that recorded upcoming 
and outgoing sap stream temperatures. Sap flow was calculated and recorded in 
10 minute time intervals. Sap flow was expressed as the average g of water per 
plant measured and adjusted to cm of water transpired using the average plant 
density of the field (plants/ha) determined from a nearby row of 10 m length, 
where # random plants were sampled. 
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To determine the plant sap flow influence on leaf temperature, random plants 
of soybeans and cotton (Gossypium hirsutum, L.) were tied to wooden stakes in-
stalled next to the plants. Main stems of half the staked plants were carefully ex-
cised and leaf and air temperature monitored until sunset. The influence of sap 
flow on leaf temperatures was investigated by comparing cut versus un-cut plants. 

Another experiment was performed with mature soybean plants to determine 
the amount of capillary water absorbed in the upper foliage in wet soil. Twelve, 
mature soybean plants with attached roots were carefully extracted from the soil 
and dried 24 hours in a forced air drier. Seeds of all plants were removed from 
the pods and the petioles, pods, seeds, and branches from six random plants re-
moved and stored for 48 hours at 25˚C and 50% + relative humidity to stan-
dardize tissue integrity between plants. The plants were then replanted in the 
field at the same depth and position prior to initial excavation. After replanting, 
half the plants were hand watered for 48 hrs. Plants were removed from the soil 
on the third day and whole plant, roots, and stem weighed in identical tempera-
ture and humidity. The weather was sunny and no rain received during the three 
days after replanting. Collected variable data was analyzed using scattered dia-
gram method, regression analyses, calculating coefficient of determination (R2) 
and p-value to evaluate the functional relations using SAS (SAS Inst., Cary, NC) 
and EXCEL data analyses ToolPak. 

3. Results and Discussions 

Sap flow, irrigation, rainfall, and evapotranspiration varied with growth stage 
and generally declined from R5 to R7 growth (Figure 1). Maximum sap flow 
occurred in the middle of July (growth stage R5). Sap flow slowly decreased in 
the end of July until mid-August (R6 - R6.5) and then decreased rapidly until the 
end of August (R7). In September, sap flow was relatively steady with seven 
times less rate than maximum sap flow rates in July. The data revealed minute 
sap flow occurring in R8 growth stage, when soybean stems become dry and 
brown. The moisture use during R8 was most likely due to capillary forces since 
photosynthesis and dry matter gains of the plant had ceased. 

Sap flow had a high correlation with ET (Figure 2). Sap flow peaked at 0.84 
cm when ET demand was approximately 0.69 cm. Sap flow decreased approx-
imately 10% - 15% when ET rates increased from 0.69 cm to 0.79 cm. Plant wa-
ter use in the middle of July, as indicated by sap flow measurements, was higher 
than potential ET. Therefore, the data indicates that in high water use growth 
stages of soybeans, the crop coefficient, Kc, should be around 1.3. From the 
middle of July to the middle of August, sap flow and potential ET rates were 
similar, indicating a Kc around 1. The Kc dropped to around 0.25 in late August. 

Sap flow increased after every irrigation and rainfall event, slowly reaching a 
maximum rate and then sharply decreasing. The pattern of slow increase of sap 
flow followed by quick declines after rain or irrigation continued until R7 growth. 
Solar radiation, ET, air temperatures, humidity, and wind speed also influenced 
sap flow rates during these cycles. Comparing sap flow and soil-water tension 
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Figure 1. Daily average sap flow, rainfall, irrigation, and evapotranspiration in final 
growth stages of soybean, 2017, Lon Mann Cotton Research Station, Marianna AR. 

 

 
Figure 2. Relationship between measured sap flow and apparent evapotranspiration 
(p-value < 0.01), 2017, Lon Mann Cotton Research Station, Marianna AR. 
 
(Cbars) at 15 cm, 30 cm, 46 cm, and 61 cm depths (Figure 3) reveals that in-
creases in soil moisture (decreasing soil-water tension) increased sap flow 
(shown in circles in Figure 3). 

To determine the relationship between soil water and sap flow, we looked at 
the correlation between sap flow and soil water in 0 - 76 cm depths in time in-
tervals between irrigations and rainfalls from 17-23 July 2017 to 8-14 Aug. 2017 
(Figure 4). Significant R2 coefficients of 0.91 during 9-14 Aug. 2017 (R6 growth) 
and 0.74 during 17-23 July 2017 (R5 growth) occurred. 

Sap flow has a good correlation with the plant development. Our measure-
ments show that sap flow rates can influence plant biomass accumulation. Daily 
plant ET was less than sap flow during rapid seed fill gains. Therefore, some 
amount of water and nutrients in the daily sap flow contributed to increases in 
plant biomass. Preliminary measurements show that daily contribution of sap  

https://doi.org/10.4236/as.2019.103030


M. Ismanov et al. 
 

 

DOI: 10.4236/as.2019.103030 376 Agricultural Sciences 

 

 
Figure 3. Soil moisture at different depths and plant sap flow between July 12, 2017 and 
August 13, 2017, Lon Mann Cotton Research Station, Marianna AR. 

 

 
Figure 4. Relationship of sap flow and estimated soil water from surface to 76 cm depth 
during 9-14 August (p-value < 0.01), and 17-23 August (p-value < 0.05) 2017, Lon Mann 
Cotton Research Station, Marianna AR. 

 
flow, bQ , to the plant biomass is approximately 0.5% - 0.8% of sap flow rate in 
R5 growth stage and 0.8% - 1.2% in R6 growth stage. Higher contribution rate of 
sap flow to plant biomass during R6 may be due to rapid seed weight gain and 
remobilization processes [15]. 

Sap flow is highly correlated with solar radiation, the main source of energy 
needed for photosynthesis, water evaporation, sap flow and nutrient uptake and 
transport. The solar energy received by a single plant, iW  could be calculated 
by: 

( )0 1i
W

W k
n

α= − ,                          (2) 

where, 0W —Solar radiation per meter square measured by sensors, W/m2; 
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n —Number of plants/m2; 
k —Coefficient depending of the leaf area index (LAI) or percent of canopy 

cover (when LAI > 1, k = 1); 
α —Coefficient depending on transmitted and reflected part of the radiation. 
For example, at 11:00 on 13 July 2017 the gravimetric soil moisture was 12% at 

0 - 15 cm depths, temperature 29˚C, air temperature 30˚C, relative humidity 
69.7%, W0 = 799 W/m2, n = 26.9 m−2, and k = 1. According to Brown and Gilles-
pie [16], a single layer of leaves will generally absorb 80% of incoming visible 
radiation, whilst reflecting 10% and transmitting 10%. Approximately 20% of 
infrared radiation is absorbed with 50% being reflected and 30% is transmitted 
[13] [14]. Considering this, the hourly solar energy received by the single plant 
in this time is Wi = 23.7 W/m2. The hourly work, fulfilled of this energy equals 
85,434 Joules. The amount of the evaporated water evQ  by the particular plant 
is less than sap flow and equals 

ev sf bQ Q Q= −                              (3) 

where, sfQ —daily amount of sap flow; 

bQ —daily contributed amount of sap flow to the biomass of the plant. 
The energy needed to heat and vapor 30.9 g of water ( )evQ  for this particular 

plant in given field conditions is 53,420 Joules. Accordingly, 62.5% of total solar 
energy received by the plant is required for water evaporation. The energy used 
for water evaporation is 54.4% of all solar radiation received by the plant on this 
day. At 11:00 on 22 July 2017, the soil moisture was 7% at 0 - 15 cm depths and 
calculations show that 22.7% of solar energy received by the plant utilized for 
evaporation. Daily average energy spent for evaporation from the total solar 
radiation received by the plant on that day was 15.4%. To evaluate the process of 
water evaporation or sap flow uptake by the plants, we recommend a solar radia-
tion efficiency (SRE) value defined as the ratio between hourly solar energy re-
ceived by the plant and amount of sap flow: 

ev iSRE Q W= .                         (4) 

where SRE is the solar radiation efficiency expressing the amount of hourly sap 
flow with 1 Watt of solar radiation. The SRE at 11:00 was 0.89 g/Wh2 on 13 June 
2017 and 0.32 g/Wh2 on 22 July 2017. Due to the short amount of time between 
these two days, the plant hydraulic resistance, potential energy demand, leaf area 
of the plant, and received solar energy are comparable. There were, however, 
differences in the soil moisture. Decreasing the soil moisture from 12 to 7% at 
the top 0 - 15 cm soil layers decreased the SRE coefficient due to increases in the 
total work to move water from the deeper soils to roots, stems, leaves, and finally 
to evaporation (Figure 5 and Figure 6). As a result, the sap flow is 3.4 times less 
for drier soils in relatively the same weather conditions and plant parameters. 

Sap flow begins at 8:00, while solar radiation to the plant began between 6:00 
and 7:00. The delay of sap flow was due to the existing dew and excess moisture 
on the surface of the leaves in the early morning hours. Comparison of sap  
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Figure 5. Hourly sap flow of soybean, solar radiation, and evapotranspiration when rela-
tive soil moisture is 13%, 20%, and 21% at 0 - 15, 15 - 30, 30 - 45 cm depths respectively 
on 13 July 2017, Lon Mann Cotton Research Station, Marianna AR. 

 

 
Figure 6. Hourly sap flow of soybean, solar radiation, and evapotranspiration when rela-
tive soil moisture is 7%, 18%, and 20% at 0 - 15, 15 - 30, 30 - 45 cm depths respectively on 
22 July 2017, Lon Mann Cotton Research Station, Marianna AR. 

 
flow and hourly evapotranspiration shows that sap flow is higher in the morning 
hours than in the afternoon hours, despite that ET and solar radiation are higher 
in the afternoon hours than in the morning hours. This is most likely due to the 
leaf stomata regulation’s effect [17] and increasing water tension in the soil. 
When water tension is high (soil moisture is less) the sap flow delays are longer 
with less flow. 

SRE is relatively higher in the morning hours because there is sufficient water 
in the plant leaf cells and water resistance is low in this time of the day (Figure 
7). As water evaporates from the leaves, moisture demand and sap flow increases 
and an apparent transpiration resistance occurs resulting in lower SRE values in 
the afternoon hours. At the end of the day when solar radiation decreases, 
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Figure 7. Solar Radiation Efficiency (SRE) for soybeans at 13 July 2017 and 22 July 2017, 
Lon Mann Cotton Research Station, Marianna, AR. 

 
evapotranspiration and water resistance decrease and consequently SRE increas-
es again. The same effect occurs when soil moisture is low: SRE is higher when 
the soil moisture is 13%, 20%, and 21% at 0 - 15, 15 - 30, 30 - 45 cm depths re-
spectively than when the soil moisture is 7%, 18%, and 20% at 0 - 15, 15 - 30, 30 
- 45 cm depths respectively, even though leaf coverage and solar radiation were 
almost the same for the two days. The SRE is negatively proportional to the soil 
water resistance. 

Measurements of soybean leaf surface temperature, Tl, and air temperature, 
Tair, at various growth stages were recorded. The difference between ambient air 
temperature and soybean leaf (ΔT) can be expressed as: 

air lT T T∆ = − ,                            (5) 

The ΔT can vary with many factors, including ET, solar radiation, air humid-
ity and temperature, soil moisture, wind speed, and time of day. However, the 
main factor influencing ΔT is soybean growth stage. The average ΔT is around 
2.7˚C in high water use R5 growth and decreases to less than 0 at R7 and R8. 

Results of the leaf surface temperature, air temperature, and hourly sap flow 
measurements for selected days in the final growth stages are depicted in Fig-
ures 8-10. Sap flow and ΔT are usually different during water demand in growth 
stage R5 except in the middle of the day, when they are relatively close to each 
other (Figure 8). The differences between air and leaf surface temperatures most 
likely occur due to high transpiration rates, as inferred by the high sap flows ob-
served in R5 growth. Sap flow decreases almost twice in R6 growth relative to R5 
growth and the difference between air and leaf temperatures decrease similarly, 
especially in the morning hours of the day (Figure 9). In R7 and R8 growth 
stage, when leaves are yellow or brown and plants are nearing maturity, leaf 
temperatures are similar to air temperatures, especially in afternoon hours 
(Figure 10). 
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Figure 8. Relationship between leaf surface temperature, ambient air temperature, and 
sap flow at R5 growth stage, 13/7-30/7, 2017, Lon Mann Cotton Research Station, Ma-
rianna, AR. 
 

 
Figure 9. Relationship between leaf surface temperature, ambient air temperature, and 
sap flow at R6 growth stage, 1/8-25/8, 2017, Lon Mann Cotton Research Station, Marian-
na, AR. 
 

To evaluate the sap flow impact on ΔT, sap flow data was plotted in ascending 
order and compared to the average ΔT at four sap flow levels (Figure 11). Aver-
age ΔT is strongly correlated (R = 0.96, p < 0.05) with sap flow and could be 
predicted by: 

( )1.6027 ln 1.3103sfT Q∆ = −                     (6) 

Here, sfQ  is the amount of sap flow in grams per hour. 
Leaf surface temperatures of cut and uncut soybean plants near the same loca-

tion in a field were different at R6 growth stage (Figure 12). Leaf temperatures 
of both cut and uncut plants are the same and about 3˚C less than air temperature 
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Figure 10. Relationship between leaf surface temperature, ambient air temperature, and 
sap flow at R7-8 growth stage, 26/8-18/9, 2017, Lon Mann Cotton Research Station, Ma-
rianna, AR. 
 

 
Figure 11. Sap flow and average temperature differences between air and leaf surface at 4 
sap flow rates, 2017, Lon Mann Cotton Research Station, Marianna, AR. 
 
and 9˚C less than the soil surface around the plant. However, surface leaf tem-
perature of the cut plants began to rise soon after cutting and was equal to air 
temperatures just after 13 minutes. The leaf surface temperature of uncut plants 
increased only about 0.6˚C under the heat of 723 W/m2 solar radiation in the 
same duration. Relative air humidity was 35% in this time. The leaf surface tem-
perature of the cut plant reached its maximum 36˚C about an hour after excise 
(around 16:00). Temperature of the cut plant leaves decreased from this point as 
the solar radiation dropped to 591 W/m2. As solar radiation decreased until 408 
W/m2 at 17:00, the leaf surface temperature of cut plants decreased until the 
ground surface temperature was 31˚C. Leaf temperature of uncut plants during 
this hour was 25˚C, still lower than air temperatures, which were 29˚C. This ex-
periment illustrates the role of soil moisture related to sap flow in leaf tempera-
ture dynamics. Decreasing sap flow or complete cessation of sap flow in the  
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Figure 12. Leaf temperatures of cut and uncut main stem plants in relation to air and 
ground temperature at R6 growth stage, Lon Mann Cotton Research Station, Marianna, 
AR. 
 
main stem during extreme drought situations, as illustrated in this experiment, 
will increase leaf temperatures is a function of solar radiation and air tempera-
ture. 

Our measurements reveal that sap flow existed in the final growth stages of 
the soybean plants (R7 and R8) when leaves begin to senesce and plant tissue 
turns brown. Capillary potentials continue to transport water from moist soil to 
upper parts of the plant under the heat of incoming solar radiation. Mature, 
brown plant tissue absorbed water from the wet or irrigated soil intensively 
(Table 1). Up to 20% more moisture was absorbed from irrigated soil compared 
to non-irrigated soil. Pods and petioles attribute to increased moisture uptake. 
Main stems with pods removed also increased water uptake, probably because of 
micro-openings in stem-pod and stem-petiole connections. 

Sap flow rates varied with growth stage (Table 2). Average sap flow of soy-
bean plants at the R5 growth stage is high, 274 g/day per plant. Leaf area also 
reaches its maximum (LAI is 3 - 3.6) at R5 and accumulated ETp is 10.3 cm, 
while accumulated sap flow is 13.4 cm. The ratio of sap flow to accumulated ETp 
is 1.3 at R5, suggesting that a crop coefficient Kc (excluding soil the evaporation 
component) would be 1.3. At R6 growth stage, soybean water demand was half 
of R5 and averaged 0.36 cm/day. Daily sap flow was 0.46 cm/day at R6 to 0.18 
cm/day at R6.9. The sap flow to ET ratio is changed from 1.2 at R6 to 0.4 at R6.9. 
The data reveal that soybean plants need supplemental irrigation water during 
R6 growth stage with intensity depending on soil moisture, stage of R6 growth, 
and weather conditions. Sap flow during R7 averaged 0.76 cm/day and around 
10 times less water than high water use R5 growth stage.  

4. Conclusions 

Soybean plant water use and sap flow in high water demand and final growth 
stages varied with seed fill growth stage, soil water, and weather conditions.  
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Table 1. Water absorption of dried soybean plants (grams) and its ratio to dry matter 
(%), 2017, Lon Mann Cotton Research Station, Marianna AR. 

 
Non-irrigated soil Irrigated soil 

- g - % - g - % 

Whole plant, without seeds 1.63 7.24 2.70 8.02 

Plant without pods 0.21 2.22 0.68 4.54 

Stem 0.57 6.65 0.73 8.26 

 
Table 2. Soybean direct measure sap flow and potential evapotranspiration estimated 
with Alfalfa referenced (#54 canvas) Atmometer and average daily ratio of sap flow 
verusus ET during reproductive seed fill, 2017, Lon Mann Cotton Research Station, Ma-
rianna AR. 

Growth 
stage 

Sap flow (cm) Evapotranspiration (cm) 
Sap:ET 

Daily Sum Daily Sum 

R5 0.74 13.39 0.58 10.31 1.3 

R6 0.36 10.06 0.43 11.76 0.9 

R6 - R6.5 0.46 4.65 0.41 6.34 1.2 

R6.5 - R6.9 0.38 4.17 0.41 4.42 0.9 

R6.9 - R7 0.18 1.24 0.48 3.33 0.4 

R7 0.08 1.23 0.36 5.49 0.2 

R8 0.01 0.12 0.43 4.78 0 

 
Derivation of soil moisture retention curves in-situ using soil-water tension pro-
file and gravimetric moisture with bulk density measurements allowed for cal-
culation of soil water. A strong correlation between sap flow and soil water con-
tent existed (R2 around 0.9). Sap flow during seed fill was also correlated with ET 
and solar radiation. Maximum sap flow mainly occurs when ET is around 0.64 
cm, and ET demands greater than 0.76 cm may result in slightly decreasing sap 
flow. The ratio of biomass accumulation to sap flow indicated that portions of 
sap flow contributed to the biomass of the plant. Daily sap flow contribution to 
the plant biomass is approximately 0.5% - 0.8% of sap flow rate in R5 growth 
stage, and 0.8% - 1.2% in R6 growth stage. The higher allocation of sap flow to 
the plant biomass in R6 may be explained by physiological shifts toward seed fill 
gains from combined photosynthesis and remobilization sources. 

To evaluate the process of water evaporation and sap flow, we recommend a 
solar radiation efficiency (SRE) value. The SRE represents the ratio among 
hourly solar energy received by the plant and amount of sap flow. SRE is rela-
tively higher in the morning hours because of low water resistance. As water 
evaporation increases during the day, the water resistance increases and SRE is 
lower in afternoon hours. At the end of the day when solar radiation decreases, 
evapotranspiration decreases and the SRE slightly increases. The same effect oc-
curred when the soil moisture decreased. The SRE values at 12% soil moisture at 
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the top 0 - 15 cm soil layers were greater than when the soil moisture was 7% at 
relatively similar Leaf Area Index and incoming solar radiation. 

Air and leaf surface temperature gradients of unstressed soybeans varied with 
plant growth stage. Air to leaf surface temperature gradients (ΔT) were higher 
during R5 growth stage, when maximum sap flow rates were observed, and de-
creased with sap flow in R6 growth stage. In R7 and R8 growth stages, ΔT values 
approached 0 and became less than 0 as leaves turned from yellow to brown 
prior to abscission. Additionally, ΔT correlated with the plant sap flow in a loga-
rithmic function. Surface leaf temperatures immediately rose after cutting the 
plant main stem, and just after 13 min equilibrated to the air temperature. 

Based on the ratio of sap flow and ET, our data suggest a crop coefficient 
(transpiration component of ET), Kc, of 1.3 during R5 growth, when the highest 
sap flow occurs. During R6 growth stage, the sap flow to ET ratio suggests crop 
Kc values decreasing from 1.2 at R6 to 0.4 at R6.9. The results indicate that soy-
beans may need supplemental irrigation water until R6.9 growth stage, depend-
ing on soil moisture and weather conditions. More research to examine the in-
tricate relationships among roots and shoot soybean physiology, aerial environ-
mental conditions, and soil moisture during seed fill of soybeans will aid in 
development of more efficient utilization of finite water and nutrient resources. 
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