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determine soil water content at initiation of transpi-
ration decrease. A second set of experiments deter-
mined root hydraulic conductance of well-irrigated 
plants grown on these six soils.
Results  The initiation of transpiration decrease 
occurred at an unusually high soil water content for 
five of the six soils at pH 6.5 treated with TSP. Root 
hydraulic conductance was substantially decreased 
for plants on all six soils treated with TSP and pH 6.5.
Conclusion  Results were consistent with the previ-
ous observation that transpiration decrease with TSP 
soil application was initiated at an unusually high soil 
water content, which was indicative of increased crop 
drought resilience. The TSP-induced transpiration 
sensitivity to soil drying appeared to be linked to an 
observed decrease in root hydraulic conductance.

Abstract 
Background and aims  Previously, triple super 
phosphate (TSP) application to one soil type was 
unexpectedly found to cause with soil drying an ini-
tiation of linear decrease in maize transpiration rate 
at an unusually high soil water content. The result-
ing overall slower soil water extraction resulted in 
crop drought resilience. A key issue is whether the 
response occurs with drying of other soils. The objec-
tive of this study was to document for six soils col-
lected from US maize production areas their transpi-
ration response on drying soil to TSP and their root 
hydraulic conductance.
Methods  Maize plants were grown in pots on soil 
treated with either TSP or diammonium phosphate 
(DAP) and soil pH of 5.4 or 6.5. Data from daily pot 
weighing over a 10–14 dry-down period were used to 
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Introduction

Application of phosphorus fertilizer to soils is a 
common practice prior to the sowing of maize. Pre-
viously, maize (Zea mays L.) growth in a controlled 
environment was compared between soil applications 
of diammonium phosphate (DAP) and triple super 
phosphate (TSP) formulations (Sinclair et  al. 2024). 
In that pot study on a single soil, no differences in 
plant development or growth were identified under 
well-watered conditions between the two phosphorus 
formulations. In a soil-drying treatment of that exper-
iment, however, major differences between the two 
phosphorus treatments were unexpectedly discovered 
in the temporal response of transpiration rate to pro-
gressive soil water deficit.

The differential response to DAP and TSP treat-
ment to soil drying was most obvious when transpira-
tion rate was plotted as a function of the transpirable 
soil water currently remaining in the soil. Transpir-
able soil water was calculated as the difference in cur-
rent pot weight minus the pot weight when transpira-
tion rate ceased decreasing linearly with further soil 
drying (Sinclair and Ludlow 1986). The pattern dur-
ing soil drying in the decline in transpiration rate as 
a function of fraction transpirable soil water (FTSW) 
was represented by two linear segments. The two lin-
ear segments were an initial plateau in transpiration 
rate followed by the linear decline in transpiration 
rate at lower soil water content. The FTSW break-
point between the two linear segments in two experi-
ments of the previous study (Sinclair et al. 2024) was 
0.25 and 0.32 for DAP and 0.52 and 0.57 for TSP. 
The results for DAP were consistent with the conclu-
sion of Sadras and Milroy (1996) based on several 
studies that the breakpoint occurs in the range of 0.25 
to 0.40. However, the breakpoint for the TSP treat-
ment was clearly unusual in being at a much greater 
FTSW than the usual range of breakpoints.

The response in water use observed on the single 
soil (Sinclair et  al. 2024) is intriguing due to docu-
mentation that initiation of a decline in transpiration 
rate at a high FTSW is associated with temporally 
conservative extraction of soil water. That is, the 

plants that initiate a decrease in transpiration rate at a 
high FTSW use water more slowly, and consequently, 
express crop drought resilience (Sinclair 2017). This 
conclusion was based on studies of many crop spe-
cies. One of the more comprehensive studies (Sinclair 
et  al., 2010) used a mechanistic model to simulated 
soybean (Glycine max L. Merr.) growth and yield 
over 50 years across 2655 grid locations across the 
United States Soybean Belt. The simulations showed 
that in most locations and years a high FTSW for ini-
tiation in the decline in transpiration rate resulted in 
an increased probability for greater yield as compared 
to the yield for a low FTSW breakpoint. An example 
of the advantage of the high FTSW breakpoint, which 
included field studies, is with peanut (Arachis hypo-
geae L.) (Sinclair et al. 2018). In that study, genetic 
selection for expression of a high FTSW for initia-
tion of decline in transpiration rate with soil drying 
identified a peanut genotype that was documented to 
produce higher product output than other tested geno-
types under water-limited field conditions.

While the previous experimental phosphorus study 
with TSP showed a decrease in maize transpira-
tion rate at a high soil water content (Sinclair et  al. 
2024), that study was done on only one soil. Before 
committing to an extensive and expensive field trials 
to assess possible drought resilience induced by TSP 
on maize yields for a range of locations and soils, pot 
experiments were undertaken to document the possi-
ble initiation of the decrease in transpiration rate on 
different drying soils. In the study reported here, soil 
was collected from six locations of major maize pro-
duction in the USA for study under controlled condi-
tions. The first objective of this study was to under-
take experiments to document the temporal dynamics 
in the decrease in transpiration rate with the drying of 
these different soils.

A second issue for this study is whether the FTSW 
for the initiation of the decrease in transpiration was 
associated with changes in root hydraulic conduct-
ance following application of TSP to the six soils. It 
was found in a study using the single soil that root 
hydraulic conductance was decreased when grown 
on soil with TSP as compared to soil with DAP (Sin-
clair et al. 2025). The existence of such an association 
between root hydraulic conductance and transpiration 
response to soil drying for a range of soils would not 
only give potential insight into the basis for the dif-
ference in response to drying soil treated with either 
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TSP or DAP but potentially offer an experimental 
method to test for relative sensitivity among a range 
of conditions. Therefore, the second objective of this 
study was to measure root hydraulic conductance 
of plants grown on the six collected soils to assess 
whether TSP application resulted in a decreased root 
hydraulic conductance compared to DAP application.

An additional feature of this study was to include 
a treatment in which ambient soil pH was adjusted in 
combination with TSP application to assess the pos-
sible impact of soil pH on soil water extraction and 
root hydraulic conductance. Since in the field soil pH 
generally decreases over years with cropping, these 
experiments can offer guidance on liming practices to 
improve the effectiveness in crop water use and crop 
drought resilience by application of TSP. Sensitiv-
ity of water use by plants to soil pH is indicated by 
the sensitivity of aquaporin water permeability to pH 
(Nemeth-Cahalan et al. 2004; Kapilan et al. 2018). In 
the current study, soils with ambient pH of 6.4 to 6.6 
included a treatment of applications throughout the 
experiments of an acetic acid solution to bring the pH 
down to pH 5.4. For soils with pH of 6.0 and 6.1, a 
calcium hydroxide solution was applied to increase 
the soil pH to 6.5.

Materials and methods

Soil

Duplicate soil samples were collected from the top 
15 to 20  cm of the soil from fields in each of six 
locations in the United States (North Carolina, Illi-
nois, Minnesota, Nebraska, Kansas, and Oklahoma). 

Using the top layer of soil corresponded to the col-
lection of soil used in the previous study to assess 
the potential difference in maize soil water extrac-
tion when the soil was treated with either DAP 
and TSP (Sinclair et  al. 2024). The soil properties 
ranged from a fine sandy loam to clay loam, 6.0 to 
6.6 pH, and 28 to 156 mg kg−1 Mehlich-3 phospho-
rus (Table 1).

To achieve uniformity in the handling of the 
soils, the field-collected soils were bench-dried in 
a greenhouse and filtered through a 6-mm screen 
to remove any large debris and soil aggregates that 
could not be easily broken. The amount of DAP and 
TSP mixed into the soil for each pot was based on 
the target equivalent of a field application of 1.75 g 
P m−2 and a plant population of 10 plants m−2. Con-
sequently, the amount of phosphorus mixed into the 
soil for each pot in the dry-down experiment con-
taining a single plant was 0.175 g P. In addition to 
phosphorus, potassium nitrate (1.2  g) and 29–0-4 
N-P2O5-K2O fertilizer (5.78 g for the DAP treatment 
or 6.32 g for the TSP) were mixed into the soil of 
each pot. The soil with nutrients added was placed 
in the same 4-L pots (16-cm diameter × 20-cm tall) 
as done in the previous DAP vs. TSP study compar-
ing the pattern in changes in transpiration rate with 
soil drying.

The root hydraulic conductance determinations 
were made on plants grown in pots with dimen-
sions that could be inserted into a pressure chamber. 
These pots constructed from polyvinyl chloride pipe 
were 5 cm in diameter and 29 cm in height (180 cm3 
of total volume). Soil for this study was collected 
from each treatment of the soil-drying experiment 
once that experiment had been completed.

Table 1   Description of six soils used for the dry-down experiments and root hydraulic conductance measurements

Location Taxonomic Identification Texture P Content (mg 
kg−1)

Ambient pH

Plymouth, North Carolina Thermic Typic Umbraquults Fine sandy loam 37 6.6
Urbana, Illinois Mesic Auic Argiudolls Silty clay loam 44 6.5
Lincoln, Nebraska Superactive Mesic

Pachic Haplustolls
Fine sandy loam 156 6.5

St. Paul, Minnesota Mesic Typic Hapludolls Silty clay loam 39 6.4
Stillwater, Oklahoma Thermic Fluventic Haplustolls Clay loam 80 6.0
Manhattan, Kansas Mesic Pachic Argiudolls Silt loam 28 6.1
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Dry‑down experiments

Two sets of dry-down experiments were done in 
which three soils were tested in each experiment. 
Three phosphorus treatments (DAP, TSP, and 
TSP + adjusted pH) were applied to eight replicate 
pots each so that 24 pots were studied for each soil. 
Two to three seeds of DeKalb maize hybrid DKC 
67–70 were sown in each pot. The pots were placed 
in a naturally lite, evaporative-cooled greenhouse 
with temperature settings for a maximum of 32 °C 
and a minimum of 26 °C.

To avoid water deficit during the initial stages 
of plant growth, the pots were irrigated daily. Pots 
for the DAP and TSP treatments were irrigated with 
tap water. Pots for the TSP + pH-adjusted treatment 
were irrigated either with acetic acid solution of pH 
5.4 for the four soils originally with higher pH or 
with calcium hydroxide solution of pH 6.5 for the 
two soils originally with lower pH (Table 1).

Once the maize plants had reached the stage of 
four fully expanded leaves, the soil dry-down treat-
ment was initiated. All pots were over-irrigated late 
in the afternoon with either tap water or the appro-
priate pH solution and allowed to drain overnight. 
Early the following morning each pot was placed in 
a plastic bag and the pot was sealed in the bag using 
a twist tie around the base of the plant stem. The 
pots were quickly weighed to obtain data eventually 
used to calculate transpirable soil water available in 
each pot. On each subsequent afternoon, the pots 
were weighed to track the soil water status in each 
pot and to calculate daily transpiration rate.

The eight pots for each soil and treatment were 
divided between three pots for continued irrigation 
and five pots for soil drying. Each day the well-
watered pots were irrigated following weighing 
to return pot weight to 80  g less than their initial 
weight. The 80 g deficiency below the initial weight 
was done to avoid soil saturation with irrigation. 
The drying pots were also irrigated but only on 
days when daily water loss was greater than 80 g. In 
the case of these drying pots, the amount of irriga-
tion to be added to each pot was calculated as the 
amount of its daily weight loss in excess of 80  g. 
This irrigation scheme to limit daily net pot weight 
loss of the drying pots to 80 g caused the entire dry-
ing period of these pots to be in the range of 10 to 
14 days.

Ultimately, pot weights were used to calculate a 
daily normalized transpiration rate for each plant. 
To make this calculation, first a daily transpiration 
ratio for each drying pot was calculated between its 
water loss on each day and the average water loss 
of the three well-watered plants on the same day. 
The daily transpiration ratio allowed the day-to-
day variations for each pot to be minimized in the 
data analysis. Next, a daily normalized transpira-
tion ratio (NTR) was calculated for each pot based 
on the average transpiration ratio for that pot during 
the initial days of the dry-down when the soil was 
still wet. This procedure resulted in the initial NTR 
values for each pot to be centered on a value of 1.0.

To quantify the daily soil water status of each pot, 
a daily fraction of transpirable soil water (FTSW) 
was calculated. Initially, the total transpirable soil 
water in each pot was calculated as the difference 
in the initial pot weight and the pot weight at the 
end of drying for each pot. The endpoint of drying 
was defined as occurring on the day when NTR had 
decreased to 0.1 or less. This endpoint marked the 
end of a linear decline in NTR as a function FTSW. 
The amount of transpirable soil water remaining in 
each pot on each day was calculated as the current 
pot weight minus the end of drying pot weight. The 
ratio on each day of the current transpirable soil 
water divided by total pot transpirable soil water 
was defined as FTSW.

The data of NTR vs. FTSW of all five replicate 
pots of a treatment were combined for analysis in 
a two-segment linear regression model (Prism 6, 
GraphPad Software). The regression was achieved 
by iteration to optimize values for the variables in 
the overall fit of the data to the two-segment linear 
model. The regression output for each treatment 
included the FTSW breakpoint between the two 
segments at the initiation of the linear decrease in 
NTR. The FTSW thresholds for each treatment were 
the basis for comparing the water use pattern among 
soils and treatments. A high FTSW threshold indi-
cated an initiation of a decline in transpiration at a 
high soil water content, i.e. early decrease in rate 
of soil water extraction. The regression output also 
included the 95% confidence interval for the FTSW 
threshold and the statistical outputs of R2 and stand-
ard error of the mean for the regression fit.
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Root hydraulic conductance

Estimates of root hydraulic conductance were made 
to compare the possible impact of soil treatments 
directly on root water uptake. Two seeds were ini-
tially sown in each of the small pots used in this 
study. Each pot was thinned to a single plant once the 
plants reached approximately full expansion of the 
first leaf. The plants were grown in a growth room at 
a temperature of 30–32  °C. The photosynthetically 
active radiation at leaf height was 530 µmol m−2 s−1. 
To avoid water deficits, pots were irrigated daily with 
their appropriate solution throughout the experiment.

Root hydraulic conductance determinations were 
made when the maize seedlings were observed to 
have two fully expanded leaves. Individual pots were 
sealed into a pressure chamber by placing a rubber 
stopper around the base of the plant stem and insert-
ing the stopper into the top of the pressure chamber. 
The shoot of the plant outside the pressure chamber 
was removed at about 2 cm above the stopper. A sili-
cone tube containing cotton was placed over the end 
of the decapitated stem to collect sap. The chamber 
was pressurized at 0.2  MPa and sap exudate was 
collected for about one hour. After pressurization, 

the tube containing the collected sap  exudate was 
weighed.

The estimate of root hydraulic conductance was 
calculated as the amount of sap exudate divided by 
the chamber pressure and duration of sap collection. 
The units of this root hydraulic conductance estimate 
were g MPa−1  h−1. An average root hydraulic con-
ductance was calculated as the mean of the 5 or 6 rep-
licate plants of each soil and treatment. An ANOVA 
analysis was initially applied to the data to determine 
if statistical differences (0.05) among means existed. 
Tukey Honest Significant Difference (0.05) analysis 
was used to identify those treatments that differed.

Results

Dry down

The results of the dry-down measurements were well 
described by the two-segment linear regression model 
for all soils and treatments as shown by the statistics 
for the regressions in Table  2. The FTSW break-
point for the initiation of the decline in transpiration 
rate had a standard error ≤ 0.031 except for the TSP 

Table 2   Fraction 
transpirable soil water 
(FTSW) breakpoint and 
the two-segment linear 
regression statistics for 
diammonium phosphate 
(DAP), triple super 
phosphate (TSP), and 
TSP with adjusted soil 
pH treatments applied to 
all soils in the dry-down 
experiment

Location Treatment FTSW 
Break-
point

Bkpt 95% Conf. Inter Bkpt Stand. Error R2

North Carolina DAP 0.505 0.466–0.544 0.020 0.925
TSP 0.582 0.528–0.637 0.028 0.896
TSP @ pH 5.4 0.435 0.378–0.492 0.029 0.890

Illinois DAP 0.424 0.369–0.480 0.028 0.886
TSP 0.481 0.461–0.501 0.010 0.971
TSP @ pH 5.4 0.362 0.330–0.394 0.016 0.928

Nebraska DAP 0.274 0.248–0.300 0.013 0.902
TSP 0.475 0.390–0.560 0.042 0.836
TSP @ pH 5.4 0.331 0.306–0.357 0.013 0.923

Minnesota DAP 0.269 0.234–0.304 0.017 0.925
TSP 0.470 0.408–0.531 0.031 0.853
TSP @ pH 5.4 0.329 0.296–0.361 0.016 0.906

Oklahoma DAP 0.366 0.332–0.400 0.017 0.929
TSP 0.369 0.340–0.398 0.014 0.963
TSP@ pH 6.5 0.437 0.398–0.476 0.019 0.939

Kansas DAP 0.193 0.175–0.212 0.009 0.942
TSP 0.294 0.273–0.313 0.010 0.958
TSP@ pH 6.5 0.152 0.136–0.168 0.008 0.873
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treatment of the Nebraska soil with a standard error 
of 0.042. The R2 values in all cases were > 0.83.

The FTSW values for the initiation of the lin-
ear decline in transpiration rate varied substantially 
among the six soils (Table 2). The FTSW values for 
the DAP treatment were in the range of 0.25 to 0.45 
for four soils, although the FTSW value for the Kan-
sas soil was below this range (FTSW = 0.152) and 
for the North Carolina soil it was above this range 
(FTSW = 0.582). The basis for variation in the FTSW 
breakpoint among soils is unknown.

Differences in the FTSW breakpoint between the 
DAP and TSP treatments within each soil was iden-
tified by non-overlap of the 95% confidence inter-
vals for the two treatments. Based on this criterion, 
the FTSW breakpoint for the TSP treatment was 
higher than the DAP treatment for five of the six soils 
(Table 2). That is, five soils expressed a decrease in 
transpiration rate at a higher FTSW with TSP treat-
ment than with DAP treatment. Only the soil from 
Oklahoma did not show a shift in the FTSW break-
point resulting from the TSP treatment. Since the 
pH of the Oklahoma soil was the lowest of all soils 
(Table 1), the relatively low pH may have contributed 
to a low FTSW breakpoint for the TSP treatment of 
the Oklahoma soil.

The sensitivity of the FTSW breakpoint to soil 
pH was confirmed by the results from the treatment 
of TSP with altered soil pH (Table  2). For the four 
soils with an ambient pH of 6.4 or 6.5, the acidified 
TSP treatment resulted in an FTSW breakpoint based 
on non-overlap of the 95% confidence interval that 
was much lower than the TSP treatment at ambient 
soil pH. On the other hand, adding calcium hydrox-
ide solution at pH 6.5 to the TSP treatment of Okla-
homa, which had a low ambient soil pH, resulted 
in an increase in the FTSW breakpoint. However, 
increasing the pH of the Kansas soil to which TSP 
had been applied resulted in a decrease in the FTSW 
breakpoint.

Root hydraulic conductance

Root hydraulic conductance for the TSP treatment on 
ambient soil was decreased as compared to the root 
hydraulic conductance of the DAP treatment for all 
six of  the soils (Table  3). Altering the soil pH with 
TSP application resulted in a hydraulic root conduct-
ance that differed from the TSP treatment of that soil 

at ambient soil pH. For the four soils that were treated 
with the acid solution, root hydraulic conductance 
with the decreased pH was greater than for the TSP 
treatment at ambient pH. Except for the Illinois soil, 
the root hydraulic conductance with TSP at low pH 
was not as high as the DAP treatment. For the two 
soils that were irrigated with an alkaline solution, root 
hydraulic conductance was less than the TSP treat-
ment at ambient pH. Overall, all six soils showed that 
root hydraulic conductance with TSP treatment was 
sensitive to soil pH such that high soil pH resulted in 
low root hydraulic conductance.

Discussion

A previous study with maize (Sinclair et  al. 2024) 
resulted in the unexpected discovery that application 
of TSP to a drying, 6.6 pH soil resulted in the initia-
tion of the decline in transpiration rate at an unusu-
ally high soil water content. Consequently, the TSP 
treatment resulted in slower extraction of soil water 
and increased crop drought resilience (Sinclair et al. 
2024). Since this previous study was done with only 
a single soil, the question remained whether the 
observed pattern of water use with TSP application 
existed for other soils and pH levels.

Table 3   Root hydraulic conductance (g MPa−1  h−1) and 
standard error of the mean (in parenthesis) for maize seed-
lings grown on soil subjected to application of diammonium 
phosphate (DAP), triple super phosphate (TSP), and TSP with 
adjusted soil pH treatments. Within each soil, root hydraulic 
conductance values followed by different letters were indicated 
to be significantly different (p < 0.05)

Location DAP TSP TSP @ pH 
5.4

TSP @ pH 6.5

North Caro-
lina

4.15a
(0.14)

2.57b
(0.22)

3.51c
(0.11)

–-

Illinois 3.19a
(0.19)

2.12b
(0.14)

3.04a
(0.20)

–-

Nebraska 3.78a
(0.15)

2.19b
(0.09)

2.96c
(0.19)

–-

Minnesota 3.28a
(0.16)

2.20b
(0.09)

2.60c
(0.11)

–-

Oklahoma 4.51a
(0.07)

–- 3.35b
(0.10)

2.02c
(0.18)

Kansas 5.16a
(0.300)

–- 3.73b
(0.20)

2.69c
(0.16)
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The results from the current study confirmed in 
nearly every case that soil at pH at or near 6.5 com-
bined with application of TSP resulted in the ini-
tiation of a decrease in transpiration rate at a higher 
FTSW than with TSP at a lower soil  pH (5.4) or 
with DAP application. Only the Kansas soil failed to 
show this pattern and the basis for this deviation is 
unknown.

A hypothesis to explain the initiation of the 
decrease in transpiration rate at high FTSW with TSP 
on a 6.5 pH soil could be linked to a decreased root 
hydraulic conductance under this treatment. Deter-
mination of root hydraulic conductance with remnant 
soil from the soil drying experiment confirmed that 
within each soil the lowest root hydraulic conduct-
ance occurred on 6.5 pH, TSP-treated soil. The mech-
anistic basis for the differences in root hydraulic con-
ductance among the three soil treatments, however, is 
not resolved.

One possible explanation for the sensitivity of the 
TSP response to pH might be the linkage between 
root hydraulic conductance and root membrane per-
meability. It has been found that root permeability 
is linked to aquaporin sensitivity to pH (Byrt et  al. 
2017; Scochera et  al. 2022), although the degree of 
sensitivity of aquaporin permeability to H+ con-
centration depends on aquaporin isoform (Patel and 
Mishra 2021). Nonetheless, the overall reported sen-
sitivity of aquaporin permeability to pH was opposite 
of the root hydraulic sensitivity to pH observed in the 
current experiments. That is, decreasing pH has been 
reported to be associated with decreasing aquaporin 
permeability instead of the increased root hydraulic 
conductance observed with TSP treatment. Conse-
quently, the basis for the response to root hydraulic 
conductance to the TSP application on 6.5 pH soil is 
unresolved.

Overall, this pot study provided confirmation that 
TSP application to high pH soil in nearly all cases 
resulted in initiation of a decrease in transpiration 
rate at a comparatively high soil water content. This 
response results in temporally slowed extraction of 
soil water, and hence, potential expression in the field 
of crop drought resilience (Sinclair 2017). Given the 
possible great importance of increased crop drought 
resilience, especially under climate-change scenarios 
resulting in increased probability of water-deficit, the 
current results offer strong evidence (1) to investigate 
the mechanism for the root hydraulic conductance 

response to TSP application on 6.5 pH soil, and (2) to 
undertake field trials to compare growth of plants on 
soil to which treatments of TSP vs. DAP and differen-
tial soil pH treatments are applied.

The determination of phosphorus content was 
done using the Mehlich III methodology.

Regression output for breakpoint (Bkpt) 95% con-
fidence intervals, Bkpt standard errors, and R2 are 
shown for each FTSW breakpoint.

Results for treatments with adjusted soil pH are 
shown in two right-hand columns. Six replicate plants 
were measured for each treatment. The root hydraulic 
conductance values within each soil followed by dif-
ferent letters within each soil location were identified 
by Tukey HSD as being different (0.05).
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