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ABSTRACT

The use of modeling and computers increases the potential to esti-
mate crop water use and irrigation requirements. However, for that
potential to be realized, data on root growth are needed for model
development and/or input. Few field studies have included direct mea-
surement of sunflower (Helianthus annuus L.) root development. Our
objective was to examine plant development, with emphasis on rooting
depth, of field-grown sunflower. The study was in 1985 and 1986 near
Manhattan, KS on deep, barrier-free, Muir silt loam soil (fine-silty,
mixed, mesic Cumulic Haplustoll). Regression analysis was applied to
data on root growth and aboveground development. The resulting
equations were then used to examine growth patterns and rates of
development. Canopy height reached its maximum of 2.40 m during
the latter part of disk flowering. The maximum rate of height increase
was 72 mm d-~ and occurred during early bud formation. Roots reached
the deepest soil depth of 2.18 m late in the growing season (95% of
the total of thermal units from emergence to physiological maturity).
Roots reached 1.88 m at the beginning of disk flowering and 2.02 m
at the completion of disk flowering. Rate of advance of the deepest
observed root decreased linearly from 43 mm d-~ during mid June
(eight leaves emerged). Green leaf area index (LAI) reached its 
imum immediately prior to disk flowering. Dry mass of leaves, stems,
and heads reached maximums at late disk flowering, back of head
yellow with bracts still green, and physiological maturity (no green
on head), respectively. Total aboveground dry mass reached its max-
imum at 85% of the total of thermal units from emergence to physi-
ological maturity. The rate of total aboveground dry mass yield was
greatest near mid season (48% of total thermal units). The data 
sunflower rooting depth reported in this article will assist in estimation
of crop water use.

FlEW FIELD STUDIES have included direct measure-
ment of sunflower root development. Knowles

(1978) stated "Recent studies of root development 
sunflower are scarce." In a review of depth devel-
opment of roots with time for 55 crop species (Borg
and Grimes, 1986), the reference for sunflower was
Weaver (1920). England (1975) stated that the study
of plant roots was one of the most promising but least
explored areas of research related to hydrology. Irri-
gation scheduling models generally require informa-
tion on depth development of roots with time (Borg
and Grimes, 1986). Evapotranspiration estimates and
available soil water information combined with root
growth patterns give an improved estimate of irriga-
tion water requirements. Crop growth models, such
as the crop growth component within EPIC (Erosion-
Productivity Impact Calculator), require input of both
root and aboveground development patterns (Williams
et. al., 1989).

The increased use of computers and modeling has
improved the potential to estimate crop water use. For
that potential to be realized, background data are needed
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for model development and/or input. Bland and Dugas
(1989) discussed the lack of data on root growth 
time and depth, and the need for those data in devel-
oping computer simulations of crop growth. We be-
lieved there was a lack of data on sunflower root growth
and related aboveground development throughout the
growing season in a field environment. Our objective
was to examine plant development, with emphasis on
rooting depth, of field-grown sunflower.

MATERIALS AND METHODS

The field study was in 1985 and 1986 on a 32 by 80 m plot
near Manhattan, KS (39.1 °N, 96.6 °W, 314 m above sea level).
The soil is mapped as Muir silt loam, a deep soil with no root-
restricting features. Liquid N (28%) was knifed into the soil
in April 1985 at 155 kg N ha-1. In March 1986, NH4NO3 was
broadcast applied at 121 kg N ha-1. Sunflower (’Triumph 585’)
was planted 25 May 1985 and 22 May 1986, in rows spaced
0.76 m apart with 5 seeds m-I of row. Furrows were formed,
and a berm to prevent runoff was plowed around the plot after
crop emergence. The plot was surface irrigated to avoid pro-
longed water stress.

The sunflower plot was divided by four to provide four
sampling areas, and neutron probe access tubes and tensiom-
eters were placed (in rows) in the central area of each quadrant
each year. Four 3.66-m long aluminum tubes were installed in
each quadrant. Soil water content was measured by neutron
attenuation, centered at depths of 0.15 to 3.00 m in 0.15-m
depth increments. Water content of the surface 0.08 m was
determined by gravimetric sampling. Two mercury-manometer
tensiometers, used for determining soil water potential, were
installed at each of eight depths (0.15, 0.30, 0.60, 0.90, 1.20,
1.50, 1.80, and 2.10 m) in each quadrant.

Plant samples were taken for determination of green LAI
and aboveground dry matter. Prior to 15 June, 10 adjacent
plants in a row were removed. After 15 June, five adjacent
plants were removed. Row length of sample was measured,
and sampling location was moved throughout each season.
Sampled plants were divided into leaves (dry and green, cut
adjacent to stem), heads (cut at base of head), and stems (cut
at soil surface). Green LAI was obtained with an area meter
(Type AAM-5, Automatic Area Meter; Hayashi Denko Co.
Ltd., Tokyo, Japan). Green LAI was calculated by dividing
the total area of green leaves in the sample (one leaf side only)
by the ground area sampled. Plant samples were dried in an
oven at 75 °C for 1 wk and weighed. Dry yield of leaves,
stems, and heads was calculated as dry mass divided by the
ground area sampled. After maturity, plants were hand har-
vested from 20 m of row (5-m lengths of four rows) from each
quadrant. Seed yield and plant population density at maturity
were determined from the four 20-m samples.

Sunflower root development was evaluated by the core-break
method (B6hm, 1979). Soil cores (76 mm i.d.) were collected
after backing a tractor, with a mounted hydraulic probe, pro-
gressively further into the plots. The core sampler was placed
directly over a plant, removed at the soil surface. The soil
cores were broken at 0.15-m depth increments starting at the
0.15-m soil depth, until roots were no longer observed. Roots
that protruded from the breaks (both surfaces) were counted.
Root counts and depth of deepest root were recorded for each
core. On each sampling date, cores were taken at six locations
in 1985 and at eight locations in 1986.

Thermal units (TU) were calculated 

Abbreviations: LAI, leaf area index; TU, thermal units; ETU,
cumulative thermal units from emergence; DAE, days after emer-
gence; and RMSE, root mean square error.
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Table 1. Summary of rainfall, air temperature, and solar radiation during the 1985 and 1986 study and the 1951-1980 means.
Mean maximum daily Mean minimum daily Mean daily

Total rainfall air temp. air temp. solar radiation

Time 1951- 1951- 1951-
period 1985 1986 1980 1985 1986 1980 1985 1986 1980 1985 1986

mm

1-15 May 37 83 45 24.4
16-31 May 58 88 69 26.7
1-15 June 65 43 75 25.8

16-3,11 June 89 132 60 30.0
1-15 July 2 72 47 34.4

16-31 July 79 5 54 32.4
1-15 Aug. 87 125 37 29.8

16-31 Aug. 48 58 44 29.1
1-15 Sept. 34 65 57 29.5

°C __ MJm-2 _ _

26.5 23.9 14.3 14.1 10.5 21.7 21.8
23.8 26.6 15.2 11.6 13.5 24.5 20.3
30.2 29.1 14.5 17.2 16.3 17.4 23.6
33.4 31.1 16.4 20.6 18.3 26.6 22.8
32.6 32.8 19.4 21.7 19.8 24.8 23.0
34.5 33.4 19.3 21.3 20.2 21.6 25.7
29.9 33.1 18.3 17.4 19.8 18.7 19.8
29.0 31.6 17.0 17.7 18.1 18.9 18.9
26.7 28.9 18.4 14.9 15.2 16.0 14.3

TU = [(T~,, + T~.)/2] - 7.2 [1]

where Tm~, and Tmin are the daily maximum and minimum air
temperature, respectively, in °C. Thermal units were accu-
mulated from sunflower emergence to various dates during the
growing season, and cumulative TU is represented as XTU.
Any daily value of TU that was negative was considered to be
zero in calculating YTU. Values of T,,~, and T,~i, from max-
min mercury-in-glass thermometers were taken from National
Oceanic and Atmospheric Administration publications (1985
and 1986). Daily solar radiation was measured with an Eppley
pyranometer (Model PSP; Eppley Laboratory, Inc., Newport,
RI).

Statistical analyses of data were carried out with procedures
provided by the Statistical Analysis System (SAS Institute,
1985). Procedures used were MEANS for summarizing data
sets (standard error of the mean) and for paired comparisons,
and REG (MAXR option) for model development by multiple
regression analysis.

RESULTS AND DISCUSSION

Rainfall, air temperature, and solar radiation condi-
tions during the 1985 and 1986 growing seasons are sum-
marized in Table 1. Rainfall was low during 1 to 15 July
1985 and 16 to 31 July 1986. Plots were irrigated once
in 1985 (12 July) and twice in 1986 (22 July and 
August). Irrigation amount was not measured. The pe-
riod of 1 to 15 August was wet both years. Air temper-
ature was lower in June 1985 than in June 1986. In

addition to being relatively cool, the period 1 to 15 June
1985 had a low mean daily solar radiation value. From
the 30-yr temperature means, mean TU d-1 was 15.5
during 1 to 15 June, 19.6 TU d-1 during 16 to 31 July,
and 17.6 TU d-1 during 16 to 31 August.

Sunflower development is summarized by date and
cumulative thermal units from emergence (Y~TU) for 1985
and 1986 in Table 2. Growth stage descriptions are pat-
terned after those given in Schneiter and Miller (1981).
Dates indicate when 75% of the crop population was at
the listed stage. Growth stage development was slower
in 1985 than in 1986, because of cooler temperatures in
1985 (Table 1). Time from emergence to physiological
maturity was 97 d in 1985 and 89 d in 1986. Cumulative
TU from emergence to physiological maturity was 1628
in 1985 and 1640 in 1986. Mean seed yield (water con-
tent of 100 g kg-1 on a wet mass basis) from the four
quadrants was 2533 kg ha-1 (CV = 18.1%) in 1985 and
1812 kg ha-1 (CV = 6.0%) in 1986. Mean plant pop-
ulation density at harvest was 5.8 plants m-2 (CV 
7.6%) in 1985 and 5.5 plants m-z(CV = 2.2%) 
1986.

Soil water conditions are presented in Fig. 1 (profile
water content) and in Fig. 2 (water potential at seven
soil depths). The mid-June water content in 1985 was
about 90%, and in 1986 was about 82%, of maximum
available water for the 1.65 m soil profile (Fig. 1). 
1985, available soil water did not go below 50% of max-
imum available until late August. In 1986, available soil

Table 2. Summary of dates and accumulated thermal units from crop emergence (Y.TU) for sunflower growth stages in 1985 and
1986.

1985 1986

Stage Brief description of growth stage~f Date Y..TU Date XTU

VE Seedlings emerged. 30 May 0 29 May 0
V4 Four leaves emerged. 9 June 146 7 June 141
V10 Ten leaves emerged. 20 June 283 17 June 309
V24 Twenty four leaves emerged. 3 July 497 29 June 546

RI Terminal bud forms miniature floral head. 7 July 567 3 July 621
R2 Immature bud elongates 5 to 20 mm above nearest leaf. 12 July 673 8 July 724
R3 Immature bud elongates >20 mm above nearest leaf. 17 July 777 13 July 821
R4 Inflorescence begins to open. 22 July 877 18 July 930
R5 Beginning of disk flowering. 27 July 969 22 July 1008
R5.5 Fifty percent of disk area flowering. 30 July 1020 24 July 1044
R6 Flowering complete and ray flowers wilting. 5 Aug. 1120 30 July 1172
R7 Back of head beginning to turn pale yellow. 12 Aug. 1245 6 Aug. 1296
R8 Back of head yellow but bracts remain green. 19 Aug. 1361 13 Aug. 1406
R9 Bracts yellow or brown (physiological maturity). 4 Sept. 1628 26 Aug. 1640

Complete growth stage descriptions are given in Schneiter and Miller (1981).
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Fig. 1. Total water content of the 1.65-m soil profile vs. date
during 1985 and 1986. The vertical markings below (1985)
or above (1986) the water content values represent the
standard error of the mean where n ---- 16.
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water went below 50% of maximum available in late
July. However, because of irrigation followed by rain in
early August 1986, soil water content increased during
early to mid August. Water potentials at soil depths of
0.3, 0.6, and 0.9 m (Fig. 2) decreased rapidly to the
tensiometer limit during 1 to 15 July 1985 and 16 to 31
July 1986, periods of hot, dry weather. Water potentials
at soil depths of 1.2, 1.5, 1.8, and 2.1 m were relatively
similar for the two seasons. However, the 1986 values
did decrease to somewhat lower values and then re-
mained essentially unchanged after early August (125
mm of rain during 1 - 15 Aug. 1986). Water potential
at the 2.1-m soil depth decreased from about -0.9 m of
water in late June of each year to -2.0 m of water in
1985 and -2.6 m of water in 1986.

Water depletion rates during five measurement periods
(three intervals in 1985 and two intervals in 1986) are
plotted in Fig. 3. With advancing date, significant water
depletion deepened from soil depths of 1.05 m during
14 to 24 June 1986 to 1.65 m during 15 to 22 July 1986
and 21 to 31 Aug. 1985. Deeper water depletion during
August likely would have occurred had there not been
considerable rain during 1 to 15 August of each year
(Table 1). Significant water depletion by sunflower 
the 2-m soil depth in a long drying cycle was found by
Bremner et al. (1986). Gardner (1983) reported that,
with a wet soil profile, water is initially extracted from
the region nearest the soil surface and the zone of ex-
traction progresses downward through the profile with
time. Further, when soil water near the surface is re-
plenished by rain or irrigation, the extraction zone goes

Fig. 2. Soil water potential vs. date during i985 and 1986 for
seven soil depths.

WATER DEPLETION RATE (m3 m"3 d"1) x 103
0 4 8 ,. 0 4 8 12,. 0 4 8

1 -

¯ * 8-12 i 21-31I " 28JUNE" Fe JULY ~e_ AUG.

¯
~ RAIN = 0 mm3 ~" RAIN = 0 mm RAIN = 13 mm

I ,/~i , ,

_ .e~ lS-~_ SUNFLOWER /

I; ~" JULY
MUIR SILT LOAM

2 1986 ~ 1986
’

,,"

3 ’LRAIN = 26 mm ~. RAIN=Omm
Fig. 3. Water depletion rate vs. soil depth during three time

intervals in 1985 and two time intervals in 1986. Data points
connected by line indicate difference from 0 at P _< 0.01.
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Table 3. Mean sunflower root count by depth and date measured by using the core-break method in 1985 and 1986.

Sampling date in 1985 Sampling date in 1986

Soft 18 21 28 2 8 17 30 8 29 13 17 26 16 21 29 6 30
depth June June June July July July July Aug. Aug. June June June July July July Aug. Aug.

m Rootco~tsper4560mmz

0.15 7.3 4.8 11.0 14.0 13.8 10.0 14.2 25.2 9.0 3.6 7.9 8.4 11.5 9.8 9.6 10.0 12.80.30 3.7 2.5 5.3 7.2 8.7 10.7 11.7 10.7 7.0 1.5 2.6 7.5 5.4 4.9 5.1 5.4 1.50.45 1.3 3.2 2.3 6.8 9.5 7.7 8.3 6.5 3.8 0.5 2.6 6.8 6.3 7.8 5.0 6.3 0.90.60 0.5 2.0 1.8 5.7 6.0 7.0 6.2 5.8 3.3 1.5 6.1 6.3 4.0 6.9 5.9 1.90.75 0.3 1.8 3.0 2.8 4.5 4.3 5.2 3.5 1.1 5.1 3.9 3.3 4.4 6.3 1.90.90 1.3 6.5 4.8 4.7 3.8 6.7 2.0 0.4 4.0 2.1 3.3 3.3 2.9 2.31.05 0.7 2.3 3.3 7.0 3.3 5.0 3.8 1.0 2.4 2.8 3.3 3.4 4.8 2.01.20 0.2 3.5 2.5 4.7 6.8 7.3 5.0 0.1 1.6 2.8 2.4 2.0 3.4 1.11.35 1.3 1.2 6.2 4.2 2.2 2.7 0.8 1.6 1.9 1.3 2.0 1.41.50 2.7 2.7 1.5 1.2 0.3 0.6 0.5 1.3 1.3 1.01.65 1.2 0.8 0.8 2.2 0.9 0.8 0.9 1.01.80 0.8 0.5 1.5 1.8 0.6 0.4 2.0 1.11.95 0.3 1.3 1.0 2.2 0.4 0.4 0.9 1.42.10 0.8 0.8 0.3 1.3 0.3 0.3 1.1 0.52.25 0.2 0.3 0.3 0.5 0.3 0.1 0.5 0.52.40 0.3 0.3 0.1 0.6 0.42.55 0.2 0.3 0.3 0.12.70 0.2 0.1
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back to shallow soil depths and then moves downward
again with time.

Sunflower root count by soil depth and sampling date
in 1985 and 1986 is given in Table 3. The patterns of
root distribution had several similarities within the two
growing seasons. In mid June, roots were at a soil depth
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Table 4. Summary of regression analyses relating each of seven crop variables (Y) to cumulative thermal units from emergence
(ETU) divided by 1000 (x).

Dependent variable Regression equation~" n Re RMSE

Canopy height (m)
Root depth (m)
Green leaf area index (m2 m-2)

DEc mass of leaves (Mg ha-1)

DEc mass of stems (Mg ha-1)

Dry mass of heads (Mg ha-1)

Total aboveground dEC mass (Mg ha-I)

Y = 0.03 + 12.39xa - 14.44x~ + 4.36x~

Y = -0.13 + 2.98x- 0.96J~
Y = -0.32 + 12.20x~ - 12.38x~ + 4.84,,~
Y = -0.16 + 6.00x2 -4.87x ~ + 1.77~
Y = 0.05 - 3.30x + 15.38~ - 6.92xa

Y = 3.43 - 8.19x + 9.25xa - 3.77x4

Y = -0.06 + 30.96~ - 29.05~ + 7.11~

27 0.987 0.111
17 0.942 0.163
30 0.916 0.497
31 0.979 0.155
31 0.965 0.510
20 0.986 0.171
31 0.985 0.595

Regression coefficients are significant at P < 0.05. Regression equations are significant at P < 0.001.
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Fig. 6. Rate of development of green leaf area i.dex (LAI),
root depth, and canopy height vs. cumulative thermal units
from sunflower emergence (3zTU).

of about 0.5 m. By late July, some roots were near the
2.5-m soil depth. The deepest soil depth having a mean
count >1.0 root per 4560 mm2 was 2.10 m. In each
year, roots were found to the 2.70-m soil depth.

Canopy height, mean depth of deepest root, and green
LAI are presented vs. XTU in Fig. 4. Similarly, the dry
mass yield of leaves, stems, heads, and total above-
ground are presented vs. XTU in Fig. 5. Data from 1985
and 1986 were combined to develop regression equa-
tions. Equations were produced by regression of the three
crop variables of Fig. 4 and the four crop variables of
Fig. 5 (dependent variables) against the first through the
fifth powers of XTU/1000 (independent variables).
Equations were also produced by regression of the crop
variables against days after emergence (DAE). With stem

I I I I
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ABOVEGROUND
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Fig. 7. Rate of aboveground dry mass yield vs. cumulative
thermal units from sunflower emergence. (ZTU).

mass, canopy height, and root depth, regressions against
ETU and against DAE gave similar precision (RMSE
values varied by less than 2%), With green LAI, leaf
mass, and head mass, regression against DAE gave less
precision than regression against ~TU (RMSE values
were a minimum of 17% larger with days). Therefore,
~TU was used as the basis for crop advance and not
DAE. The equations selected from the regression anal-
yses are listed in Table 4.

Rates of change in the seven crop variables of Fig. 4
and 5 were determined by taking the first derivative of
the equations in Table 4. The resulting first derivative
equations are plotted vs. ETU in Fig. 6 (canopy height,
root depth, and green LAI) and Fig. 7 (dry mass 
leaves, stems, heads, and total aboveground). The
regression equations of Table 4, and the first derivative
equations, were then used in examing growth patterns
and rates of development of crop variables. Zero devel-
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opment rates in Fig. 6 and 7 are located at the STU
corresponding to the maximum values of the crop vari-
ables shown in Fig. 4 and 5.

Sunflower canopy height reached its maximum of 2.40
m (from regression equation) at 1101 STU (late disk
flowering, stage 5.8). With head development, the can-
opy height decreased (Fig. 4). Canopy height had a max-
imum increase of 3.74 mm TU-1 at 627 STU and a
maximum decrease of 1.96 mm TU-I at 1361 STU.
Thus, the maximum height increase, occurring in early
July, was about 72 mm d~].

Sunflower roots reached the deepest soil depth of 2.18
m (from regression equation) late in the growing season
(STU = 1552), which is 95% of the STU at physiolog-
ical maturity (Table 2). In their review of rooting depth,
Borg and Grimes (1986) stated that maximum rooting
depth was generally achieved at physiological maturity.
Even though sunflower roots did not reach maximum
depth until late in the season, they were at 1.88 m at R5
(STU = 988) and at 2.02 m at R6 (STU = 1146). Rate
of advance of deepest observed root decreased linearly
from 2.60 mm TO"1 at 200 STU. Therefore, in mid
June, roots were growing deeper at about 43 mm d"1.

Green LAI was at its predicted maximum of 4.36 at
STU = 966 (R4.7). Dry mass of leaves reached its
maximum at STU = 1120 (R5.9). Similarly, Unger
(1983) found sunflower leaf dry matter reached a max-
imum 10 to 20 days after maximum green LAI. Green
LAI had a maximum increase rate at 492 STU (V22)
and a maximum decrease rate at 1407 STU (R8.1). Rate
of leaf dry mass development was greatest at 557 STU
(late vegetative). Loss in leaf dry mass after flowering
was likely due to senescence and loss of some lower
leaves, and translocation of assimilate materials to seed.

Dry mass of stems reached its maximum at STU =
1365 (R7.8), about 14 d after leaf dry mass reached its
maximum. Similarly, Zaffaroni (1986) found stem dry
matter reached a maximum about 22 d after maximum
leaf dry matter. As with the dry mass of stems and leaves
in our study, Hall et al. (1989) found a decrease in the
non-seed portion of irrigated sunflower between flow-
ering and maturity. Translocation of materials from leaves
and stems was considered by Hall et al. (1989) to be a
significant contributor to seed-filling. Development rate
of stems in our study was maximum at 741 STU (R2.4).

Dry mass of heads reached its maximum (from equa-
tion) at STU = 1638 (R9). The development rate for
heads was maximum at 1227 STU (R6.7).

The sum of dry mass for leaves, stems, and heads
(total aboveground) reached a maximum at STU = 1392
(R8). Zaffaroni (1986) also observed that total dry matter
was maximum at stage R8. The rate of total aboveground
dry mass yield in our study was greatest at 783 STU
(R2.8).

We have examined the advance through the growing
season of field-grown sunflower, with emphasis on root-
ing depth. We realize plant growth characteristics may
change with factors such as soil type, nutrient status of
the soil, cultivar, weather, cultural factors, soil aeration,
soil temperature, and available soil water. However, the
field data reported in this article will assist in understand-
ing sunflower plant development and in modeling sun-
flower water use.
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