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Abstract
Using accumulated temperature measures to predict plant development may provide guidance on
timing of management practices to minimize competition between warm and cool-season components of mixed pastures. However, temperature and plant development relationships for warmseason pasture grasses common in the southern Great Plains of the USA have not been extensively
studied. Under controlled environment conditions, base temperature (Tbase) values were determined for Big bluestem (Andropogon gerardii Vitman), Indiangrass (Sorghastrum nutans, (L.)
Nash), Little bluestem (Schizachyrium scoparium (Michx) Nash) and, Sideoats grama (Bouteloua
curtipendula (Michx) Torr). Measures of the accumulated temperature requirement for the phyllochron (leaf appearance interval) were made under a range of temperature regimes for these
same species. Mean Tbase was 8.1˚C and differences among species were not significant (P > 0.05).
Within temperature regimes mainstem leaf appearance was closely and linearly related to accumulated temperature above Tbase. Increase of 7.5˚C in night temperature increased phyllochron by
a mean of 43%, but similar increase in day temperature only increased phyllochron by 16%.
Phyllochron increased by 6.4˚C leaf−1 for each 1˚C increase in daily mean temperature within the
range of 15.0˚C to 22.5˚C. If accumulated temperature measures are to monitor reliably the development of warm-season grasses, allowance must be made for changes in phyllochron as the
growing season progresses.

Keywords
Phyllochron, Base Temperature, Warm-Season Grass

1. Introduction
In the southern USA, cool- and warm-season grasses may be grown in mixtures of perennial species [1] or as a
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sequence of annual species overseeded into a perennial base [2] [3], in order to extend the productive growing
season. The expectation of increased annual production arising from a longer growing season is, however,
frequently not fully realized because of competition between cool- and warm-season components of pasture that
results in lower than expected aggregate productivity [4] or in reduced persistence of one or both components of
the mixture [5].
Problems arising from competition in mixed pastures might be alleviated by adoption of management
practices, such as timing of harvests or N fertilizer application, that reduce interference between warm and coolseason grasses, especially at times of year when conditions are suitable for active growth of both warm and coolseason species. Appropriate timing of field operations depends on knowledge of the growth and development
status of the components of the mixed pasture, but this information may not be readily available because it
requires frequent field observation of plant growth stage. An indirect method of monitoring the progress of
pasture development that eliminates the need for time-consuming direct observation might be of value in support
of pasture management decisions by farmers.
Other work has shown a close relation between accumulated temperature, or growing degree days [GDD] and
plant phenological stage and this is commonly expressed as leaf appearance interval (phyllochron) [6]-[8]. Since
data needs for calculation of accumulated temperature are limited to daily maximum and minimum temperatures
that can be readily interpolated to provide site-specific information [9], an accumulated temperature approach
might provide a readily-accessible method for assessing crop development stage. In the specific instance of
cool- and warm-season mixed pastures however, although phenological responses of cool-season species have
been relatively well studied [6], there is little information on corresponding responses in warm-season grasses,
especially those native species that provide the basis of perennial warm-season pasture in the southern Great
Plains. For these species, base temperatures and phyllochron are not well defined.
The objectives of the work described here were to determine base temperature (Tbase) values for four common
native pasture species and to examine the effect of a range of temperature regimes on the relation of accumulated temperature and leaf appearance, through measure of phyllochron of these same species.

2. Materials and Methods
Three sets of experiments were undertaken in controlled environment to characterize development responses to
different temperature regimes of four perennial warm-season pasture grass species: Big bluestem (Andropogon
gerardii Vitman [cv Rountree]) [BB], Indiangrass (Sorghastrum nutans, (L.) Nash [cv Holt]) [IG], Little bluestem (Schizachyrium scoparium (Michx) Nash [cv Blaze]) [LB] and, Sideoats grama (Bouteloua curtipendula
(Michx) Torr [cv Butte]) [SOG].

2.1. Plant Management
In all experiments single plants of each species were grown in 155 mL individual pots (conetainers®, Stuewe &
Co., Corvallis, OR) in potting soil, either as Miracle-Gro, (Miracle-Gro lawn products Inc., Marysville, OH)
consisting 600 g∙kg−1 forest products compost + 400 g∙kg−1 sphagnum peat moss and perlite or as Baccto
(Michigan Peat Co., Houston, TX) consisting 840 g∙kg−1 reed sedge peat + 160 g∙kg−1 sand and perlite. Plants
were grown from seed in controlled environment chambers (Percival Scientific Inc., Perry, IA) and thinned to a
single seedling per container within 3 days of emergence. Watering was made through uniform applications of
10 ml of deionized water to each plant, at a frequency sufficient to keep the surface soil moist. Throughout the
experiments plants were subject to a 13 h light and 11 h dark regime. Light input was maintained at an average
photosynthetic photon flux density (PPFD) of 265 µmol∙m−2∙sec−1 at the top of the canopy and was maintained
by adjustment of shelving height as plant size increased. The temperature regimes used are noted below for each
set of experiments. Day and night temperature settings were programmed in each growth chamber and were periodically monitored for consistency using HOBO temperature dataloggers (Onset Computer Corporation, Pocasset, MA). No anomaly in set and monitored temperature was observed during the experiments. Measurement
of seedling development was made by counts of leaf and tiller number that were made twice-weekly on 5 seedlings of each species within each temperature treatment, and in each repetition of the experiment, up to 5 weeks
after emergence.
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2.2. Determination of Base Temperature (Set 1)

In an initial set of experiments the base temperature for growth (Tbase) was determined for each species following techniques described by Gramig and Stoltenberg [10]. Plants were grown in constant temperatures of 12.5˚C,
17.5˚C or 22.5˚C and mainstem leaf appearance rate at each temperature was estimated. A relation between
temperature and leaf appearance rate was established and the temperature corresponding to a zero rate of leaf
appearance was estimated for each species, assuming a linear response of leaf appearance rate to temperature
[10].

2.3. Effect of Temperature Regime on Phyllochron (Set 2)
Mainstem leaf appearance response of each grass species was measured under day/night temperature regimes of
17.5/12.5, 22.5/7.5, 25.0/20.0 or 30.0/15.0˚C, that provided mean daily temperatures of 15.0˚C or 22.5˚C, at diurnal temperature ranges of 5.0˚C or 15.0˚C. Accumulated temperature (˚C above Tbase) was calculated as the
accumulation of mean daily temperature [{(Tmax – Tmin)/2} – Tbase] where base temperature Tbase = 8.1˚C determined as the mean over grass species tested in Set 1. Rate of leaf appearance per unit of accumulated temperature was determined and the leaf appearance interval (phyllochron) was calculated as the reciprocal of leaf appearance rate.

2.4. Effect of Day, Night and Daily Mean Temperatures on Phyllochron (Set 3)
Leaf appearance rate and phyllochron were estimated, as described above, for plants exposed to day temperatures of 22.5˚C or 30.0˚C, in combination with night temperatures of 7.5˚C or 15.0˚C, providing mean temperatures of 15.0˚C, 18.75˚C or 22.5˚C.

2.5. Statistical Procedures
A single mean value of mainstem leaf count was derived from each group of 5 seedlings under the same temperature treatment within each experiment. The progression of mean leaf count with increasing accumulated temperature was analyzed by linear regression to provide a mean rate of leaf appearance for each treatment. Replication was provided by repeating each experiment in time in different growth chambers, four times in the case of
measures of base temperature (Set 1) and five times for measures of the effects of temperature regime (Set 2) or
day and night temperature combinations on phyllochron (Set 3). Phyllochron (˚C [above 8.1˚C] leaf−1) was calculated as the reciprocal of the linear regression coefficient of leaf appearance rate (leaves ˚C−1 [above 8.1˚C]).
Comparison of treatment effects (fixed effects were grass species, mean daily and diurnal temperature range in
Set 2 and grass species, day temperature and night temperature in Set 3) was made by ANOVA of these phyllochron values. The change in phyllochron response to change in mean daily temperature was assessed by linear
regression in Set 3. Genstat 11 procedures [11] were used for linear regression and for ANOVA calculations.

3. Results
3.1. Base Temperatures
Over the range of temperatures used (12.5˚C - 22.5˚C) there was a strong linear relation between leaf appearance
rate and temperature, with an overall R2 of 0.96. Over four experiments averages for Tbase were estimated at 7.6,
7.0, 8.7 and 9.1 for Big bluestem, Little bluestem, Indiangrass and Sideoats grama, respectively. The difference
among species was not significant (P > 0.05) and the overall mean was 8.1 (±0.69 s.e.) ˚C.

3.2. Temperature Regime and Phyllochron
There was no significant interaction (P < 0.05) between species and mean temperature or temperature range
treatments. Mean phyllochron differed significantly among species (Figure 1(a)). Increase in mean temperature
from 15.0˚C to 22.5˚C and decrease in diurnal temperature change from 15.0˚C to 5.0˚C increased phyllochron
(Figure 1(b)). There was a significant interaction of mean temperature and temperature range and this was evident mainly through reduced phyllochron in the 22.5/7.5 treatment (Figure 1(c)).
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Figure 1. (a) Mean phyllochron for Big bluestem (BB), Little bluestem (LB), Indiangrass (IG) and Sideoats grama (SOG). (b) Effect of daily mean temperature and diurnal temperature range (˚C) on phyllochron (mean of 4
species above and, (c) Effect of day/night temperature regime on phyllochron (mean of 4 species). In each graph,
bar indicates least significant difference (lsd) P = 0.05 between or among means.

3.3. Day, Night and Daily Mean Temperatures
There was no significant (P < 0.05) interaction of species with temperature treatment, and results are presented
as means of main treatment effects. Significant differences among species showed phyllochron rankings (Figure
2(a)) similar to those observed in the temperature regime experiments. Phyllochron increased with increase in
daily mean temperature (Figure 2(b)). Over a temperature range of 15.0˚C to 22.5˚C, phyllochron showed a linear increase of 6.4 (±0.81 s.e.) ˚C for each 1˚C increase in mean daily temperature. There was no significant
difference (P > 0.05) among species in rate of change in phyllochron with changing temperature. Increase in
both day (22.5˚C to 30.0˚C) and night (7.5˚C to 15.0˚C) temperatures increased phyllochron (Figure 2(c)) but
the increase in night temperature increased phyllochron by 43%, compared with only 16% with a similar, 7.5˚C,
increase in day temperature.

4. Discussion
Other authors have emphasized the need for accurate determination of base temperature as a prerequisite for effective use of accumulated temperature based models of crop development [12] [13]. However, values for base
temperature in warm season grasses are not widely reported in literature. Published estimates vary among species and among cultivars within species and are susceptible to uncertainty arising from method of estimation
[12]-[14]. The estimates reported here showed little variation among species, and offer some refinement of generic values for warm-season grasses cited in literature that range from 0˚C [15] [16] to 12˚C [17] [18]. Direct
comparison of IG cultivar Holt indicates a higher value for Tbase in the work reported here than in Madakadze et
al. [14]. Some of the difference may be attributed to use here of a linear, rather than curvilinear, model for estimation of Tbase. A smaller daily temperature amplitude also increases Tbase [19] and estimates here were based on
constant day/night temperatures.
The temperature regimes used here were intended to represent average temperatures observed between earlyApril and end-May in the central Southern Plains [20] and thus to represent the period of greatest interference
between cool- and warm-season grasses in mixed pastures in this region. Diurnal temperature variation in this
zone averages 12.4˚C, so the 22.5/7.5˚C and 30/15˚C regimes match actual temperature conditions more closely
than the 25/20˚C, 17.5/12.5˚C, 22.5/15˚C or 30/7.5˚C treatments. Phyllochron responses to variable temperature
regimes reflected results reported with cool-season pasture grasses [21] [22] and with wheat or barley [8] [23]
that have shown increase in phyllochron as mean daily temperature increased. The response to changing temperature was similar in all species tested, with no significant interaction between species and temperature treatment. The relatively large effect of increase in night temperature on phyllochron may be of significance in future
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Figure 2. (a) Mean phyllochron for Big bluestem (BB), Little bluestem (LB), Indiangrass (IG) and Sideoats grama (SOG) grown under day temperatures of 22.5˚C or 30.0˚C and night temperatures of 7.5˚C or 15˚C. (b) Phyllochron response to different mean daily temperature (mean of 4 species). (c) Effect of day and night temperatures
on phyllochron (mean of 4 species). In each graph, bar indicates least significant difference (lsd) P = 0.05 between or among means.

modeling of grass development responses to a changing temperature environment if reported trends [24] that
show greater increase in night than in day temperatures over recent decades continue.
Other work has shown that, in addition to variable temperature effects, soil moisture [25], nutrient status [26]
and bulk density [27] [28] may all impact phyllochron in small-grain cereals or pasture grasses. Controlled environment studies may therefore not be immediately applicable to field-grown crops [15] [29]. The objective
here was to determine how variable temperatures might affect phyllochron, and the usefulness of this measure as
a predictor of grass development stage, rather than to identify definitive values applicable to a field situation.
Clearly, a single value for phyllochron is not valid over a broad range of average temperature, or throughout a
growing season. However, the results reported here suggest that, over the spring growing season, changes in
phyllochron can be readily estimated as a linear function of mean daily temperature and adjustment for changes
in development rate with changing temperature made accordingly. Accumulated temperature observations may
therefore provide a viable basis for predicting development stage in warm-season pasture grasses.
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