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GEORGE T., BARTHOLOMEW D. P. and SINGLETON P. W.          Effect of 
temperature and maturity group on phenology of field grown nodulating and 
nonnodulating soybean isolines .BIOTRONICS 19, 49-59, 1990. Lack of sufficient 
field data on how temperature, photoperiod (latitude), or crop nutrition independently 
or interactively determines phenological development and yield limit our ability to 
predict the suitability of soybean (Glycine max (L.) Merrill) genotypes for cultivation 
in varied environments. The effect of temperature and N nutrition on phenology of 
soybean from four maturity groups was studied at field sites with elevations of 320, 
660, and 1050 m on the island of Maui, Hl. Four determinate nodulating soybean 
genotypes representing the maturity groups 00 (‘Clay’), IV (‘Clark’), VI (1368-0099), 
and VIII (‘Hardee’); one indeterminate genotype of Group VI (N77-4262); and their 
nonnodulating isolines were planted at each site on the same day. Nonnodulating 
isolines were used to evaluate the effects of N nutrition on phenology. The mean 
maximum/minimum air temperatures at the three elevations during the experiment 
were 27/20, 25/17, and 23/14°C, respectively. Photoperiod decreased from 13 h at 
planting to l 1 h at the last harvest. Soybean maturity was delayed with decreasing tem-
perature mainly due to extended vegetative growth periods averaging 23 and 64% 
longer at the 660- and 1050-m sites, respectively, compared to the lowest site. 
Flowering (R1) and physiological maturity (R7) at the highest site were delayed on 
average by 22 and 25 days, respectively, relative to development at the lowest site. 
Within each site, duration of the vegetative phase increased with increasing maturity 
group number presumably due to photoperiodic effects. Higher maturity groups 
accumulated a greater number of growing degree days (GDD) before R1 at each site 
than did the lower maturity groups. The GDD requirement before R1 also increased 
with increasing elevation. The effect of elevation (temperature) on the duration of the 
seed-fill phase was minimal under similar N nutritional levels. The rate of seed dry 
matter accumulation (kg ha-1 day-1) decreased with increasing elevation, but increased 
with increasing maturity group number. Nonnodulating isolines flowered  
 

          * Journal series No. 3408 of the Hawaii Institute of Tropical Agriculture and Human 
Resources. 

 49 

B10TRONICS 19, 49-59, 1990 



2 

later and matured earlier than their nodulating counterparts due to 
nitrogen insufficiency. These results provide information to refine 
models predicting phenological development and yield of soybean 
genotypes for varied environments. 

Key words : Glyc ine  max  (L . )  Merrill; soybean; nonnodulating isoline; 
phenology; temperature; elevation; nitrogen nutrition. 

INTRODUCTION 

The suitability of soybean genotypes for cultivation in varied geographical 
locations depends in part on their phenological response to environment. Soybean 
phenology is primarily determined by temperature and photoperiod (10, 17, 18). 
Temperature is important during early development, floral initiation is primarily a 
photoperiodic response, floral growth is regulated mainly by temperature, and both 
temperature and photoperiod influence post-flowering development (13). However, 
other environmental variables such as mineral nutrition and water stress (13, 14, 
22, 23) also influence soybean phenology. Nitrogen nutrition of soybean is of 
particular importance because insufficiency of this nutrient often has been linked 
to earlier senescence in soybean (6, 27). At least in one instance, flowering of 
soybean was delayed due to nitrogen insufficiency (15). 

Most reports concerning the effects of temperature on soybean phenology 
either used planting date as a variable (17, 18, 31) or employed controlled environ-
ments (10, 29, 30). Because of the strong photoperiodic influence on flowering 
and reproductive development of soybean (10, 17), field studies often confound the 
effects of temperature and photoperiod because photoperiod changes with planting 
date or latitude. According to Lawn and Byth (17), low temperature effects on 
phasic development of soybean in the field were apparent only when photoperiodic 
effects were minimum. Where night temperatures were artificially elevated by 
enclosing plants in heated chambers in the field, Seddigh and Jolliff (25) found 
that warm night temperatures considerably hastened flowering and physiological 
maturity of a soybean maturity group (MG) 0 genotype. Similar results were 
reported by Seddigh et al. (26) with MG 000, 00, and 0 genotypes. They mini-
mized the confounding of photoperiodic effects with temperature effects by using 
locations with a similar latitude. Basnet et al. (1) reported that high elevation 
lengthened intervals between growth stages in several soybean genotypes grown in 
a temperate environment. Major et al. (18) concluded that there were no 
differences in sensitivity to temperature of flowering among MG I through V at a 
constant photoperiod of 14 h, but later MG flowered after the early ones. Most 
controlled environment studies of soybean phenology have only examined the 
effects of environment on development up to the time of flowering (10, 16, 30) and 
rarely gathered data on entire plant life cycle and yield (12). 

Phenological events in soybean generally have been predicted using tempera-
ture and photoperiod (2, 10, 16, 18, 31). However, as noted above, other factors 
such as nitrogen nutrition are also likely to influence phenological development. 
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There is need to examine further the interactions between temperature, photo-
period, and nitrogen nutrition on the phenology of soybean without the 
confounding effects of other variables. Also, limited data have been collected for 
the broad range of soybean MG, especially in tropical latitudes. Such data would 
enable both the validation and refining of soybean phenology models (31). 

The present experiment was undertaken to evaluate the effect of temperature 
and nitrogen nutrition on phenology of soybean from four maturity groups. Three 
field sites in an elevational transect located on the island of Maui, HI (part of the 
Maui Soil, Climate and Landuse Network: MauiNet) provided an opportunity to 
investigate the effect of temperature (elevation) on soybean phenology. The use of 
the above transect to study temperature effects on crop plants has been documented 
earlier (8, 9, 20). Nitrogen nutrition effects on phenology were evaluated by 
planting nodulating and nonnodulating isolines of all maturity groups at each site. 
The effect of photoperiod was minimized by planting at the different sites on the 
same day. 

MATERIALS AND METHODS 

Experimental design 
Nodulating (nod) and nonnodulating (nonnod) isolines of five soybean geno-

types representing four maturity groups (00, IV, VI and VIII) were grown at eleva-
tions of 320, 660, and 1050 m on the island of Maui, HI (site latitude ranged from 
20°51' to 20°54'N). The experimental design was a randomized complete block with 
three replicates at each site. 

Field and plant culture 
Procedures followed for soil amendment, rhizobial inoculation, and plant culture 

were described previously (8). These procedures were aimed at minimizing the effect 
of soil environment on growth and phenology. Seeds of soybean maturity groups 00 
(Clay, nod and nonnod), IV (Clark, nod and nonnod), VI (D680099, nod; D68-0102, 
nonnod; N77-4262, nod, indeterminate; and N77-4273, nonnod, indeterminate), and 
VIII (Hardee, nod and nonnod) were planted at each of the three sites on 29 July 
1985. Seeds were sown in four rows 60 cm apart in 2.4 by 4.0-m plots to give a final 
population of 400 000 plants ha-1. Daily maximum, minimum, and mean temperatures 
were determined from temperatures recorded at 1-min intervals by a Campbell 
Scientific CR-21 micrologger* (Campbell Scientific, Inc., Logan, UT) equipped with 
a thermistor (Fenwal Electronics, Medford, MA). 

Sampling procedures  

Phenological observations were made on a l-m section of row in each plot. 
Plants were considered to have reached a particular phenological stage when 50%  

* Mention of a brand name does not constitute an endorsement by the authors, University of 
Hawaii or the United States Agency for International Development. 
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of the plants in the 1-m row reached that stage. Growth-stage characterization was 
based on the system developed by Fehr et al. (7). 

Three meters of row from the center of the two central rows were harvested 
at physiological maturity. Details of harvest procedures, dry weight determination, 
and total nitrogen analysis were described elsewhere (9). 

Durations of vegetative and seed-fill phases were calculated, respectively, as 
days from planting to first flower (R1) and days to physiological maturity (R7) 
minus days to beginning seed (R5). Rate of seed dry matter accumulation was 
determined by dividing grain yield ha -1 by seed-fill duration. Growing degree days 
(19) were calculated using a base temperature of 7°C. 

Data analysis  
The data from the three sites were combined (21) and subjected to analysis of 

variance using SAS (24) procedures. 

RESULTS 

Mean maximum and minimum temperatures at the three elevations during the 
experiment were 27/20, 25/17, and 23/14°C, respectively. The decline in mean 
temperature from the start to the end of the experiment at a site was gradual and 
small (Fig. 1). The photoperiod decreased from 13 h at planting to 11 h at the end 
of the experiment. Total solar radiation from planting to the average days to 
harvest of the genotypes at each site was 1998, 1824, and 1926 MJ at the 320-, 
660-, and 1050-m elevations, respectively. 

Days to first flower (R1) and physiological maturity (R7) between sites and 
genotypes differed significantly (Table 1). Both phenological events were delayed 
considerably at the higher elevations compared to the lowest elevation. The effect of 
increasing elevation was progressively greater on higher maturity groups. 
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Flowering of Clay (00) was only 12 days later at 1050 m than at 320 m while 
Hardee (VIII) flowered 31 days later at the highest site. Similarly, Hardee 
flowered 15 days later than Clay at the 320-m site, but was 34 days later than 
Clay at 1050 m. Phenological development was consistent with maturity group 
number within a site; plants in the lower maturity groups flowered and matured 
more rapidly than did plants in higher maturity groups. Thus, within a site, each 
event was recorded first and last, respectively, for Clay and Hardee. The 
indeterminate maturitygroup-VI genotype N77 required a significantly greater 
number of days than the determinate VI genotype D68 to reach both R1 and R7. 

Growing degree days accumulated before R1 for all genotypes increased 
slightly with increasing elevation (Table 2). Because the seed-fill period was 
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approximately constant between sites, GDD for the total crop duration actually 
decreased with increasing elevation. Higher maturity group genotypes required a 
greater number of GDD to reach R1 and R7 at all sites. 

The differences in duration of the seed-fill phase were much smaller than 
differences in durations of vegetative and total crop growth. Genotypes differed 
significantly in duration of seed-fill (R5 through R7) (Table 3). Differences between 
sites in seed-fill duration, although significant, were small. Clay, the earliest 
maturing genotype, had the shortest seed-fill duration. The other maturity groups 
were inconsistent in seed-fill duration. When averaged across sites, Clark and 
Hardee had the longest seed-fill period (Table 3). The rate of seed dry-matter 
accumulation declined significantly with increasing elevation and was lowest for the 
two early genotypes at the 1050-m site (Table 4). When averaged across sites, N77 
had the highest rate of seed dry-matter accumulation. 
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Nonnodulating isolines flowered later and matured earlier than their nod 
counterparts. When averaged over sites, the nonnod isolines of Clay and Clark 
were similar in days to Rl (Table 5), but nonnod isolines of other genotypes were 
late to flower. Nodulating isolines had significantly greater N concentrations than 
did the nonnods (Table 6). 

DISCUSSION 

We isolated temperature as the major variable in the experiment by using 
elevations within the same latitude which received similar rainfall and irradiance. 
The effect of soil environment on growth and phenology of soybean was minimized 
by maximizing the availability of essential nutrients except N, by equalizing pH 
between sites, and maintaining soil moisture at field capacity. The delay in the 
occurrence of RI (Table I) due to increasing elevation was therefore, primarily due 
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to a 5°C decline in mean daily temperature from the lowest to the highest site. Since 
the effect of the prevailing photoperiod on flowering was the same at the three sites, 
differences between sites in days to flowering are mainly due to differences in 
temperature. The consistent delay in phenological responses of all maturity groups 
in response to increasing elevation further indicates that temperature was the 
dominant effect. A delay in flowering of soybean due to low temperature has been 
reported by many investigators from controlled environment research (10, 12, 28, 
30) and field experiments (17, 18, 25, 26). Our results, while in general agreement 
with the above reports, are the first which quantify the effects of temperature on 
flowering of several soybean maturity groups in isolation from photoperiodic 
effects in actual field conditions. Although Seddigh et al. (26) minimized the 
confounding of photoperiodic and temperature effects on soybean phenology, only 
genotypes from MG 000, 00, and 0 were used. Our research addressed phenological 
development of a wide range of maturity groups in a tropical latitude. 

According to Hadley et al. (10), the reciprocals of the days taken to flower 
(rate of progress towards flowering) by soybean were linear functions of mean 
diurnal temperature in photoperiods shorter than the critical daylength. Thus, under 
a constant temperature regime and photoperiod below critical values, soybean 
genotypes would flower about the same time regardless of their maturity group 
classification. In our experiment, flowering in order of progressively increasing 
maturity group number indicated that the prevailing photoperiods were longer than 
the critical values of the higher maturity groups. The large increases in GDD prior 
to flowering of the higher maturity groups within a site is further evidence for a 
photoperiodic effect. When photoperiods are longer than the critical value, the rate 
of progress towards flowering is a linear function of both temperature and 
photoperiod with no interaction between the two (10). Since, critical day-lengths for 
soybean are shorter in cooler than warmer temperatures (10), plants at the higher 
elevations in this experiment were subjected relatively more to photoperiods longer 
than their critical value. The effect of temperature on critical photoperiod values 
may have further delayed flowering at those sites compared to the lowest elevation. 
The overall effect was to increase the crop duration for successive maturity group 
numbers at high elevations. 

Since flowering in Clay (00) is relatively insensitive to photoperiod (3,18), 
delays in flowering of 12 and 43% at the intermediate and highest sites, 
respectively, is concluded to have been due entirely to lower temperatures. The 
similar GDD accumulated before R 1 by Clay across elevations further supports the 
above conclusion. 

The increased number of days to flowering at the higher elevation, however, did 
not result in a similar increase in days to physiological maturity (Table 1). Therefore, 
temperature had relatively less effect on reproductive stages after flowering 
compared to flowering itself. Further, the data indicate that the effects of temperature 
on the seed-fill duration (R5 through R7) was minimal (Table 3). Our results are 
essentially in agreement with the report by Seddigh and Jolliff (25) of similar time 
intervals between R1 and R7 for soybean grown at night tempera- 
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tures of 10, 16, and 24°C. They indicated that the period R3 through R7 was 
unaffected by temperature. Also, the finding of Hesketh et al. (12) that repro-
ductive duration was relatively unaffected by temperatures in the range of 21 to 
30°C may have been due to similar seed-fill durations. 

Despite similar seed-fill durations, the rate of seed dry-matter accumulation 
decreased substantially with decreasing temperature. Genotypic differences in 
seed-fill durations were not related consistently to differences in grain yield 
within a site (Tables 3 and 4) (9). The above observation is in contrast to reports 
by others (4, 5, 11) that grain yield of different genotypes is strongly related to 
seed-fill duration with the rate of seed dry-matter accumulation being a constant. 
In the present experiment, grain yield increased with increasing vegetative-growth 
period, indicating vegetative dry-matter production is more critical to grain yield 
than seed-fill duration. 

The differences in the response to temperature of nod and nonnod isolines 
indicate how nitrogen nutrition can alter soybean phenological development. The 
net result of delayed flowering and shortened reproductive and seed-fill durations 
was hastened maturity by the nonnods. The significantly lower N concentrations 
of nonnods compared to nods (Table 6) indicated N insufficiency in nonnod 
plants. Early maturity of nonnods was apparently due to N insufficiency. The 
cause of the delayed flowering of the nonnod isolines is unknown although 
Huxley et al. (IS) reported that while flowering was substantially delayed by 
lower night temperature, low N levels also delayed flowering in soybean cv. TK5. 
Therefore, N nutrition is another important consideration in comparing 
phenological development of soybean across temperature regimes. 

The effects of temperature on phenological development of a wide range of 
soybean maturity groups under field conditions with minimal confounding effects 
of photoperiod were demonstrated in this experiment. The results indicate that 
low temperature substantially delayed flowering of all soybean maturity groups. 
The extended vegetative growth due to decreasing temperature may be a response 
by the soybean plant which compensates for decreased rates of growth. Duration of 
seed-fill was relatively unaffected by temperature under similar N nutritional levels, 
but seed dry-matter accumulation per day per unit land area was decreased 
substantially by cool temperature. Nitrogen nutrition was found to be an important 
determinant of flowering and physiological maturity of soybean and needs to be 
incorporated into soybean phenology models. 

ACKNOWLEDGEMENTS 

This research was supported in part by grants from the U. S. Agency for International De-
velopment Nos. DAN-1406-G-SS-4081-00 (Indo/US Initiative on Science and Technology), DAN-
0613-C-00-2064-00 (NifTAL Project), and DAN-4054-C-00-2071-00 (IBSNAT Project). Conclusions 
of this paper do not necessarily reflect those of the granting agency. 

The authors are grateful to B. Ben Bohlool and J. W. Jones for their helpful suggestions, K. 
Keane for field assistance and S. Hiraoka for manuscript typing. 

9 



10 T. GEORGE et al. 

REFERENCES 

1. Basnet B., Mader E. L. and Nickell C. D. (1974) Influence of altitude on seed yield and other 
characters of soybeans differing in maturity in Sikkim (Himalayan Kingdom). Agron. J. 66 ,  
531-533. 

2. Brown D. M. (1960) Soybean ecology. 1. Development-temperature relationships from 
controlled environment studies. Agron. J. 52 ,  493-496. 

3. Criswell J. G. and Hume D. J. (1972) Variation in sensitivity to photoperiod among early 
maturing soybeans. Crop Sci. 12 ,  657-660. 

4. Dunphy E. J., Hanway J. J. and Green D. E. (1979) Soybean yields in relation to days be-
tween specific developmental stages. Agron. J. 71 ,  917-920. 

5. Egli D. B. (1975) Rate of accumulation of dry weight in seed of soybeans and its 
relationship to yield. Can. J. Plant Sci. 55 ,  215-219. 

6. Egli D. B., Legget J. E. and Duncan W. G. (1978) Influence of N stress on leaf senescence 
and N redistribution in soybeans. Agron. J. 70 ,  43-47. 

7. Fehr W. R., Caviness C. E., Burmood D. T. and Pennington J. S. (1971) Stage of 
development descriptions for soybeans, Gly c i n e  max (L.) Merrill. Crop Sci. 11, 929-931. 

8. George T., Bohlool B. B. and Singleton P. W. (1987) Bradyrh izob ium japonicum-environment 
interactions: Nodulation and interstrain competition in an elevational transect. Appl. Environ.  
Mi c r ob i o l .  53 ,  1113-1117. 

9. George T., Singleton P. W. and Bohlool B. B. (1988) Yield, soil N uptake, and N2 fixation 
by soybeans from four maturity groups grown at three elevations. Agron. J. 80 ,  563-567. 

10. Hadley P., Robert E. H., Summerfield R. J. and Minchin F. R. (1984) Effects of 
temperature and photoperiod on flowering in soybean [G l y c i n e  max (L.) Merrill]: a 
quantitative model. Ann. Bot. 53 ,  669-681. 

11. Hanway J. J. and Weber C. R. (1971) Dry matter accumulation in eight soybean [G l y c i n e  
max (L.) Merrill] genotypes. Agron. J. 63 ,  227-230. 

12. Hesketh J. D., Myhre D. L. and Willey C. R. (1973) Temperature control of time 
intervals between vegetative and reproductive events in soybeans. Crop Sci. 13 ,  250-253. 

13. Hodges T. and French V. (1985) Soyphen: Soybean growth stages modeled from 
temperature, daylength, and water availability. Agron. J. 77 ,  500-505. 

14. Howell R. W. (1954) Phosphorus nutrition of soybeans. Plant Physiol. 29 ,  477-483. 
15. Huxley P. A., Summerfield R. J. and Hughes A. P. (1976) Growth and development of soybean 

cv. TK5 as affected by tropical daylengths, day/night temperatures and nitrogen nutrition. 
Ann. Appl. Bio l .  82 ,  117-133. 

16. Jones P. G. and Laing D. R. (1978) Simulation of the phenology of soybeans. Agric. 
Systems 3 ,  295-311. 

17. Lawn R. J. and Byth D. E. (1973) Response of soya beans to planting date in South-
Eastern Queensland. I. Influence of photoperiod and temperature on phasic developmental 
patterns. Aust. J. Agric. Re s .  24 ,  67-80. 

18. Major D. J., Johnson D. R., Tanner J. W. and Anderson I. C. (1975a) Effects of 
daylength and temperature on soybean development. Crop Sc i .  15 ,  174-179. 

19. Major D. J., Johnson D. R. and Luedders V. D. (1975b) Evaluation of eleven thermal 
unit methods for predicting soybean development. Crop Sci. 15 ,  172-174. 

20. Manrique L. A., Bartholomew D. P., Ewing E. E. (1989) Growth and yield performance 
of several potato clones grown at three elevations in Hawaii. I. Plant morphology. Crop Sc i .  
29 ,  363-370. 

21. McIntosh M. S. (1983) Analysis of combined experiments. Agron. J. 75 ,  153-155. 
22. Muchow R. C. (1985) Phenology, seed yield, and water use of grain legumes grown under 

different soil water regimes in a semi-arid tropical environment. Fie l d  Crops Res. 11, 81-97. 
23. Nelson W. L., Burkhart L. and Colwell W. E. (1945) Fruit development, seed quality, 
chemical composition, and yield of soybeans as affected by K and Mg. Soil Sci. Soc. Am. 10, 
224-229. 24. SAS Institute. (1982) SAS User's Guid e :  Statistics. 1982 ed .  SAS Institute, Inc., 
Cary, NC. 25. Seddigh M. and Jolliff G. D. (1984) Night temperature effects on morphology, 
phenology,  
 
BIOTRONICS 



PHENOLOGY OF SOYBEAN 
1SOLINES 

11 

yield, and yield components of indeterminate field-grown soybean. Crop  S c i .  76 ,  824-828. 
26. Seddigh M., Jolliff G. D. and Orf J. H. (1989) Night temperature effects on soybean 
phenology. Crop  S c i .  29 ,  400-406. 
27. Sinclair T. R. and de Wit C. T. (1976) Analysis of the carbon and nitrogen limitations to 

soybean yield. Agron .  J .  68 ,  319-324. 
28. Steinberg R. A. and Garner W. W. (1936) Response of certain plants to length of day and 

night temperature under controlled conditions. J. Agr i c .  R e s .  52 ,  943-960. 
29. Thomas J. F. and Raper C. D., Jr. (1978) Effect of day and night temperatures during 

floral induction on morphology of soybeans. Agron .  J .  70 ,  893-898. 
30. van Schaik P. H. and Probst A. H. (1958) Effects of some environmental factors on 

flower production and reproductive efficiency in soybeans. Agron .  J .  50 ,  192-197. 
31. Wang J., McBlain B. A., Hesketh J. D., Woolley J. T. and Bernard R. L. (1987) A data 

base for predicting soybean phenology. Bio t r on i c s  16 ,  25-38. 

VOL. 19 (1990) 


