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I GENERAL INTRODUCTION 

Deep shrink-swell clay soils (Vertisols) with marked 

waterlogging during the growing season account f0r one quartE:.r 

of al l the cropped soils in the Ethiopian highlands. ·Presently, 

low-cost technologies are being developed to increase the 

productivity of these comparatively fertile soils by improving 

their surface drainage ( Jutzi and Mesfin Abebe, 1 987; Getachew 

Asamenew et al., 1988). As crop offtake is increased, soil 

nitrogen deficiency becomes a more acute problem. Mineral 

fertilizers are expensive and often not available to the 

smallholder farmer. The exploitation of the ability of 

legumes to symbiotically fix nitrogen appears to be the most 

feasible solution to enhance the nitrogen status in the mixed 

cereal-livestock farming system of the region (Gryseels and 

Anderson, 1983). 

Trifolium steudneri Schweinfurt, an annual clover indigenous 

to the East African highlands, ha s shown potential as a ni trogen 

source for the crop-lands (Kahurananga and Tsehay, 1984; Nnadi 

an d Haque, 1 988). Its erect and determinate growth ha b i t, 

autogamous breeding system and good seed set recommend this 

clover for use in ley farming and intercropping strategies. 

It occurs naturally on Vertisols and appears to tolerate 

seasonal waterlogging. The stems and upper portion of the 

tap root are hollow, while the central cylinder of the lower 

portion contains a spongy tissue. Such a structure could 

facilitate internal aeration of the roots. The clover has 

been found growing at an altitude of 1100 to 2800 m (Thulin, 

1983). This ecological distribution corresponds with the 

zone that has the greatest agricultural potential in Ethiopia 

(Gryseels and Anderson, 1983), thereby increasing the opportuni

ties for a rapid integration of this clover into the cropping 

system. 
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For an attempt to cultivate Trifolium steudneri at different 

altitudes in the East African highlands to be successful, 

knowledge of the limitations imposed by the environment on 

the growth of this promising legume is necessary. Presently, 

this information is not available. The objective of this 

study was therefore to examine the growth and symbiotic 

nitrogen fixation of Trifolium steudneri and to assess the 

influence of environmental factors on them. 

In the first part, the growth of spaced plants and swards 

at two altitudes (1850 and 2380 m) in Ethiopia are described. 

In addition, the quantity of symbiotically fixed nitrogen by 

swards was determined. The results suggest that temperature 

was one of the major limiting factors in the field. In the 

second par,t, the i n f l u ene e o f t em pera tur e o n growth an d 

ni trogen fixa tion w as assessed in growth chambers. The 

effects of shoot ( air) and root temperature are separated 

and their relative importance is discussed. 
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II SUMMARY 

Trifolium steudneri Schweinfurt, an annual clover indigenous 

to the East African highlands, has shown potential as a 

nitrogen source for the crop-lands in the Ethiopian -highlands. 

Due to its broad altitudinal distribution (1100 to 2800 m), 

it is exposed to a wide range of temperatures, radiation and 

rainfall. However, there is no information on how the species 

responds to Çifferent climatic and edaphic conditions. This 

study was undertaken to investigate the influence of environ

mental factors on the growth and symbiotic nitrogen fixation 

of this clover. Experiments were conducted both in the field 

and in growth chambers. 

In a first group of trials, spaced plants and swards were 

grown in 1985 and 1986 on seasonally waterlogged shrink-swell 

clay soils (Vertisols) during the main cropping season at two 

al t i tude s ( 1850 and 2380 m) in the Ethiopian highlands. Growth 

was distinctly slower at the higher altitude and appeared to 

be limited by lower day temperatures and lower radiant exposure. 

The lower relative growth rate was mediated partly by a lower 

leaf area ratio, but more importantly by a lower net assimila

tion rate. Reduced leaf area expansion was the main factor 

responsible for lower sward yields. Marked differences · in 

growth between the years were associated with the duration of 

inadequate soi! aeration caused by waterlogging. Although 

extended periods of waterlogging (7 to 12 weeks) distinctly 

depressed productivity, swards still acquired an appreciable 

amount of biomass (2.3 to 3.8 t dry matter ha-1) anda hiqh 

proportion ( 81 to 93%) of their nitrogen from symbiotic fixation 

(15N isotope dilution method). The amount of fixed nitrogen 

was closely associated with dry matter yield. Under favourable 

environmental conditions, Trifolium steudneri had a high yield 

(9.1 t dry matter ha-1) and fixed a large quantity of nitrogen 

(165 kg ha-1) in a relatively short period (104 days). 
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In a second group of experiments, spaced plants were grown 

in growth chambers at different day/night shoot (air) tempera-

ture combinations. In addition, they were exposed to two 

separate night root temperature regimes. Higher mean shoot 

temperatures in the range of 15 to 21°C stimulated the growth 

rate of Trifolium steudneri by promoting the activity of the 

shoot apices. The ensuing increase in the requirements for 

photosynthates and nitrogen prompted the plant to enhance its 

net assimilation rate and its nitrogen fixing ability. Faster 

growing plants had a higher proportion of nitrogen from 

fixation (15N isotope dilution), a greater nodule mass anda 

greater total nitrogenase activity (acetylene reduction). 

Diurnal amplitudes of 6 and 18°C at a common mean temperature 

of 15°C did not differ in their influence on growth and 

nitrogen fixation. • Night root temperature between 13 and 

19°C had only a small effect on growth and nitrogen fixation. 

The clover appeared to compensate a lower night root tempera

ture by increasing its specific nitrogenase activity (per 

unit nodule mass) during the daytime. 

This study indicates that the productivity of Trifolium 

steudneri can be expected to be highest in a temperature 

range found in the lower belt of the East African highlands. 

At the same time, it seems to be adapted to large daily 

temperature amplitudes and to cool nights -- conditions 

typical of tropical highlands. The results also suggest 

that the indigenous Rhizobia fixed nitrogen efficiently in 

symbiosis with the clover. Trifolium steudneri appears to 

be a promising nitrogen source for the cropped Vertisols, since 

in wet years it would tolerate waterlogging, while in drier 

ones it would be high yielding both in dry matter and quantity 

of fixed nitrogen. 
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ZUSAMMENFASSUNG 

Trifolium steudneri Schweinfurt ist eine im ostafrikani

schen Hochland heimische einjãhrige Kleeart, welche einen 

wichtigen Beitrag zur Stickstoffversorgung der Ackerbõden im 

ãthiopischen Hochland liefern konnte. Da diese Leguminose in 

Hohen zwischen 1100 und 2800 m Über Meer gedeiht, ist si•'3 

innerhalb dieses Bereiches sehr unterschiedlichen Tempera

turen, Einstrahlungs- und Niederschlagsmengen ausgesetzt. 

Diese Arbeit befasst sich mit der Frage des Einflusses der 

Umweltfaktoren auf das Wachstum und die symbiotische Stickstoff-

Fixierung dieser Kleeart. Es sind Versuche im Feld und in 

Wachstumskammern durchgeführt worden. 

In den Jahren 1985 und 1986 wurden in zwei Hohenlagen (1850 

und 2380 m ü. M.) im ãthiopischen Hochland auf saisonal 

vernãssten Tonboden (Vertisole) wãhrend der Hauptregenzeit 

Einzelpflanzen und Bestãnde angebaut. Das Wachstum war 

eindeutig langsamer am hoheren Standort und schien durch die 

tieferen Tagestemperaturen und die geringere Einstrahlung 

begrenzt worden zu sein. Die niedrigere relative Wachstumsrate 

war teilweise durch ein tieferes Blattflãchenverhãltnis 

verursacht, zur Hauptsache aber durch eine tiefere Nettoassimi

lationsrate. FÜr die geringeren Bestandesertrãge war vorallem 

eine reduzierte Blattflãchenentfaltung verantwortlich. 

Signifikante Wachstumsunterschiede zwischen den Jahren hingen 

mit der Dauer von Perioden ungenügender Bodendurchlüftung 

zusammen, verursacht durch stauende Nãsse. Obwohl eine lãngere 

Nãsseperiode (7 bis 12 Wochen) die Ertrãge deutlich verringer

te, produzierten di e Bestãnde e ine beachtliche Menge an Biomasse 

(2.3 bis 3.8 t Trockensubstanz ha-1) und wiesen einen hohen 

Anteil (81 bis 93%) an symbiotisch fixiertem Stickstoff auf 

(15N-Verdünnungstechnik). Der Trockensubstanzertrag war der 

wichtigste Bestimmungsfaktor für die Menge des fixierten 

Stickstoffes. In einer verhãltnismãssig kurzen Wachstumsperiode 
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(104 Tage) lieferte Trifolium steudneri unter günstigen 

Umweltbedingungen hohe Ertrage an Trockenmasse (9.1 t ha-1) 

und fixiertem Stickstoff (165 kg ha-1 ). 

In einer zweiten Versuchsserie wurde der Einfluss von 

unterschiedlichen Tag/Nacht-Lufttemperaturen und von zwei 

Nacht-Bodentemperaturen auf das Wachstum und die Stickstoff-

Fixierung untersucht. Hõhere Temperaturmittel (zwischen 15 

und 21°C) fÕrderten die Wachstumsrate über eine Erhõhung der 

Aktivitat der Vegetationsspitzen. Der hõhere Bedarf an 

Photosyntheseprodukten und Stickstoff wurde durch eine hõhere 

Nettoassimilationsrate und Stickstoff-Fixierungsfahigkeit 

gedeckt. Rascher wachsende Pflanzen hatten hõhere Stickstoff

anteile aus der Fixierung (15N-Verdünnungstechnik), eine 

grõssere Knõllchenmâ sse und eine hõhere Gesamt-Nitrogenase

aktivitat (Azetylen-Reduktion). Tag/Nacht-Temperaturschwank

ungen von 6 und 18 °C bewirkten bei einem gemeinsamen Temperatur

mittel (15°C) keine Unterschiede. Nacht-Bodentemperaturen 

(zwischen 13 und 19°C) wirkten sich nur geringfügig auf das 

Wachstum und die Stickstoff-Fixierung aus. Die Pflanzen 

schienen eine kühlere Nacht-Bodentemperatur mit einer erhõhten 

spezifischen Nitrogenaseaktivitat (Aktivitat pro Einheit 

Knõllchenmasse) am Tag zu kompensieren. 

Die vorliegende Arbeit zeigt, dass wegen der hoheren 

Temperaturen eine hohe Produktivitat von Trifolium steudneri 

in den tieferliegenden Regionen des ostafrikanischen Hochlandes 

erwartet werden kann. Gleichzeitig schien die Pflanze gut an 

grosse Tag/Nacht-Temperaturunterschiede und tiefe Nachttempera

turen angepasst zu sein. Die Resultate zeigen auch, dass die 

einheimischen Rhizobien, in Symbiose mit dieser Kleeart, 

effiziente Stickstoff-Fixierer sein kõnnen. Trifolium steudneri 

scheint eine vielversprechende Stickstoff-Quelle für die 

bebauten Vertisole darzustellen. Sie tolerierte langere 

Nasseperioden in feuchteren Jahren und lieferte in trockeneren 

Jahren hohe Trockensubstanz- und Stickstoff-Ertrage. 



7 

III GROWTB AND NITROGEN FIXATION AT TWO ALTITUDES IN TBE 

ETBIOPIAN BIGBLANDS 

1. ABSTRACT 

Trifolium steudneri Schweinfurt, an annual clover indigen

ous to the East African highlands, has shown potential as a 

nitrogen source for the crop-lands in the Ethiopian highlands. 

The objective of this study was to assess the growth (func

tional growth analysis) and symbiotic nitrogen fixation (15N 

isotope dilÚtion method) of this clover at two altitudes 

(Debre Zeit (DZ) = 1850 m, Addis Ababa (AA) = 2380 m) in 

Ethiopia. Spaced plants and swards were grown in 1985 and 

1986 on seasonally waterlogged shrink-swell clay soils 

(Vertisols) during the main cropping season (late June to 

October). 

Eleven weeks after sowing, the spaced plants showed a 4 to 

9-fold greater dry weight at DZ than at AA and a 33 to 41% 

higher mean relative growth rate (RGR). The higher RGR was 

mediated partly by a greater leaf area ratio, but more 

importantly by a greater net assimilation rate. A higher 

rate of leaf appearance on the primary shoot (38 to 58~) 

supported the greater RGR. The greater growth rate at DZ 

appeared to be associated with the higher day temperature and 

the higher radiant exposure at that site. At both altitudes, 

the spaced plants had a greater dry weight (2 to 5 times) and 

a higher RGR (33 to 41%) in 1986 than in 1985. Growth seemed 

to be limited in 1985 primarily by a longer duration of 

inadequate soil aeration (oxygen partial pressure below 7 

kPa) due to waterlogging. 

Growth analysis of swards grown in 1986 revealed that crop 

growth rate (CGR) at DZ reached a peak of 24.8 g m-2 d-1 12 
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weeks after sowing, while at AA CGR was only 7.3 g m-2 d-1. 

The main cause for this difference was a more rapid expansion 

of. the leaf area at DZ, which resulted in a higher maximum 

LAI (6.0 at DZ versus 1.3 at AA). 

Between 72 and 93% of the N yield of the swards was derived 

from symbiotic fixation. The amount of fixed N was closely 

associated with dry matter yield. Under favourable environmen

tal conditions (at DZ in 1986 with no waterlogging), the 

swards produced 9.1 t above-ground dry matter ha-1 and fixed 

165 kg N ha-1 in 104 days of growth. Although extended 

periods of waterlogging (7 weeks at DZ in 1985 and 9 to 12 

weeks at AA) depressed productivity distinctly, the swards 

still yielded 3.8 t dry matter ha-1 at DZ in 1985 and 2.4 t 

at AA and fixed 80 a nd 61 kg N ha-1 respectively. 

The results suggest that Trifolium steudneri is a herbaceous 

legume with a great potential for use on the cropped Verti

sols in the warmer belt of the East African highlands. It is 

high yielding both in dry matter and fixed nitrogen and it 

tolerates waterlogging. 
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2. INTRODUCTION 

Trifolium steudneri is found in the East African highlands 

at an altitude of 1100 to 2800 m (Thulin, 1983). Due to this 

broad altitudinal distribution, it is exposed to a wide range 

o f temperatures, radiation and rainfall (Griffiths, 1972). 

Presently, there is no information on how the species responds 

to different climatic and edaphic conditions that it might 

encounter in its natural habitat. This knowledge, however, 

is of importance for its successful cultivation. 

The objective of this study was to assess the growth and 

symbiotic nitrogen fixation of Trifolium steudneri at two 

altitudes (1850 and 2380 m) in the Ethiopian highlands. 

Spaced plants and swards were grown in 1985 and 1986 on 

seasonally waterlogged Vertisols during the main cropping 

season (late June to October). Sequential harvests were 

carried out during the growing periods to examine the effect 

of the environment on growth parameters. The amount of 

nitrogen f~xed was estimated by the 15N isotope dilution 

method. The findings will be discussed with regard to possible 

constraints to the growth and nitrogen fixation of thi~ 

clover under field conditions. 
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3. MATERIALS AND METHODS 

3.1. Site descriptions 

The trials were conducted at the Debre Zeit (DZ) station of 

the International Livestock Centre for Africa (ILCA) (1850 m; 

8°44'N, 38°58'E) and at ILCA Headquarters, Addis Ababa (AA) 

(2380 m; 9°00'N, 38°45'E) on seasonally waterlogged Vertisols 

with clay contents between 54 and 59%. Soil samples taken 

before sowing (0-20 em depth) revealed that the soil at AA 

was slightly acidic (pH 5.7, {H20)) and deficient in P (0.32 

ppm, Bray II), while at DZ a pH of 6.6 and a P-content of 

1.63 ppm were measured. The organic matter content was 4.16 

and 2.14% at AA and Ôz respectively. Kamara and Haque (1987) 

have described the chemical and physical properties of both 

soils in detail (DZ4 at DZ and SH1 at AA). 

3. 2. Environmental measurements 

Important environmental variables for the major part of the 

growing periods in 1985 and 1986 are presented in Table 1 (mean 

values) and Fig. 1 (weekly intervals). Air temperature, 

rainfall a~d integrated radiant exposure (Kipp & Zonen 

pyranometer CM11, Delft, Holland; spectral range: 305-2800 nm) 

were recorded daily (0900 hours) at ILCA weather stations at 

DZ (about 900 m from the plots) and AA (200 m from the plots). 

Two two-point remote thermographs (Ogawa Seiki OSK 747, 

Tokyo, Japan) continuously registered the soil temperature at 

a depth of 10 em at each site. Soil oxygen partial pressure 

(p02) was measured daily at 0800 hours in the plots at a 

depth of 15 em using 8 implanted double-membrane oxygen 

sensors per site (Jensen Instuments Model P5, Tacoma, Washing

ton, USA). Air p02 was 16.7 kPa on the average at DZ and 

15.9 KPa at AA. The number of days with a p02 below 7 kPa 

were considered the period of inadequate aeration (Greenwood, 

1971; Kramer, 1983). Since the oxygen sensors were not avail-
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TABLE 1 

Environmental variables of Debre Zeit (1850 m) and Addis Ababa 
(2380 m) for the major part of the 1985 and 1986 growing seasons 
(July 1 to September 30) 

Debre Zeit Addis ababa 

1985 1986 1985 1986 

Air temperature <•e) ma x 23.7 24.9 19.9 20.7 
m in 8.7 9.1 10.5 10.4 

mean 16.2 17.0 15.2 15.6 

Soil temperature (•c)a ma x 24.8 24.2 22.1 23.0 
m in 18.4 19.8 15.0 14.7 

mean 21.6 22.0 18.6 18.9 

Cumulated rainfall (mm) 642 416 645 553 

Cumulated radiant exposure 1934 1881 1419 1498 
· (MJ m-2 )b 

Duration of inadequate soil 7 o 12 9 
aeration (weeks)e 

a Soil depth: 10 em. 
b Speetral range: 305-2800 nm. 
e Average oxygen partial pressure less than 7 kPa at a depth 

of 15 em. 

able in 1985 until the end of August, the duration of inadequate 

soil aeration before that date was estimated on the basis of 

rainfall and soil matrie potential data in addition to soil 

eonsisteney observations. 

3.·3. Plant material and fertillzatlon 

An aeeession of Trifolium steudneri (ILCA Aeeession No. 

15543) that had been eolleeted in 1983 and multiplied in 1984 

at DZ was used. The seeds were searified with sandpaper 

before sowing. All swards were sown at a seeding rate of 

10 kg ha-1 with a distanee of 20 em between the rows. At the 



(a) 26 (b) 120 

~ 22 

UJ Ê so a: §. :J 18 
~ ...J 

...J a: <( 
UJ u.. 
0.. 14 z 
::::< :;;:: 40 UJ 
1- - a: 
a: 10 ~~===~~~ :;;:: 
~~ 

6 o 

(e) (d) 

N 
l 170 "" E ..., z e o 
UJ ~ a: 130 t;. 
:J a: 
en UJ 
o <( 

0.. ...J 
Â 

x õ UJ 
1- 90 en o 
z 
<( • õ 
<( 
a: so 

2 4 6 8 10 12 14 2 4 6 8 10 12 14 

WEEKS AFTER SOWING 

FIGURE 1. Caption on p. 13 



13 

beginning of eaeh season, 20 kg P ha-1 was applied as triple 

super-phosphate to the 'spaeed plant' and 'sward' plots and 

30 kg P ha - 1 to the 'nitrogen fixation' plots (see below). 

3. 4. Experiment 1 : Spaced p lan t s 

Spaeed plants were grown at DZ and AA in 6 replieated 

plots per site, both in 1985 and 1986. In eaeh plot (6.3 x 

3.0 m) 100 plants were sown in 5 rows, allowing for 30 em 

between eaeh plant within the rows and 50 em between the 

rows. The ,sowing dates were June 27 in 1985 and June 20 in 

1986 at DZ and June 24 in 1985 and June 18 in 1986 at AA. A 

grasshopper swarm destroyed a major portion of the emerging 

seedlings at DZ in 1986. The surviving plants emerged about 

one week later and therefore were also slightly younger at 

the harvests t han the ones o f the other sowings (eompare 

intereepts of regressions in Fig. 3). P lan t s w e re harvested 

the first time about 4 weeks after sowing and t h en at weekly 

intervals for another 7 to 11 weeks. At e a eh harvest, 3 

randomly seleeted plants per plot were removed with the roots 

to a depth of 20 em. Leaves were eounted aeeording to a 

seale adapted from that proposed by Carlson (1966) for white 

elover. The leaf area was measured with an area-meter (Li 

Cor LI-300, Lineoln, Nebraska, USA). All plant material was 

dried at 65°C to eonstant weight. 

FIGURE 1. Environmental variables at Debre Zeit in 1985 (~) 
and 1986 (A) and at Addis Ababa in 1985 (O) and 1986 (e) in 
weekly intervals eoineiding with the respeetive spaeed plant 
harvests from the 4th week onwards: (a) Maximum and minimum 
air temperature; (b) rainfall eumulated over eaeh interval; 
(e) radiant exposure cumulated over eaeh interval (spectral 
range = 305-2800 nm); (d) duration of adequate (-) and 
inadequate (~) soil aeration (inadequate = oxygen partial 
pressure at 15 em depth less than 7 kPa). 
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3.5. Experiment 2: Sward growth 

Swards were sown in 5 replicated plots (9.8 x 6.0 m) on 

June 20 at DZ and on June 18 at AA in 1986. The above-ground 

herbage of a subplot (1.0 x 1.0 m) was first harvested 4 

weeks after sowing and then at weekly intervals for another 

13 weeks. A subsample of 100 g of fresh plant material, or 

whatever was available in the earlier harvests, was taken and 

the leaf area measured. The subsample was then oven-dried 

(65°C) separately from the remaining material. The leaf area 

of the remaining leaves was calculated by multiplying the leaf 

area ratio of the subsample with the dry weight of the remaining 

material. From 11 weeks after sowing onwards, light inter

ception measureme? ts with tube solarimeters (Delta-T TSM, 

Burwell, Cambridge, England~ spectral response: 350-2500 nm) 

were made once weekly at noon. 

3.6. Experiment 3: Yield and nitrogen fixation 

Clover and oats (cv. Lampton, used as the non-fixing 

reference crop) were sown in separate plots on July 10, 1985 

and June 25, 1986 at AA. The plots were replicated 4 times 

in 1985 and 5 times in 1986 in a randomized block design at each 

site. Each one measured 3.0 x 3.0 m and contained a 15N

treated subplot of 1.5 x 1.5 m in 1985 and one of 2.4 x 1.2 m 

in 1986. Within the subplots, areas of 1.0 x 1.0 m (1985) or 

1.0 x 0.8 m (1986) were harvested. The subplots were ferti

lized just after sowing with 15N-enriched urea (5.0 atom % 

15N excess) at a rate of 20 kg N ha-1. The fertilizer was 

dissolved in 200 ml m-2 of water and then sprayed on the 

soil surface. The area outside the subplots was treated 

similarly but with non-enriched urea. The harvests were 

carried out between 14 and 15 weeks after sowing. All plant 

material was dried at 65°C and ground to pass through a 1 mm 

mesh screen. Atom % 15N excess was determined after Kjeldahl 

digestion, distillation and lithium hypobromite oxidation on 

a Consolidated Nier mass spectrometer modified by the Paul 
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Scherrer Institut WÜrenlingen, Switzerland. The percentage 

nitrogen derived frorn syrnbiotic fixation, frorn the fertilizer 

and frorn the soil were calculated according to Rennie (1986). 

3.7. Statistical analysis 

Functional growth analyses of the spaced plants and of the 

swards were carried out as described by Hunt (1982) using a 

Fortran IV version (Glasshouse Crops Research Institute, 

Littleharnpton, England) of the cornputer prograrnrne of Hunt and 

Parsons (1974). Data were also analysed statistically with 

procedures oL SAS (SAS Institute, Cary, North Carolina, USA). 
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4. RESULTS ANO DISCUSSION 

4.1. Growth rates of spaced plants 

Compared at 11 weeks after sowing, the plants at DZ showed 

a 9-fold greater dry weight in 1985 and a 4-fold greater dry 

weight in 1986 than the plants growing at AA (Fig. 2a). The 

mean relative growth rate (RGR) in the same period in 1985 

was 41% higher at DZ than at AA and in 1986 it was 33% higher 

(Fig. 2b). When the plants were compared between the years 

at each site, the dry weight at DZ was 2 times greater in 

1986 than in 1985 and · at AA it was 5 times greater. The 

mean RGRs were ~lso higher in 1986 (by 33% at DZ and by 41% 

at AA). Despite these large differences in growth between 

the years, Trifolium steudneri grew markedly better at DZ 

both in 1985 and 1986. Higher mean and maximum temperatures, 

greater radiant exposure and a shorter period of inadequate 

soil aeration (Table 1 and Fig. 1) could have contributed to 

the better performance at the lower altitude. 

After an initial rise just after germination, RGR usually 

declines with ontogeny (Hunt and Lloyd, 1987). Such a decline 

in RGR was observed in 1986 at both sites. In 1985, however, 

RGR was either constant (at AA) or increased with time (at 

DZ) (Fig. 2b). This unusual development suggests that in 

1985 growth was restricted in the first few weeks by the 

plant environment. Compared to 1986, there was 85% more 

rainfall in 1985 at AA during the first 4 weeks after field 

emergence (2 to 6 weeks after sowing) and 238% more rainfall 

at DZ (Fig. 1b). The greater rainfall seems to have led to 

more severe waterlogging conditions -- 3 to 4 weeks of 

inadequate aeration in that interval in 1985 versus O to 1 week 

in 1986 (Fig. 1d). The average maximum temperatures between 

2 and 6 weeks after sowing were only slightly lower in 1985, 

by 1.3 to 1.5°C, and the minima slightly higher, by 0.3 to 

1.3°C (Fig. 1a). In the same period, cumulated radiation at 
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AA was only 5% lower in 1985 than in 1986, while at DZ it 

was 9% higher (Fig. 1c). Waterlogging thus appears tohave been 

the primary cause of the depressed RGRs in 1985, which then 

resulted in the markedly lower dry matter yields at both sites 

that year. This conclusion was supported further by a green

house experiment in which established Trifolium steudneri 

plants exposed to 40 days of waterlogging showed a 32% lower 

maximum RGR and a 38% lower dry weight when compared to the non

waterlogged control (Weise, unpublished"data). 

4.2. Rates of leaf appearance of spaced plants 

The rate of leaf appearance can be regarded as being 

representative • of meristematic activity at the shoot apex. 

The number of leaves on . the primary shoot increased linearly 

with time (Fig. 3a and b). The rates of leaf appearance (the 

slopes of the regression lines) were between 34 and 58% 

higher at DZ than at AA (Ps0.001). A higher rate of leaf 

appearance did not only indicate a higher meristematic activity 

at that particular apex, but was also a prerequisite for the 

development of more lateral shoot apices (data not presented). 

The total number of apices per plant was closely correlated 

with the dry matter yield (r=0.99, PS0.001 over all harvests). 

To analyse the influence of climatic factors on leaf 

growth, the chronological time scale can be replaced by one 

expressing time as a function of temperature (Ong and Baker, 

1985). Thermal time was calculated as the daily sum of 

maximum air temperature minus a base temperature assumed to 

be 10°C. When the number of leaves was plotted against 

thermal time, the rates of leaf appearance in both years did 

not differ significantly between DZ and AA any more (P=0.665) 

(Fig. 3c and d). A similar laek of difference between the 

sites resulted even when the base temperature was lowered 

from 10 to 5°C (data not presented), the former base tempera

ture being close to that reported for many tropical crops and 

the latter for many temperate crops (Ong and Baker, 1985). 
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Other studies have also recognized temperature as one of the 

main factors governing the rate of leaf appearance (Beinhart, 

1963; Monteith and Elston, 1971; Fukai and Silsbury, 1976; 

Ong and Baker, 1985). Differences in air temperature between 

the two sites were chiefly due to differences in the maxima 

(up to 8°C), while the minima differed by less than 4°C (Fig. 

1a). It therefore appears that the approximately 4°C higher 

day temperature at the· lower altitude was primarily responsible 

for the greater meristematic activity. 

Analysis of variance showed that the rates of leaf appear

ance were significantly higher in 1986 when compared to 1985 

(Ps0.001), particularly at DZ (P=0.002 for the interaction) 

(Fig. 3a and b).• Expressing the rate of leaf appearance ona 

thermal time basis reduced the differences between the years 

(Fig. 3c and d). However, the rate of leaf appearance was 

still significantly higher in 1986 (P=0.012). At the levels 

encountered in this study, radiation would not be expected to 

limit the rate of leaf appearance of spaced plants (Beinhart, 

1963; Fukai and Silsbury, 1976). It is, however, likely that 

the poor soil aeration conditions in 1985, due to more rainfall 

in the first 7 to 8 weeks, limited leaf appearance (Fig. 1b 

and d). W i en e t al. ( 1979) and Jackson and Drew ( 1984) 

report that poor soil aeration can have considerable impact 

on the number of leaves appearing in various crops. While 

air temperature seemed primarily to account for the entire 

differences in meristematic activity of Trifolium steudneri 

between the two altitudes, the duration of waterlogging 

appeared to explain the additional differences observed 

between the two years. 

4.3. Growth components of spaced plants 

Growth analysis showed that both leaf area ratio (LAR) 

and, to a greater extent, net assimilation. rate (NAR) contri

buted to the higher RGR at DZ in both years (Fig. 2b and 4). 

While the LAR tended to be greater in the earlier phases of 
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growth (the first 7 weeks in 1985 and between 5 and 8 weeks 

after sowing in 1986), the NAR was higher at DZ during a major 

part (in 1985) or all (in 1986) of the growing season. A 

higher temperature (about 4°C during the day) and a higher 

radiant exposure (about 40 MJ m-2) (Fig. 1a and e) could have 

been partially responsible for the higher NAR, as has been 

found for other plants (Warren Wilson, 1967; Monteith and 

Elston, 1971 ). However, temperature and radiation were more 

favourable at DZ also in the first 6 weeks of growth in 

1985, when no difference in the NAR between the sites was 

found. Given adequate moisture supply, it is therefore 

postulated that the NAR may have been limited at DZ by a 

reduced demand for photosynthates. Such a link between 

assimilate demand and the rate of photosynthate production is 

well documented (Warren Wilson, 1972; Wareing and Patrick, 

1975; Herold, 1980) and was also suggested in growth chamber 

experiments with Trifolium steudneri grown at various tempera

tures (see Chapter III). 

Compared to 1985, the greater RGR in 1986 in the first 9 

(at DZ) to 12 (at AA) weeks after sowing appeared to be 

·primarily mediated by a higher NAR (Fig. 2b and 4). A greater 

LAR was observed only in the first 6 weeks at AA. As was 

indicated by depressed initial RGRs and by lower rates of 

leaf appearance on a thermal time basis, the limiting environ

mental factor in 1985 appeared to be more severe waterlogging 

than in 1986. Jackson and Drew (1984) summarized that 

waterlogging depresses carbon fixation per unit leaf area 

when calculated either as NAR or estimated by 14co2 assimi

lation. The previously mentioned greenhouse experiment 

showed that 40 days of waterlogging did not lower the NAR of 

Trifolium steudneri, but tended to increase it (Weise, 

unpublished data). It is suggested that a plant factor could 

also have contributed to the lower NAR in 1985. A reduced 

meristematic activity (Fig. 3c and d) may have been associated 

w i t h a lower demand for assimilates, which could have then 

resulted in a lower rate of photosynthate production. 
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The LARs decreased markedly after 8 to 9 weeks of growth 

at both si tes and in both years (Fig. 4a). This decline 

(from about ·0.12 to 0.06 cm2 mg-1) was associated with a 

greater allocation of dry matter into stems and into inflores

cences after their appearance 10 (in 1986) or 11 (in 198S) 

weeks after sowing (data not presented). The decreasing 

LARs were, however, paralleled by mostly significant increases 

in the NARs (Fig. 4b). Usually NAR tends to decline with 

ontogeny. The increasing NARs were probably related to the 

increasing radiant exposure from about 7 weeks after sowing 

onwards -- from a low of approximately 11S MJ m-2 to a high 

of about 170 MJ m-2 at DZ and from 7S to 140 MJ m-2 at AA 

(Fig. 1c). 

4.4. Growth of swards 

As with the spaced plants, the growth of swards of Trifolium 

steudneri was distinctly greater at DZ (Fig. Sa). They 

yielded at their maximum 2.8 times more above-ground dry 

matter than the ones at AA. The crop growth rate (CGR) 

reached a peak of 24.8 g m-2 d-1 12 weeks after sowing (Fig. 

Sb). This lies within the general range cited for crops in 

the tropics ( Monteith, 1972) and Western Europe (Monteith, 

1981), i.e. 20 to 2S g m-2 d-1. In contrast, CGR at AA only 

attained a value of 7.3 g m-2 d-1. 

Crop growth rate is a function of leaf area index (LAI) 

and NAR. The strong increase in CGR between 7 and 11 weeks 

after sowing at DZ (from 3.S to 23.6 g m-2 d-1) resulted from 

a parallel rise in LAI (from O.S to S.3) (Fig. Sd). In the 

same period, the NAR fell slightly and was about 28% lower 

than the one at AA (Fig. Se). This was probably a consequence 

of the higher LAI reducing NAR by increasing the mutual shading 

of leaves, since the spaced plants showed a higher NAR at DZ 

(Fig. 4b). Peak LAI values were reached at about SO%-flowering 

(12 weeks after sowing) and at DZ this coincided with the 

maximum CGR. Since Trifolium steudneri is a determinate, annual 
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speeies, the produetion of new leaves on an apex stops when 

it flowers. As flowering progressed, leaf seneseenee would 

therefore have eontributed to the deeline in LAI 2 to 3 weeks 

after flowering. Lodging of the 45 em high swards at DZ, 

whieh set in at about the same time, may have hastened this 

decline at that site. Disruption of the eanopy structure was 

probably also responsible for the large reduction in NAR at 

DZ from 12 weeks after sowing onwards. 

As the analysis of the growth of the spaeed plants in 1986 

demonstrated, the meristematic activity of the shoot apices 

was higher at DZ than at AA. This higher aetivity promoted 

the expansion of leaf area and resulted in a greater maximum 

LAI-- 6.0 at DZ versus 1.3 at AA (Fig. 5d). While the 

swards at DZ were able to intercept 95% of the ineident 

radiation (350-2500 nm) at noon on a elear day at maximum 

LAI, . the stunted swards at AA ( 15 em high) intereepted only 

74%. In addition, it took much longer for the swards at AA 

(about 11 weeks) than for those at DZ (about 8 weeks) to 

reach a LAI of 1.0. Sinee it has been found that the amount 

of dry matter accumulated by crops is almost proportional to 

the amount of radiation intercepted by the foliage (Monteith, 

1981), the low light interception at AA consequently resulted 

in a low yield. Assuming the energy content of the biomass 

is 17 kJ g-1 (Monteith, 1972), the efficiency of growth 

(energy equivalent of dry matter per unit of absorbed energy) 

at maximum growth was 1 • . 9% at DZ and only 0.8% at AA. The 

effieiency at DZ is comparable to the 2.0 to 2.5% average quoted 

by Monteith (1981). These results indicate that the growth of 

Trifolium steudneri swards at AA was nat limited primarily by 

FIGURE 5. Growth of swards of Trifolium steudneri in 1986 at 
Debre Zeit (Ã) and Addis Ababa (e): (a) Ln of above-grouncl 
dry matter (Ln W); (b) erop growth rate (CGR); (e) net 
assimilation rate (NAR); (d) leaf area index (LAI). Vertical 
bars represent 95% eonfidence limits. Arrow indicates week 
of 50%-flowering. 
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the approximately 20% lower radiant exposure (Table 1), but 

more so by the lower day temperature and the inadequate soil 

aeration which inhibited the plants from developing a leaf 

canopy dense enough to intercept most of the radiation. 

4.5. Yield and nitrogen fixation 

The above-ground dry matter yield of Trifolium steudneri 

was 1.7 times greater at DZ than at AA in 1985 and 3.7 times 

greater in 1986 (Table 2). In addition, there was a 2.4 

times higher yield at DZ in 1986 when compared to 1985. The 

yield at AA in 1986 in this trial was lower than the one in 

the sward growth trial (Experiment 2) in the same year (252 

versus 346 g • m-2) probably due to more severe waterlogging 

caused by a depression in the field. The 9.1 t ha-1 yield 

after 104 days of growth at DZ in 1986 compares favourably 

with the 4 to 6 t ha-1 average reported for several tropical 

(Ayoub, 1986) and temperate forage legumes (Heichel et al., 

1983; Boller, 1988) for the seeding year. The results also 

show that Trifolium steudneri swards were able to produce 

between 2.3 and 3.8 t above-ground dry matter ha- 1 even when 

they were exposed to between 7 and 12 weeks of inadequate 

soil aeration (Tables 1 and 2). During this period the soil 

oxygen partial pressure was usually below 1 kPa. This clover 

thus appears to tolerate extended periods of waterlogging, 

although it grows distinctly better under non-waterlogged 

conditions, as was the case at DZ in 1986 with an average 

soil oxygen partial pressure of about 13 kPa. 

The total nitrogen yields were related closely with the 

dry matter, since the nitrogen concentrations in the plant 

tissue varied very little (25 to 28 mg g-1). Despite the 

more adverse growth conditions at AA (Table 1 ), the proportion 

of symbiotically fixed nitrogen was significantly greater 

(over 90%) than at DZ (72 to 81%). A range of 70 to 90 % 

fixation has been observed for many forage legumes (Heichel 

et al., 1983; Ayoub, 1986; Boller, 1988). The high percentages 



TABLE 2 

Above-ground dry matter yield and nitrogen fixation of Trifolium steudneri swards at Debre Zeit 
(1850 m) an d Addis Ababa (2380 m) in 1985 and 1986. Non-fixing reference crop " oats 

Debre Zeit -- Addis Aba ba 
- Lsob-

- 1985 - - 1986 - - 1985 - - 1986 -

T.s.a Oats T.s. Oats T.s. Oats T.s. Oats T.s. Oats 

Length of growing period (d) 99 1 01 98 104 

Dry matter yield (g m-2) 384 652 909 1342 231 148 252 461 11 3 142 
!'V 

Nitrogen concentration (mg g-1) 25.6 10.4 25.3 7 . 1 26.9 14.5 27.5 10.7 o .19 0.23 -.J 

Nitrogen yield (g m-2) 9.85 6.77 22.77 9.52 6.19 2.12 6 . 93 4.79 2.44 1. 40 

Proportion of N from symbiotic 80.9 72.0 91.3 93.0 5.5 
fixation (%) 

N derived from symbiotic fixation 7.95 16.46 5.66 6.44 2.21 
(g m-2) 

N derived from soil . (g m-2) 1.83 6.52 5.61 8.45 0.51 2.01 0.46 4.49 o. 91 1.38 

N derived from fertilizer (g m-2) 0.07 0.25 0.70 1.07 0.02 o .1 o 0.03 0.30 0.09 o .18 

a T.s.: Trifolium steudneri. 
b LSD: Least significant difference (P=0 . 05). 
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of N from symbiosis at AA and the nitrogen concentrations 

which were similar to DZ suggest that the negative effects 

of the environment on plant growth at AA were not mediated by 

nitrogen fixation. Less severe waterlogging conditions and 

higher soil temperatures at DZ (Table 1) would allow for 

greater mineralization of the soil organic matter, as is also 

suggested by a lower soil organic matter content (2.14% at DZ 

and 4.16% at AA), and thus lead to a greater availability of 

soil N. The lower percentage of N fixed at DZ was probably 

due to this increased availability of mineral N (Gibson, 

1977). This view is supported by the finding that the nitrogen 

yield of oats was much greater at DZ than at AA. Additionally, 

the percentage of symbiotic N at DZ was more depressed in 

1986 (no wate; logging) than in 1985 (7 weeks of waterlogging 

(Table 1 )) and this decrease was accompanied by a signifi

cantly greater uptake of soil N. 

The swards fixed about 61 kg N ha-1 at AA in both years 

and 80 kg N ha-1 at DZ in 1985 and 165 kg ha-1 in 1986. The 

primary determinant of these differences was the variation 

in the dry matter yield. Heichel et al. ( 1983) and Boller 

( 1 988) reported between 70 and 160 kg fixed N ha-1 for the 

seeding year of several temperate legumes and Ayoub (1988) 

cites 60 to 120 kg fixed N ha-1 for several tropical legumes. 

It can therefore be concluded that under appropriate temperature 

and soil aeration conditions, Trifolium steudneri is a very 

good fixer of atmospheric nitrogen in symbiosis with the 

indigenous Rhizobium population. At the same time, the 

species can grow and fix nitrogen even under severe water

logging conditions, although the nitrogen yield may be low 

due to poorer growth. 
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5. CONCLUSIONS 

Trifolium steudneri was better adapted to the lower belt of 

the highlands. Growth seemed to be limited at the higher 

altitude by lower day temperatures and lower radiant expo

sure. Although extended periods of waterlogging distinctly 

depressed productivity, swards still acquired an appreciable 

amount of biomass and a high proportion of their nitrogen 

from symbiotic fixation. Trifolium steudneri appears to have 

a high potential as a nitrogen source for the cropped Vertisols 

of the lower highlands. In wet years the clover would tolerate 

waterlogging, while in drier ones it would be high yielding 

both in dry matter and quantity of fixed nitrogen. 
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IV EFFECT OF TEMPERATURB OH GROWTB AHD HITROGEH FIXATIOH 

1. ABSTRACT 

Trifolium steudneri Schweinfurt, an annual clover indigen

ous to the East African highlands, is exposed to varying 

temperature conditions in its natural habitat due to its 

broad altitudinal distribution. The aim of this study was to 

investiga te the response of growth ( functional growth analysis) 

and symbiotic itrogen fixation (15N isotope dilution method) 

of this clover to root and shoot temperature at a limited 

supply of mineral N (1.0 mM N03-). Spaced plants were grown 

in growth chambers at day/night shoot (air) temperatures and 

night root temperatures of 18/12, 13°C; 18/12, 19°C; 24/06, 

13°C; 24/06, 19°C; 24/12, 13°C; 24/12, 19°C; and 24/18, 19°C. 

The day root temperature was not controlled. 

Increases in the mean shoot temperature (between 15 and 21 °C) 

markedly increased the mean relative growth rates (RGR) and the 

final dry weights 59 d after sowing. The greater RGRs were 

primarily mediated by higher net assimilation rates (NAR) 

(r=0.98). Faster growing plants hada higher proportion and 

amount of N from fixation, a greater nodule mass and a greater 

total nitrogenase activity (acetylene reduction). In contrast, 

specific nitrogenase activity per unit nodule mass was not 

significantly influenced by growth at the different shoot 

temperatures. Diurnal shoot temperature amplitudes of 6 and 

18°C at a common mean temperature of 15°C neither affected 

growth nor nitrogen fixation. 

Compared to a 6°C drop in the night shoot temperature, a 

similar drop in the night root temperature had only a small 

influence on dry weight, nodule mass and nitrogen fixation. 

The clover appeared to compensate a cooler night root tempera-
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ture by increasing its specific nitrogenase activity during 

the daytime. 

The results suggest that with changing temperature, NAR 

and symbiotic nitrogen fixation of Trifolium steudneri are 

adjusted to the existing demand and do not limit growth. 
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2. INTRODUCTION 

Trifolium steudneri is found at an altitude of 1100 to 

2800 m (Thulin, 1983), indicating that the clover grows in a 

broad temperature range. Although the fluctuations of the 

mean temperature at a particular altitude are usually small, 

the day/night temperature differences are large in tropical 

highlands (Griffiths, 1972). Temperatures may drop close to 

the freezing point on clear nights, while cloud-cover can 

reduce day and increase night temperatures. 

Since Trif~lium steudneri is exposed to such varying 

temperature conditions in its natural habitat, the way in 

which growth and nitrogen fixation respond to them is of 

particular interest. The results of the field experiments 

at two altitudes in the Ethiopian highlands (1850 and 2380 m) 

suggested that temperature was one of the major factors limiting 

both growth and nitrogen fixation (Chapter II). Since these 

field results were also influenced by radiant exposure and 

waterlogging duration, it was necessary to isolate the tempera

ture effect under controlled conditions. 

The objective of this growth chamber study was to investi

gate the response of growth and nitrogen fixation of spaced 

plants of Trifolium steudneri to different .temperature regimes 

at a limited supply of mineral nitrogen. Root and shoot 

(air) temperatures were controlled separately. Day and night 

shoot temperatures were combined to a,:ssess the effect of day, 

night and mean temperatures and temperature amplitudes. The 

different shoot temperature treatments were expected to alter 

the growth rate and thus affect the demand for photosynthates 

and ni trogen. In contrast, the two night root temperatures 

applied were expected to primarily influence nitrogenase 

activity (acetylene reduction) and thus the amount of nitrogen 

fixed (15N isotope dilution). 
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3. MATERIALS AND METHODS 

3.1. Plant culture 

The experimental plants were grown in growth chambers in 

Zurich (2 Therma and 2 Conviron chambers). An accession of 

Trifolium steudneri (ILCA Accession No. 15543) was used that 

had been collected . in 1983 and multiplied in 1984 at Debre 

Zeit (alt. 1850 m) in the Ethiopian highlands. Scarified 

seeds were sown in silica sand (0.8-1.2 mm) in plastic boxes 

(0.4 x 0.175 x 0.125 m), each subdivided breadthwise into 

three compartments by plastic sheets. One plant per compart

ment was grown. 

The plants were inoculated weekly for the initial three 

weeks with an effective isolate of rhizobial bacteria. The 

isolate had been prepared from a single nodule of a Trifolium 

steudneri plant grown in a pot filled with a Vertisol sample 

from Debre Zeit. Twice daily, each box received 150-200 ml 

nutrient solution similar in composition to that of Hammer et 

al. (1978) but with a nitrate concentration of only 1.0 mM. 

Calcium concentration was kept at 2.5 mM by adding CaS04. 

Once the treatments were started (23 days after sowing), the 

nutrient solution was labelled with 15N at an atom % excess 

of 1.04. 

Light was provided by a bank of cool-white fluorescent 

tubes (75% of the total wattage) and incandescent bulbs 

( 25%), which gave a photon irradiance of 450 )lmol m-2 s-1 

(400 - 700 nm) at plant height for the whole duration of the 

experiment. The photoperiod used was 12 3/4 h with the 

irradiance increasing in two steps in the first 45 min and 

decreasing similarly in the last 45 min. The relative humidity 

was controlled to within a range of 70 to 80%. In the pre

treatment phase, day/night temperature was kept at 24/16°C in 

all the chambers. 
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3.2. Temperature treatments 

The temperature treatments were started 23 days after 

sowing. Four air (referred to as 'shoot ' ) day/night tempera

tures and 2 night root temperatures were eombined to give 7 

treatments: 

Temperature (°C) 
Shoot Night root 

Chamber 18/12 13 ( 1 ) 
18/12 19 (2) 

Chamber 2 24/06 13 (3) 
24/06 19 (4) 

Chamber 3 24/12 13 (5) 
24/12 19 (6) 

Chamber 4 24/18 19 (7) 

The night root temperatures were ke p t at the desired level by 

insulating the boxes with Styrodur and where neeessary, 

cireulating warm water in a copper tubing loop (1 em diameter) 

3 em below the sand surface. Temperature varied by less 

than 1.s•c within and among the eulture boxes. The day root 

temperature was not eontrolled and was found to be 22°C at a 

day shoot temperature of 18°C and 26°C at a day shoot tempera

ture of 24°C. 

3.3. Barvest and analytical procedures 

Plants were harvested the first time at the eommeneement 

of the temperature treatments (23 days after sowing) and then 

at weekly intervals for the next 5 weeks. The number of 

plants harvested per treatment was: First harvest, 6 plants; 

harvests 2 and 3, 4 plants; harvests 4 and S, 5 plants; and 

harvest 6, 6 plants. 

Single plants were earefully removed from the boxes and 

leaves eounted aeeording to a seale similar to that proposed 

by Carlson (1966). All plant material was dried at 65°C to 

eonstant weight and ground to pass through a 1 mm mesh sereen. 

Atom % 15N exee~:~s was determined after Kjeldahl digestion, 

distillation and lithium hypobromite oxidation ona Consolidated 
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Nier mass spectrometer modified by the Paul Scherrer Institut 

Würenlingen, Switzerland. The amount of nitrogen fixed during 

a harvest interval (t2-t1 l was calculated as follows (derived 

from McAuliffe et al., 19581: 

Nfixed = Nt2•[1 - (aet2 l aensiJ - Nt1•[1 - (aet1 l aens11 

where Nt2r 

t2 and t1 

aet1r aens 

Nt1 = total amount of N in plant tissue at harvests 

(dry weight • %N concentration l 1001 and aet2r 

= atom % 15N excess in plant tissue at harvests t2 

and t1 and in nutrient solution. 

At the final harvest, the nitrogenase activity (acetylene 

reductionl of the nodulated roots was measured under two 

different oxygen partial pressures (19 and 55 kPal. The 

met.hod used w as similar to tha t o f Hartwig e t al. ( 1987 l 

except that the exposure times to acetylene were 7 min per 

assay and gas samples were taken after the 3rd and 7th min of 

each assay. These short periods of exposure were chosen to 

minimize possible errors resulting from an acetylene-induced 

decline of nitrogenase activity (Minchin et al., 19831. 

About 18 min elapsed from root detachment to the end of the 

second assay. Assay temperatures were the same as the day 

root temperature of the respective treatments. 

A functional growth analysis was carried out using a 

Fortran IV version (Glasshouse Crops Research Institute, 

Littlehampton, Englandl of the computer programme of Hunt and 

Parsons (19741. Data of the final harvest were analysed 

statistically with procedures of SAS (SAS Institute, Cary, NCI. 
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4. RESULTS 

4.1. Growtb analysis 

At a day temperature of 24°e, increases in night tempera

ture from 6 to 12 oe and from 12 to 18 oe re sul ted in marked 

increases in the accumulation of dry matter (W) (Fig. 1a). 

Lowering the day temperature by 6°e from 24 to 18°e at a 

night temperature of 12°e had the same negative effect as 

lowering the night temperature by 6°e from 12 to 6°C at a day 

temperature of 24°C. Plants exposed to a temperature amplitude 

of 6°C (18/12 C) and to one of 18°e (24/6°C) at a mean 

temperature of 15°C thus did not differ in their dry weights. 

The relative growth rates (RGR) at the first four harvests 

(Fig. 1b) showed the same rankings as the dry weights in the 

later stages of growth. For all treatments RGR diminished 

with time, with the decrease being greater in the plants with 

the higher initial RGRs. The RGRs finally converged to 

similar rates at the last two harvests. 

RGR is a function of leaf area ratio (LAR) and net assimi

lation rate (NAR). There were no significant differences in 

LAR, neither among the temperature regimes nor over time 

within the treatments (Fig. 1c). In contrast, NAR showed 

similar responses to temperature and trends with time as RGR 

(Fig. 1d). RGR was highly correlated with NAR (r=0.98 over 

all harvests and treatments), whereas this was not the case 

with LAR (r=0.01 ). RGR differences were therefore primarily 

FIGURE 1 • Influence of shoot temperature on growth parameters 
of Trifolium steudneri plants exposed to a night root tempera
ture o f 1 9 6 C: (a) Ln o f whole-plant dry wight ( Ln W); 
(b) relative growth rate (RGR); (e·) leaf area ratio (LAR); 
(d) net assimilation rate (NAR). Day/night shoot temperatures: 
18/12°C (O), 24/06°e (A), 24/12°C <•l, 24/18°C (e). Vertical 
bars represent 95% confidence limits. 
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accounted for by differences in NAR. Growth analysis did not 

reveal any significant differences between the two night root 

temperature treatments (data not presented). 

4.2. Shoot characteristics 

The rate of leaf appearance on the primary shoot increased 

between 16 and 20% for each 3°C increment in mean temperature 

(Table 1). The greater number of leaves produced at higher 

temperatures resulted in a greater number of lateral shoots. 

The lateral shoots brancned further leading to even greater 

differences in ! he number of shoot apices: An increase of abou t 

33% for each 3°C increment in mean temperature. Higher rates 

of leaf appearance and greater numbers of apices producing 

TABLE 1 

Influence of shoot temperature on rate of leaf appearance 
between 23 and 59 d and on shoot characteristics of 59 d old 
Trifolium steudneri plants grown at a night root temperature 
of 19°C 

Shoot Rate of leaf Lateral shoot Shoot apex Leaf 
temperat. appearance on number on num be r area 
night/day primary shoot primary shoot 

(oe) (d-1) (plant-1) (plant-1) (cm2 
plant-1) 

18/12 0.236 9.5 34 413 

24/06 0.243 9.3 36 386 

24/12 0.284 11.7 49 633 

24/18 0.329 12 .a 64 1158 

Lsoa (P=0.05) 0.014 0.9 8 155 

a LSD: Least significant difference. 
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leaves were associated with greater final leaf areas and 

concomitantly greater dry mass yields (r=0.99, P~0.001 between 

the last two parameters). Plants .grown at different day/night 

temperatures with a mean of 15°C did not differ in these 

shoot parameters. 

4.3. Nitrogen fixation 

At both 19°C and 13°C night root temperatures, an increase 

in the mean shoot temperature caused a marked increase in the 

accumulation of dry matter and total N (Table 2). The amount 

and percentage of N derived from nitrogen fixation also 

increased with increasing shoot temperature. This resulted 

in the percentage of N from nitrogen fixation being closely 

correlated with dry matter yield and with total N accumula

tion (r=0.85, P~0.001 for both comparisons at the level of 

individual plants). No differences were found in the yield 

or the fixation parameters between plants grown at 18/12 and 

at 24/06°C. 

Analysis of variance of the final harvest revealed that a 

cooler night root temperature decreased dry matter yield 

(P=0.049) and the amount of fixed N (P=0.037). However, a 

6°C drop in the night root temperature had only a small 

effect (about 10%) when compared to the response of a 6°C 

drop in night shoot temperature (about 43%). Additionally, 

growth analysis over all the harvests showed that in terms of 

RGR, the difference between the two root temperatures was not 

significant (data not presented). The effect of root tempera

ture on the percentage o f fixed N w as no t significant ( P=O .119). 

Night root temperature in the range of 13 to 19°C was apparently 

of minor importance for nitrogen fixation. 



TABLE 2 

Influence of shoot and night root temperatura on dry matter yield and nitrogen fixation of 59 d 
old Trifolium steudneri plants 

Night root Shoot Dry matter Nitrogen Nitrogen increment (23 - 59 d) Proportion of 
temperat. temperat. yield concentr. nitrogen from 

day/night to ta l fr(i)m N2 fixation N2 fixation 

(oe) (oC) (g plant-1) (mg g-1 dry (mg plant-1) (mg plant-1) (%) 
matter) 

18/12 2.68 40.4 107 83 76.4 

13 24/06 2.90 39.9 115 88 76.2 
~ 

24/12 4.69 37.5 175 141 80.4 o 

18/12 3.14 40.0 125 99 78.7 

24/06 3.09 41.4 127 98 76.9 
19 

24/12 5.14 37.5 192 157 82.1 

24/18 9.80 37.9 368 324 87.9 

Lsoa (P=0.05) 0.93 2.7 38 34 3.1 

a LSD: Least significant difference. 
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4.4. Nitrogenase activity (acetylene reduction) 

Increased nitrogen fixa tion at higher shoot temperatures 

(Table 2) was also evidence d by total nitrogenase activity in 

air (at 19 kPa oxygen partial pressure)(Table 3). The effect 

of temperature on total nitrogenase activity can be due to an 

effect on nodule mass and/or an effect on specific nitro

genase activity (expressed as activity per unit nodule dry 

matter). Nodule dry matter increased with increases in mean 

shoot temperature independent of the root temperature and was 

highly correlated with dry matter yield (r=0.99, pso.001). 

As indicated by the similarity of the ratio of nodule weight 

to nodulated root weight, the range of shoot and root tempera

tures used did not appear to influence the ability of the 

roots to develop nodules. Specific nitrogenase activity in 

air .was not significantly different in plants from the different 

shoot temperature regimes (P=0.081), but it was distinctly 

enhanced by growth at the cooler night root temperature 

(P=0.015). 

When exposed to a sudden increase in oxygen partial pressure 

(55 kPa), nitrogenase activity declined by between 27 and 72% 

(Table 3) • . Differences in the ratio of activity at 55 kPa to 

that at 19 kPa (in air) reflect changes in the oxygen diffusion 

resistance of the nodules. Measured at the same (daytime) 

temperature, the ratio in the plants from the cooler night 

root temperature was lower than in those from the warmer 

night root temperature (P=0.007). This indicates that the 

resistance of the nodules to oxygen flux was less in the 

former treatment. In plants grown at a night root temperature 

of 19°C, oxygen seemed to depress activity more when they had 

been exposed to the lowest mean shoot temperature. However, 

overall there was no significant shoot temperature effect on 

the oxygen diffusion resistance (P=0.097). 



TABLE 3 

Influence of shoot and night root temperatura on nodulation, nitrogenase activity and its response 
to an elevated oxygen partial pressure of 59 d old Trifolium steudneri planta 

Night root Shoot Nitrogenase Nodule Weight ratio SNAb in ai r Ratio of NAC at 
temperat. temperat. activity in dry matter of nodule to (19 kPa 02) 55 kPa 02 to 

day/night ai ra nodulated root NA at 19 kPa 02 

(oe) (oe) ( j.UIIOl h-1 (mg plant-1) (j.Ullol h-1 
plant-1) g-1 nodule) 

18/12 42 108 0.26 402 0.28 

13 24/06 51 102 0.28 502 0.32 
~ 

24/12 79 150 0.26 524 0.39 1\J 

18/12 44 11 6 0.26 375 0.46 

24/06 42 95 0.27 436 0.47 
19 

24/12 58 149 0.24 386 0.73 

24/18 118 327 0.28 368 0.67 

LSDd (P=0.05) 19 38 0.05 108 0.24 

a Air = 19 kPa 02. b SNA: specific nitrogenase activity. e NA: nitrogenase activity. 
d LSD: Least significant difference. 
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5. DISCUSSION 

5.1. Response of growth to shoot temperature 

The growth rates ·of Trifolium steudneri were significantly 

enhanced by increases in the mean shoot temperature between 

15 and 21°C. The maximum RGR of 0.23 d-1 attained at a mean 

of 21°C 23 days after sowing is comparable to the 0.25 d-1 

average recorded by Ludlow and Wilson (1970) for 10 tropical 

legume seedlings of a similar age grown at 30°C. The growth 

rate of most tropical legumes becomes severely depressed 

below a mean temperature of about 18°C (Sweeney and Hopkinson, 

1975). However, the maximum RGR of Trifolium steudneri at a 

mean temperature of 15°C (both at 24/06 and 18/12°C) was bnly 

reduced by 26% when compared to that at 21°C. 'T Mannetje 

and Pritchard (1974) found that many tropical legumes did not 

survive a temperature regime of 20/06°C, one of the exceptions 

being a clover originally from the Kenyan highlands (Trifolium 

semipilosum). It would therefore appear that Trifolium 

steudneri belongs to a distinct group within the tropical 

legumes in regard to its temperature requirements. These 

results also suggest that its productivity can be expected to 

be highest in a temperature range found in the lower belt of 

the East African highlands. 

Differences in day/night shoot temperature regimes at a 

mean of 15°C (24/06 and 18/12°C) did not affect the growth rate 

of Trifolium steudneri. This contrasts with the studies of 

Ivory and Whiteman (1978) with subtropical grasses, They 

reported that at suboptimum mean temperatures growth decreased 

as the amplitude of day/night temperatures increased. 

Similarily, 6 temperate crop plants also showed less growth 

at greater amplitudes around a common mean of 25°C (Friend 

and Helson, 1976). Although only measured at ene mean 

temperature (15°C), the laek of response of Trifolium steudneri 

to an increase in the diurnal variation from 6 to 18°C would 
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suggest that this clover is well adapted to the large daily 

temperature amplitudes typical of tropical highlands. 

Additionally, the results showed that this clover tolerates 

cool nights at least down to a temperature of 6°C in combination 

with a warm day. 

5.2. Response of growth components to shoot temperature 

The effect of temperature on the RGR of Trifolium steudneri 

was primarily mediated through its influence on NAR, while 

LAR varied little. This is consistent with the observations 

of Ivory and Whiteman (1978), who found that temperature had 

relat i vely li t t le effect on the LARs o f subtropical grasses . 
except for extreme day and night temperatures, where growth 

was severely restricted. However, summarizing different 

growth chamber and field experiments on temperate crops, 

several authors have concluded that NAR is often nearly 

independent of temperature between 10 and 25°C and that 

conversely, the expansion of leaf area relative to dry matter 

is strongly temperature dependent (Warren Wilson, 1966; 

Monteith and Elston, 1971; Potter and Jones, 1977). 

Increases in the night temperature from 6 to 12°C and from 

12 to 18°C at a constant day temperature of 24°C should have 

augmented the respiratory burden of the plants considerably. 

Since NAR was greater at the higher temperatures, any additional 

respiratory loss must have been offset by an even greater 

increase in the rate of photosynthesis. This suggests that 

NAR was probably influenced by temperature-dependent sink

source relationships. 

The rate of leaf appearance reflects the meristematic 

activity at the shoot apex. Higher mean shoot temperatures 

enhanced the rate of leaf appearance and also increased the 

number of shoot apices. Greater meristematic activity per 

apex and more sites with meristematic activity would be 

associated with a greater demand for assimilates and thus 
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constitute a greater sink. It appears that this greater demand 

for assimilates was met by an enhanced rate of photosyn

thesis. It is well documented that an increased sink-to

source ratio in plants can increase the source activity, 

measured either as NAR or carbon dioxide exchange rate in the 

source leaves (Warren Wilson, 1972; Wareing and Patrick, 

1975; Herold, 1980). 

Different day/night temperature regimes with a mean of 

15°C affected neither the rate of leaf appearance nor the 

number of shoot apices. The sink strength would therefore 

appéar to have been the same and thus have resulted in the 

similar NARs. These results suggest that temperature affected 

the growth rate of Trifolium steudneri by influencing the 

activity of the apices and their number. Any changes in 

meristematic activity was probably paralleled by changes in 

assimilate demand, which then appeared to affect the rate of 

photosynthate production. 

5.3. Response of nitrogen fixation to shoot temperature 

When the mean shoot temperature was raised, nitrogen 

fixation of Trifolium steudneri increased concomitantly with 

increasing growth rates. Greater fixation was reflected both 

in a greater amount and in a greater proportion of fixed 

nitrogen. A higher growth rate probably exhausted the limited 

mineral nitrogen supply more rapidly. The resulting lower 

availability of mineral nitrogen appears then to have led to 

a greater proportion of the plant nitrogen being derived from 

fixation (Gibson, 1977). The high percentages of fixed 

nitrogen combined with the high growth rates suggest that the 

indigenous Rhizobia fixed nitrogen efficiently in symbiosis 

with Trifolium steudneri. 

Parallel to an increase in growth at a higher mean shoot 

temperature, there also was an increase in nodule mass. The 

greater demand for nitrogen appears thus to have been largely 



46 

met by increased nodulation. This observation is supported by 

the finding that total nitrogenase activity was greater in 

plants with a greater nodule mass, while specific nitrogenase 

activity was not affected by higher shoot temperatures. 

Other legumes have been found to adjust the capacity of 

their nitrogen fixing apparatus to cover their nitrogen 

requirements when growth was enhanced over a longer period by 

light (Murphy, 1986; Kessler et al., 1988), by temperature 

(Kessler, 1987) or by carbon dioxide enrichment (Murphy, 1986). 

Different day/night shoot temperature amplitudes at a mean 

of 15°C affected neither the amount nor the proportion of 

nitrogen from fixation nor the nodule mass. Similar growth 

rates indicate that the sink strengths did not differ and 

thus the demand for nitrogen was probably the same. Based on 

the response to increasing mean temperatures and to different 

diurnal temperature amplitudes, it is suggested that the 

nitrogen requirement governed nitrogen fixation of Trifolium 

steudneri. 

5.4. Response of nitrogen fixation to niqht root temperature 

Variation of night root temperature in the range of 13 to 

19 °C had only a very small effect on the dry matter yield, 

nodule mass and nitrogen fixation of Trifolium steudneri. 

Since nitrogenase activity has a 010 close to 2.0 (Harding 

and Sheehy, 1980; Cralle and Heichel, 1982), one would have 

expected that a difference of 6°C integrated over 36 nights 

would have had a marked influence on nitrogen fixation. The 

absence of such a response, as has also been observed in 

Trifolium repens (Kessler, 1987), indicates that nitrogen 

fixation was primarily dependent on shoot temperature. The 

plants must therefore have adapted their nitrogen fixing 

apparatus to compensate for differences in the root temperature. 

Plants grown at a cooler night root temperature appear to 

have had a higher specific nitrogenase activity (activity per 
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nodule mass). Sheehy et al. (1983) proposed the existence of 

a variable diffusion resistance in the nodules regulating oxygen 

influx. As indicated by a stronger reduction in nitrogenase 

activity when exposed to a sudden increase in oxygen partial 

pressure, the resistance was probably smaller in the nodules 

grown at a cooler root temperature. This would have facilitated 

the flow of oxygen into the nodules and have allowed for an 

increased nitrogen fixing activity. Minchin et al. (1985) 

have demonstrated the involvement of nodule resistance changes 

in controlling nitrogenase-linked respiration during a diurnal 

25/15°C temperature change. However, Roughley (1970) found 

that nodules of Trifolium subterraneum grown at a root 

temperature of 11°C resulted in a higher proportion of bacter

oid tissue to total nodule tissue than at 19°C. The higher 

specific activity might therefore also be indicative of a 

greater concentration of nitrogenase per unit nodule mass. 

Independent of the particular mechanisms involved, Trifolium 

steudneri appears to adapt its nitrogen fixing apparatus to a 

lower root temperature by increasing the specific nitrogenase 

activity. 
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6. · CONCLUSIONS 

Temperature was a major limiting factor for the growth and 

nitrogen fixation of Trifolium steudneri. A higher mean 

shoot (air) temperature increased the growth rate markedly 

and was associated with a greater meristematic activity of 

the shoot apices. The plant responded to the increased 

requirements for photosynthates and nitrogen by enhancing its 

net assimilation rate and its nitrogen fixing ability. 

Differing diurnal shoot temperature amplitudes at a common 

mean did not influence growth, while root temperature had 

only a small effect in comparison to the shoot temperature. 
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