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Abstract

STUDIES ON 13C ISOTOPE DISCRIMINATION FOR IDENTIFYING TREE PROVENANCES EFFICIENT IN WATER

USE UNDER WATER DEFICIT CONDITIONS IN KENYA.

Screening for drought resistance traits was conducted in a semi-arid site in Machakos using 11 provenances of

Acacia tortilis, 6 provenances of Prosopisjuliflora and 4 provenances of Casuarina equisetifolia. Tolarance to drought was

assessed by the "C isotope discrimination (A) technique as well as by determining the water use efficiency (WUE).

Measurements of dry matter and early growth performance were also taken as indicators of drought resistance. The results

showed significant differences in the "C Isotope discrimination, water use efficiency and dry matter yields by the different

provenances tested. Generally, the results indicated that there were significant linear negative relationships between 13C

discrimination with water use efficiency as well as dry matter yield. The results further showed highly significant positive

relationship between dry matter yield and water use efficiency. Acacia tortilis provenances from middle East and

neighbouring North Eastern Africa region appear to possess the greatest abilities for drought resistance in comparison with

those from sub-saharan Africa as indicated by their "C Isotope discrimination levels, dry matter yield and water use

efficiency. However, Acacia provenance from Israel had the highest drought resistance trait. Prosopis provenance from

Costa Rica and Casuarina from Dakar region in Senegal also emerged as the best provenances in terms of drought tolerance

as shown by the "C isotope discrimination and dry matter traits.

1. INTRODUCTION

Acacia tortilis, Prosopis juliflora and Casuarina equisetifolia are among the important

multipurpose trees and shrubs in arid lands in the tropics which are often integrated with crops and

pastures in agroforestry systems. Owing to the limited available moisture in semi-arid and arid

environments, the growth and productivity of these species are generally limited. Use of

supplementary irrigation is not feasible for the resource-poor farmers who live in these environments.

Part of the solution to this problem would be to identify provenances that are drought tolerant as well

as having low demand on soil nutrients. The following criteria were crucial in the choice for the

above species: proven ability to grow in arid lands, a wide ecological range, N2-fixation ability,

possession of adequate sizes of population and significant genetic variation within the species and

between the provenances. However, there is a gap in our knowledge regarding important traits that

consitutes a screening criteria. Most of the conventional physiological parameters which depicts plant

- water relationships are based on a particular time reaction and therefore does not take into

consideration the entire plant metabolic processes during the growth cycle [1].

More recently, the proportion of 13C in a plant has been indicated to have a relationship with

its water use efficiency. The differential uptake of 13C isotope during fixation of carbon dioxide in

plants, particularly C-3 plants has been investigated by [2] among others. For instance, in a pot

study, it has been found that under conditions where water is not limited, water use efficiency (WUE)

is negatively correlated with 13C discrimination (A) for a number of crops belonging to the C-3
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metabolic group [3, 4 & 5]. Further studies have also established that the relationship between dry

matter production and 13C discrimination is variable depending on the type of the plant [6]. These

investigations do suggest that I3C discrimination can be adopted as a screening criteria for

genotypes/provenances that possess traits for water use efficiency and higher yields. Although the

criteria of 13C discrimination appear to suggest that there is a relationship with WUE and dry matter

production, it is yet to be widely tested with trees and shrubs that thrives in arid lands for genetic

selection for superior genotypes. The objective of the present study, therefore was to evaluate the

suitability of this criteria to screen a few drought adapted trees in the semi-arid area of Machakos

District in Kenya.

2. MATERIALS AND METHODS

2.1 . Experimental site

The experiment was carried out in the field at the Kenya National Dryland Fanning Research

Centre (NDFRC) farm in Maruba, Katumani, Machakos. Machakos is situated at an altitude of 1590

m, l°30'S and 37° 14'E. The mean annual rainfall ranges from 500-800mm. It is bimodally

distributed resulting in two distinct seasons; colloquially termed "long rains" and "short rains". The

long rains last from October to December, while the short rains starts from April to June. The

temperatures range from 16°C to 30°C and the average potential evapotranspiration rate is

1900mm/year. The annual relative humidity ranges from 30-85%. Soils are classified as Ferralsols

and chronic Luvisois [7]. The site has a slope of 8-10%.

Prior to the commencement of the field experiment, the Katumani site was previously under

food crops, which alternated with pasture grass although the reports indicate that no previous records

are available concerning crop and pasture management. The original vegetation before the

introduction of pasture and food crops was mainly savannah-bushland with Acacia spp as the dominant

tree vegetation.

2.2. Preparatory operations to the field experiment

Acacia and Prosopis tree seeds were obtained from Oxford Forestry Institute in the U.K.,

while Casuarina equisetifolia seeds were provided by the Center Technique Forester Tropical (CTFT)

in France.

The experimental site was cleared by hand and then ploughed and harrowed, staking and

pitting in preparation for planting the trees followed shortly after. The seedlings were raised in the

nursery for approximately four months prior to planting out in the field. The seedlings were ready

for planting by the onset of rains at the beginning of November 1990. The Acacia and Prosopis

seedlings were inoculated with a multistrain Rhizobium inoculant prepared by the Microbiological

Research Centre (MIRCEN), Nairobi while Casuarina seedlings were inoculated with Frankia strain

which was provided with the seeds from Center Technique Forestier Tropical (CTFC) France.

Soil chemical analyses were determined only for purposes of site characterization as reported

in Table I by taking composite samples from 0-30cm deep using a soil auger. The samples were

mixed thoroughly, dried, ground and sieved, before a representative sample was taken for chemical

analysis. The seeds were germinated in trays pricked out and planted in the tubes before planting out

in the field.
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TABLE I. CHARACTERIZATION OF SOIL FROM KATUMANI SITE

Parameter

pH

Total N (%)

Organic C

Available P (ppm)

Exchangeable K (ppm)

Exchangeable Ca (ppm)

Exchangeable Na (ppm)

Exchangeable Mg (ppm)

Quantity

5.8 ±0.1

0.1 ±0.01

1.5 ±0.5

5.2 ±1.0

10.2 ±1.2

11.9 ±1.2

1.6 ±0.5

3.5 ±1.2

2.3. Experimental design and sampling techniques
The experiment was laid out in a Randomized Complete Block Design (RCBD). The studied

genotypes comprised, 21 provenances of Acacia, 6 provenances of Prosopis and 4 provenances of

Casuarina spp (Table II) and were replicated three times. The size for each sub-plot was 3m x 3m,

on which 18 seedlings were spaced at lm x lm. The plots were separated from each other at a

distance of 1.5m. The total experimental area was 1260m2.

Access tubes for the neutron moisture gauge (CPN model) were installed in the sub-plots to

monitor regularly the changes in soil moisture status within the plant rooting zone for a period of 18

months which constituted assessment at juvenile growth period. The water balance method was used

to estimate the total water consumption of the different tree provenances.

The experiment was harvested 18 months after planting in which dry matter yield was

determined by destructive sampling followed by drying in a ventilated oven at 80°C for 24 hours.

General growth and phenological characteristics i.e height, root collar diameter and canopy radius

were recorded 9 months after planting to determine juvenile growth performance of the different

species and provenances. Total height and canopy radius were measured to the nearest centimetre

(cm) while root collar diameter was recorded in millimetres (mm). Unless indicated otherwise, six

randomly selected plants (approx. 25% of the population) in each sub-plot (provenances) were used

for the assessment. Plant samples were analysed for 13C/12C ratios at the Waikato Stable Isotope Unit,

University of Waikato, Hamilton, New Zealand. The A13C-discrimination was calculated from the

measurements of the difference in carbon isotope ratio of the air and that of the plant material [8]

taking the ratio of the air as -7.6% on the PBD.

Foliar samples were taken at 18 months after planting for the determination of A13C isotope

determination. The samples were taken from both upper leaves (actively growing) and the older,

lower leaves (less actively growing) mixed thoroughly before taking a representative sample. These

samples were then oven-dried at 80°C for about 24-48 hours, and ground into powder form for

analysis.
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TABLE II. GROWTH PERFORMANCE (HEIGHT, ROOT COLLAR DIAMETER AND CANOPY
RADIUS) AT 9 MONTHS OF THE THREE SPECIES AND THEIR PROVENANCES

Code Species Provenance Source Height Root collar diamter
(cm) (mm)

Cannopy radius
(cm)

a) Acacia tortilis
Gl Acacia tortilis spirocarpa
G2 Acacia tortilis spirocarpa
G3 Acacia tortilis spirocarpa
G4 Acacia tortilis spirocarpa
G5 Acacia tortilis spirocarpa
G6 Acacia tortilis tortilis
G7 Acacia tortilis raddiana
G8 Acacia tortilis raddiana
G9 Acacia tortilis tortilis
G10 Acacia tortilis heteracantha
Gil Acacia tortilis heteracantha
Mean

b) Prosopisjuliflora
G12 Prosopisjuliflora
G13 Prosopisjuliflora
G14 Prosopisjuliflora
G15 Prosopisjuliflora
G16 Prosopisjuliflora
G20 Prosopisjuliflora
Mean

c) Casuarina equisetofolia
G17 Casuarina equisetofolia
G18 Casuarina equisetofolia
G19 Casuarina equisetofolia
G21 Casuarina equisetofolia

Mean

Yemen
G.Sudan
N.K.Sudan
Israel
K.Sudan
India
Somalia
Niger
R.Senegal
Zimbabwe
Zimbabwe

Castarica
Panama
Columbia
Honduras
Kenya
Peru

53.1
37.79
61.3
74.6
55.1
47.8
41.5
48.2
46.7
58.3
79.5
54.9

76.8
51.2
55.7
36.7
52.8
60.9
54.9

Kayar Senegal 52.1
Dakar Senegal 60.2
R. I. Kenya 62.8
Australia 46.1

55.3

8
6
8
11
8
7
7
11
7
8
11
8.4

10
8
7
7
8
7
8.4

20.6
13.8
12.9
10.5

14.5

46.4
24.5
45.5
51.9
43.3
30.8
29.8
9.6

31.2
38.2
58.2
37.3

58.6
37.0
22.9
23.2
43.1
43.1
37.3

40.7
32.6
30.7
26.2

32.6

LSD

i)
ii)

in)

P< 0.05

For differences between tree species 10.6
For differences between treatments (provenances)
for differences species 7.6
For differences between treatment (provenances)
for the same species/provenances 3.5

1.2

0.9

0.8

8.7

6.0

4.4

2.4. Statistical analysis of data
Experimental data has been analysed taking into consideration the differences in the

parameters measured which are brought about by the species studied. For example, growth
parameters which cannot be compared were analysed separately to enable comparison between the
different tree species.
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3. RESULTS AND DISCUSSION

3.1. Assessment of growth performance and evaluation for drought resistance

The results of early growth and phenological characteristics taken 9 months after planting are

presented in Table II. The results showed significant differences (P< 0.05) in the rate of growth

within and between the different species. Similarly, the results of dry matter yield, 13C determination

(Fig. 1), and water use efficiency at 18 months indicated significant differences between the different

tree species and their provenances (Table III). Acacia tortilis (provenance - heterecantha) from

Zimbabwe had the greatest overall growth with regards to height, root collar diameter and canopy

radius at 9 months in the field, followed by Acacia tortilis from Israel, Acacia tortilis from Northern

Khartoum in Sudan, and those from Yemen and Sudan (Table II). The lowest juvenile growth within

the Acacia provenances was recorded in the species from Gezira region in Sudan. However, it was

noted that the performance trend changed at 18 months when the dry matter yield was determined.

Acacia tortilis (provenance - spirocarpa) from Israel scored the highest dry matter yield followed by

provenances from Somalia, N. Khartoum and Yemen (Table III). The lowest dry matter yield was

obtained from the Niger provenance followed by the ones from Rao in Senegal and Gezira in Sudan.

It was suprising to note that at 9 months, the Acacia provenances from Zimbabwe and those from

other Sub-Saharan Africa had shown considerable early growth rates but dropped sharply at 18

months after establishment which probably suggest poor adaptation to arid conditions. The Prosopis

provenances also showed significant differences (P< 0.05) in early growth (Table II). The Prosopis

provenance from Costa Rica emerged the best, followed by the one from Peru. There were little

difference between the provenances from Panama, Kenya and Columbia. The provenance from

Honduras had the lowest growth in all the parameters that were measured.

Consistent with the early growth performance trend, Prosopis from Costa Rica again obtained

the highest dry matter production as assessed at 18 months although this trend was not observed in

the other provenances. Like in the Acacia provenances, some of the Prosopis provenances which

showed better early growth performance later exhibited reduced growth rates in terms of dry matter

yield at 18 months. The provenances falling under this category included those from Peru and

Panama. However, the provenance from Honduras suprisingly produced the highest dry matter

production after a poor start in growth performance (Table III).

The Casuarina provenances showed medium to high growth rates. The provenance from

Dakar in Senegal obtained the highest early growth rate, dry matter yield and WUE compared with

the other provenances which were tested (Tables II & HI) followed by those from Kenya and Kayar

in Senegal. The lowest performance was recorded in the provenance from Australia, ^significantly

positive linear correlation R2=0.69 was obtained between dry matter production and WUE among

the species studied (Fig. 2). The results (Table III), also showed that there were significant

differences (P< 0.05) in 13C discrimination between the different tree species and among genotypes

within Casuarina and Prosopis. There were however, no significant differences in 13C discrimination

among the Acacia genotypes tested. Casuarina from Dakar Senegal and Prosopis from Honduras

showed the lowest 13C discrimination compared with the other provenances. Of significance, was that

the same Casuarina species from Dakar Senegal also produced the highest dry matter yield and WUE.

A similar trend also occurred in the Prosopis from Honduras which also recorded the second highest
13C discrimination rate and also ranked among the top in WUE. From these studies, it is evident that

genotypes of tree species with high WUE are rare and as such one needs to have a large germplasm

base for screening in order not to lose those with the desired traits.
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FIG. 1. Genotypic differences in water use efficiency of (A) Acacia provenances (1-11), and (B) Prosopis
provenances (1-6), and Casuarina provenances (7-10).
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TABLE III. THE PERFORMANCE OF DIFFERENT SPECIES AND PROVENANCES WITH
RESPECT TO C-13 DISCRIMINATION, WATER USE EFFICIENCY (WUE)
DRY MATTER YIELD AND P UPTAKE AT 18 MONTHS

Code Species Provenance

(a) Acacia tortilis
Gl Acacia tortilis spirocarpa
G2 Acacia tortilis spirocarpa
G3 Acacia tortilis spirocarpa
G4 Acacia tortilis spirocarpa
G5 Acacia tortilis spirocarpa
G6 Acacia tortilis tortilis
G7 Acacia tortilis raddiana
G8 Acacia tortilis raddiana
G9 Acacia tortilis tortilis
G10 Acacia tortilis heteracantha
Gil Acacia tortilis heteracantha
Mean

(b) Prosopisjuliflora
G12 Prosopisjuliflora
G13 Prosopisjuliflora
G14 Prosopisjuliflora
G15 Prosopisjuliflora
G16 Prosopisjuliflora
G17 Prosopisjuliflora
Mean

(c) Casuarina equisetofolia
G18 Casuarina equisetofolia
G19 Casuarina equisetofolia
G20 Casuarina equisetofolia
G21 Casuarina equisetofolia
Mean

LSD P<0.05

Source

Yemen
Gezira Sudan
N.Khart.Sudan
Israel
Kh art. Sudan
India
Somalia
Niger
Rao Senegal
Zimbabwe
Zimbabwe

Castarica
Panama
Columbia
Honduras
Kenya
Peru

Kayar Senegal
Dakar Senegal
R.I. Kenya
CSIRO Austr.

i) For differences between tree species
ii) For differences between treatments (provenances)

for differences species
iii) For differences between treatment

for the same species/provenances
(provenances)

13C discri-
mination
to

20.99
20.99
20.25
19.94
20.99
21.72
19.94
21.51
20.99
20.78
21.63
20.83

18.68
18.89
19.94
16.62
20.88
19.10
19.03

20.25
11.10
18.68
18.68
17.18

6.9

0.4

3.5

WUE
(g dm/ml)

0.22
0.17
0.21
0.27
0.26
0.17
0.28
0.13
0.15
0.18
0.21
0.20

0.29
0.11
0.16
0.13
0.27
0.23
0.20

0.26
0.38
0.30
0.13
0.27

0.13

0.11

0.13

Dry matter
(g/plant)

1065
776
1319
1776
1450
882
1672
471
701
934
977
1090

1979
882
860
1630
1396
940
1282

1370
2415
1674
244
1426

25.3

16.2

5.9
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. 2. Relationship between dry matter yield and water use efficiency of Acacia tortilis (11 provinances),
Prosopis juliflora (6 provenances), and Casuarina equisitifolia (4 provenances).

The results of dry matter production and I3C discrimination appear to confirm the findings

of Hubick and Farquhar [5] and Wright et al. [8] who observed a negative correlation between 13C

discrimination with, dry matter yield and WUE. On the contrary, Condon et al. [6] observed that
13C discrimination is positively correlated with grain yield and dry matter production in field grown

wheat. Although there were a few incosistencies in the results, the majority of the provenances

showed that 13C discrimination is negatively correlated with dry matter and WUE (Figs. 3 and 4).

The results indicated that Acacia tortilis provenances from Israel, Somalia, Khartoum region are the

best in terms of water use efficiency. Although these results can be used as a criteria for future

selection of germplasm for drought resistance in semi-arid sites, they may still need further screening

and validation on the basis of other environmental factors over a wide range of moisture stress

conditions before they can be recommended for large scale reforestation programmes.

Although there were no significant differences in 13C discrimination in Acacia provenances,

it was interesting to note that among the Acacia provenances examined, the provenances which

performed the best in terms of dry matter production (Israel), and had a relatively low 13C

discrimination and a high WUE, which is the most important agronomic characteristic under

discussion in this paper (Table III). It is therefore possible to speculate that Acacia provenances from

N. Africa and Middle East being located in a desert region, have adapted to moisture stress.

However, the same degree of adaptation was not observed among the Prosopis and Casuarina

provenances. The results suggest that future species and provenances evaluations for selection and

breeding could benefit much more from the Middle East and Northern Africa Acacia provenances

which appear to possess greater potential for drought resistance. Similarly, Prosopis species from

Costa Rica and Honduras as well as Casuarina equisitifolia from Dakar, Senegal and Kenya, also

appeared to have drought resistance traits and could also be considered for future selection and

breeding.
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FIG. 3. Relationship between "C isotope discrimination (A) and dry matter yield of Acacia tortilis (11
provinances), Prosopisjuliflora (6 provenances), and Casuarina equisitifolia (4 provenances).
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F/G. 4. Relationship between "C isotope discrimination (A) and water use efficiency of Acacia tortilis (11
provinances), Prosopisjuliflora (6 provenances), and Casuarina equisitifolia (4 provenances).
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