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Bulletin of the Torrey Botanical Club 117(1), 1990, pp. 8-17 

Morphometric relationships and developmental 
patterns of Acacia tortilis and Acacia reficiens 

in Southern Turkana, Kenya' 
Michael B. Coughenour, James E. Ellis and Robert G. Popp2 

Natural Resource Ecology Laboratory, Colorado State University, Fort Collins, CO 80523 

ABSTRACT 
COUGHENOUR, M. B., J. E. ELLIS AND R. G. Popp. (Natural Resource Ecology Laboratory, 

Colorado State University, Fort Collins, CO 80523). Morphometric relationships and devel- 
opmental patterns of Acacia tortilis and Acacia reficiens in Southern Turkana, Kenya. Bull. 
Torrey Bot. Club 117: 8-17. 1990.-Size-dependent morphometric relationships were estab- 
lished for two dominant tree species (Acacia tortilis and Acacia reficiens) in an arid tropical 
ecosystem of northern Kenya. We found relationships for both multi-stemmed species between 
aboveground biomass and the aggregate of diameters of all stems. Relationships between ag- 
gregate stem diameter and crown diameter suggested that large individuals had smaller crown 
diameter increments per increment in aboveground biomass. Acacia tortilis displayed a pro- 
nounced developmental transition from low biomass-open crown to heavy trunk-dense crown 
morphology at sizes of 63-223 mm stem diameter. Stem diameter of A. tortilis increased by 2 
mm for each tree ring among small trees. While rings may not be exactly annual, an average 
of one ring may be produced per year. Root systems of both species were a mixture of tap and 
lateral roots. There was a concentration of root biomass in the surface meter of soil and most 
root biomass was accounted for in the top 2.5 m of soil. A logarithmic relationship between 
root biomass and stem diameter applied to both small and large trees. Although large trees had 
tap roots with large diameters, these were not necessarily deep. Root: shoot ratios declined 
from 1.5 in small trees to 0.2 in mid and large trees. 
Key words: Acacia, morphometrics, Kenya, tropical savanna. 

Trees play an extremely important role in the 
arid pastoral ecosystems of Turkana District, 
Kenya. In addition to providing important food 
sources for livestock and people, tree shade re- 
duces heat loads on both humans and animals 
and reduces potential evapotranspiration rate, 
thereby lessening water stress for sub-canopy 
herbaceous plants. Likewise, all fuel and con- 
struction material used by Turkana pastoral no- 
mads are derived from local trees (Ellis et al. 
1984; Galvin 1985. 

Biomass and nutrient accumulation and turn- 
over, resistance to drought, and ecosystem sta- 
bility in forests and savannas, depend on the 
distribution and abundance of trees, as these are 
the longest lived and largest organisms, and con- 
tain a large fraction of the ecosystem biomass. 

Some characteristics of trees, such as diameter 
and canopy cover, can be measured at an eco- 
system scale by methods such as aerial photog- 
raphy or ground survey (Ecosystems, Ltd. 1983/ 
1984). Other important characteristics are much 
more difficult to determine on an ecosystem scale, 
but these can be inferred from diameter and can- 
opy cover dimensions if the appropriate empir- 
ical relationships are established. These include 
biomass (Whittaker and Woodwell 1971; Guy 
1981), root: shoot relationships, nutrient accu- 
mulation, and growth patterns. Tree size and bio- 
mass are usually positively correlated in double 
logarithmic relationships (Whittaker and Wood- 
well 1971; Guy 1981). 

The importance of plant size in demographic 
patterns is exemplified by recent population 
models that are based upon size distributions of 
individuals (Hubbell and Werner 1979; Law 
1983; Kirkpatrick 1984). These models empha- 
size size rather than age because local environ- 
mental conditions influence plant growth rates 
and sizes. Pellew's model (1983) of savanna 
woodland dynamics represented movement of 
tree numbers through size class cohorts. Tree 
responses to fire and browsing were size-depen- 
dent. Fire and browsing shifted plants to smaller 
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size classes. Hence, size cannot be predicted from 
age alone. Likewise, plant survivorship, growth 
rate, and fecundity are often size- rather than 
age-dependent. 

In this paper we present empirical relation- 
ships among tree diameter, canopy cover, above- 
ground and belowground biomass, and root 
depths and morphologies of Acacia tortilis 
(Forsk.) subsp. spirocarpa (Hochst. ex A Rich) 
Brenan and Acacia reficiens Wawra subsp. mise- 
ra Brenan. From these relationships we derive 
patterns of growth rates and draw inferences about 
the life strategies of these species. 

The Study Area. Data presented here were 
collected as part of the South Turkana Ecosystem 
Project (Little et al. 1984) conducted in Turkana 
District, Northwest Kenya. South Turkana lies 
entirely with the Gregory Rift Valley, between 
10 and 30 north latitude. Climate is arid to semi- 
arid, with erratic and scattered rainfall. Annual 
precipitation means range from near 150 mm at 
lowest elevations (500 m) to > 800 mm on moun- 
tain tops (> 1600 m). Vegetation types (following 
Pratt and Gwynne 1977) include dwarf-shrub an- 
nual grassland, bushed grassland, bush, wooded 
grassland, and groundwater woodland in riparian 
areas. Woody canopies cover anywhere from 10% 
to 50% of the ground surface in nonriparian zones 
and achieve complete coverage peripheral to 
larger rivers and some intermittent streams (Ellis 
and Coppock 1984; Ellis and Dick 1985; Cough- 
enour and Ellis submitted). 

Acacia reficiens is one of the most abundant 
tree species in South Turkana, occurring at 25 
of 30 1-km transects distributed throughout a 
4000 km2 area (Coughenour and Ellis submit- 
ted). It constituted 31 % of the total woody can- 
opy cover at these 30 sites, occurring most often 
on upland nonriparian sites. Another dominant 
tree species of this area is Acacia tortilis, occur- 
ring at 19 of 30 sampled transects and accounting 
for 30% of total woody canopy cover at all sites. 
It comprised 55% of all riparian zone woody 
cover on bajada landscapes where riparian zones 
support one-third of the total landscape woody 
canopy cover of 16% (Coughenour and Ellis sub- 
mitted, Coppinger 1987, Ecosystems, Ltd. 1983/ 
1984). 
- Acacia tortilis seedpods, leaves, and shoots are 
important forage items for goats and camels in 
South Turkana, and small A. reficiens leaves and 
shoots are important goat forage (Coppock et al. 
1986a, 1986b). Acacia tortilis is the primary fuel- 
wood source, while A. tortilis and A. reficiens are 

the species most frequently used in construction 
of temporary houses and corrals by Ngisonyoka 
nomads (Ellis et al. 1984). Large A. tortilis are 
protected, while smaller plants are harvested for 
construction. The larger trees occur only near 
ephemeral streambeds or rivulets, while smaller 
A. tortilis are distributed over upland interdrain- 
age areas as well as along streambed banks. Both 
species are deciduous. Leaves are present 
throughout the 3 month wet season and often 
persist for 3-5 months into the dry season. One 
to many main stems may occur on individual 
plants of both species. 

Methods. We sampled 95 A. tortilis and 71 
A. reficiens distributed throughout the study area. 
Deformed, cut, heavily browsed, or burned plants 
were not included. We measured plant height, 
and crown diameters in two random perpendic- 
ular directions. One to many main stems or trunks 
may emerge from at or near the ground surface 
in both species. We recorded both numbers and 
diameters ( 1-10 cm from ground surface) of these 
stems. We calculated an aggregate stem diameter 
from the total basal area of combined main stems. 
This "aggregate stem diameter" was employed 
in regression analyses to facilitate comparison to 
other studies which use stem diameter as an in- 
dependent variable. Measurements of tree crown 
diameter (m) were regressed against tree height 
(m) for both A. tortilis and A. reficiens. 

Smaller trees (N = 114 A. tortilis and 27 A. 
reficiens) were harvested to examine size-bio- 
mass relations. Stem diameters and fresh-weights 
were taken on-site. Moisture contents of subsam- 
ples were determined and applied to the fresh 
weight samples to yield total dry-weights. 

Cross-sections of stems from 27 A. tortilis in- 
dividuals were used to determine average ring 
width. Standard methods (Fritts 1976) were em- 
ployed in sample preparation and examination. 
From these cross-sections, ranging in diameter 
from 3. to 56 mm, we obtained a relationship 
between ring number and stem diameter. All trees 
included in this analysis occupied upland sites. 

Thirteen trees were intensively studied. This 
sample included seven A. tortilis and three A. 
reficiens growing at a distance from ephemeral 
drainages, and three A. tortilis growing adjacent 
to drainages. Heights of these trees ranged from 
26 cm to 7.9 m (3.1 ? 2.7 m). Roots were man- 
ually excavated. All roots were followed until 
they became too small to excavate (< 1-2 mm). 
Tap versus lateral roots were distinguished. Lat- 
eral root lengths were measured on all trees. 
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Depths, and diameters at increasing depths of 
tap roots were measured on all trees, until tap 
roots were <2.5 cm diameter. Subsamples of 
lateral -and tap roots were weighed before and 
after oven-drying. The entire aboveground por- 
tions of all trees were weighed and subsamples 
were taken for sorting and fresh and dry-weight 
determinations of stems and leaves of both 
species, and thorns for A. tortilis. 

The root systems of six large (12.5-25.8 m 
mean crown diameter) A. tortilis growing on the 
bank of a major river (Kerio) were exposed due 
to prior stream bank erosion. Lack of river flow 
during the dry season of 1984 allowed their ex- 
amination, as the depth of the dried river bed 
was 2.5 m below the bank surface. Undoubtedly, 
some smaller roots had washed away, as no roots 
< 1 cm diameter were recorded. The proximal 
diameter, diameter at soil penetration, and lengths 
of all exposed roots were recorded. These mea- 
surements enabled computation of the volume 
of each root, assuming tapered cylinder root ge- 
ometry. Mensuration formulae were used to cal- 
culate what fractions of the soil volumes to 2.5 
m depth were exposed by erosion. Observations 
of roots exposed to that depth suggested that an 
assumption of uniform rooting distribution in a 
cylindrical soil volume could be used to calculate 

total root volume in the exposed soil layer. Large 
(2-15 kg) subsamples were harvested, and their 
fresh weights and volumes were determined on 
site. Subsamples from two of the trees were oven 
dried and weighed. All trees were growing in deep 
sandy soil (Hemming and Trapnell 1957). 

Results. Morphometric Relationships. For 
A. reficiens, log(height) = -0.10 + 0.97 log(m 
crown diameter), r2 = 0.71. (All logs to the base 
10 in this and following equations. All equations 
are derived from least mean squares regressions 
with the intent of maximizing predictive ability. 
No causality is implied.) For A. tortilis, log(m 
height) = -0.84 + 1.70 log(m crown diameter), 
r2 = 0.85. These relationships demonstrate that 
A. tortilis gains more height per unit increase in 
crown diameter than A. reficiens, when crown 
diameters are greater than 1 m. Among plants 
less than 1 m wide, A. tortilis is likely to be 
shorter for a given breadth. 

Stem diameter is frequently a good predictor 
of aboveground biomass. A. tortilis with stems 
smaller than 15.7 mm fit the relationship: 
log(grams mass) = -2.26 + 3.98 log(mm stem 
diameter), N = 14, r2 = 0.98 (aggregate stem 
diameter is implied here and throughout). While 
plants of both species with stems larger than 15.7 

1000000 o A. tortilis 
o A. reficiens 
o A. reficiens 

(IPAL) 

r: 10000 
E 
0 

O 
nX 
0 

3.2 10 32 100 316 

aggregate stem diameter (mm) 
Fig. 1. Double-log relationships between total aboveground biomass and aggregate stem diameter (see text). 

IPAL = Integrated Project in Arid Lands (Herlocker 1979). 
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mm fit the relation log(grams mass) = -0.68 + 
2.66 log(mm stem diameter) r2 = 0.98, A. re- 
ficiens had a higher mass for a given stem di- 
ameter than A. tortilis overall (p < 0.001). How- 
ever, the species specific regression results are y 
= -0.33 + 2.56x, N = 30, r2 = 0.96 for A. 
reficiens and y = - 1.0 + 2.95x for A. tortilis, N 
= 10, r2 = 0.98, with x and y being in log units. 
The regression lines cross at stem diameter of 52 
mm and species difference is greater among larg- 
er plants. Figure 1 includes for comparison three 
large A: reficiens from a similar area in northern 
Kenya (Herlocker 1979), which suggest that the 
relationships are generalizable over a relatively 
large region, and to larger individuals. A rela- 
tionship developed by Guy (1981) for trees of 
Zimbabwe savannas predicted much lighter 
plants for a given stem diameter. Trees in South 
Turkana grow slowly (see below), and the wood 
is quite dense (g/cm3), but other major differ- 
ences in tree morphology could also explain these 
differences. Allocations of aboveground dry bio- 
mass to leaves, stems and thorns in the 13 in- 
tensively studied A. tortilis were 8.1 ? 4.6%, 84.7 
+ 6.0%, and 7.2 ? 2.5%, respectively (mean + 
SD). Allocations in the three A. reficiens were 5.4 
+ 1.9% and 94.5 ? 1.9% to leaves and stems 
plus thorns. Moisture contents of leaves and stems 
were 35 ? 14% and 30 ? 4% in the A. tortilis, 
and 25 ? 12% and 25 ? 4% in the A. reficiens. 

Aggregate stem diameter was a good correlate 
with crown diameter, but variation in the mor- 
phology of A. tortilis at different developmental 
stages complicated this relationship (Fig. 2). Data 
presented in Fig. 2a suggest that two to four de- 
velopmental phases of A. tortilis may be dis- 

cernible, each having a characteristic morphol- 
ogy. Ngisonyoka tribesmen distinguish the tall, 
broad-crowned A. tortilis ("Ewoi") from the short, 
open-crowned A. tortilis individuals ("Atir"). 

Small trees (small Atir) up to about 63 mm in 
stem diameter had high crown diameter: stem 
diameter ratios of 50-60, spreading crowns and 
many branches, all of which were densely cov- 
ered with thorns. 

The medium-sized A. tortilis trees in our sam- 
ple (63-223 mm stem diameter) displayed two 
distinct crown-stem diameter relationships. One 
group (large Atir) was continuous with the re- 
lationship found in the 0-63 mm stem diameter 
group; however, crown diameter: stem diameter 
ratios declined to 40-50, thus crowns were less 
spreading. The other group (small Ewoi) had 
much broader crowns per unit stem diameter 
(ratios of 60-80). This latter group was also much 
taller, ranging in height from 5.8 m to 12 m, 
while the former group ranged from less than 2 
m to 6.3 m in height. Our observations indicate 
that these taller, broad-crowned trees also had 
much more dense, many-branched crowns. They 
had fewer first-order branches at low height, and 
many fewer thorns than their shorter, narrow- 
crowned counterparts. 

The last group (large Ewoi) was comprised of 
very large A. tortilis trees with stem diameters 
over 400 mm and crown diameters exceeding 20 
m: Crown: bole diameter ratios were much lower 
(20-25) than among smaller trees. These plants 
only occurred along ephemeral streambeds. Al- 
though the smallest trees in this group had crowns 
comparable in diameter to the largest of the small 
Ewoi discussed above, their boles were much 

Table 1. Both Acacia species are usually multi-stemmed. The number and sizes of stems of 95 A. tortilis 
and 77 A. reficiens are reported here. 

Stem diameter (mm) Stems/plant 

Crown diameter Mean (sd) Minimum Maximum Mean (sd) 

Acacia tortilis 
14.1 (7.3) 0.8 38 3.1 (0.9) 

0-2 26.6 (13.7) 12 83 3.5 (1.5) 
2-4 65.0 (24.0) 30 127 2.6 (0.8) 
4-6 87.0 (80.0) 35 142 3.1 (0.8) 
6-8 60.3 (17.1) 33 99 2.4 (1.1) 
8-12 93.0 (37.8) 28 173 2.4 (2.1) 

<16 159.6 (80.2) 75 362 2.3 (2.3) 
Acacia reficiens 

0-2 14.8 (5.0) 8 28 2.2 (0.8) 
2-4 28.1 (8.5) 14 48 2.8 (1.2) 
4-6 36.2 (14.5) 25 58 4.3 (2.0) 
6-8 62 (20) 40 123 3.0 (1.0) 
8-12 128 (78) 55 460 2.7 (0.9) 
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larger and minimum height in this group was 19 
m, as compared to a maximum height of 12 m 
in the previous group. Crowns were also more 
dense and thorns fewer. 

A. tortilis and A. reficiens are usually multi- 
stemmed at all sizes in Turkana (Table 1). The 
data show that stem number tended to decrease 
as stem and crown diameter increase in A. tortilis, 
but no such trend occurred in A. rejiciens. 

ABOVEGROUND GROWTH RATES OF A. TOR- 
TILIS. Analysis of tree cross sections resulted in; 
stem diameter (mm) = -2.5 + 2.25 tree-ring 
number, r2 = 0.81, N = 27, p < 0.001. The slope 
of the line indicated an average diameter incre- 
ment of 2 mm/ring. The mean of the ratio of 
diameter to total ring number was also 2 mm/ 
ring. As this sample included only stems less than 
56 mm diameter, it is possible that ring widths 
of larger plants are different. 

It is likely that rings are not annual, since rains 
may be weak or fail every several years or two 
rainy seasons may occur in a single year. How- 
ever, evidence that rings approximate annuality 
on average comes from a regression of indepen- 
dently estimated tree age against calculated tree 
ring number. Age estimates were made by Tur- 
kana informants who remembered when certain 
trees were established in corrals that they had 
made. Stands of small A. tortilis are often estab- 
lished in abandoned goat corrals, as ingested seeds 
are deposited there by the animals. While the 
Turkana keep no written records, anthropolo- 
gists have found their methods of tracking time 
and cross-referencing events are reliable (P. Les- 
lie personal communication). The correlation was 
high (r2 = 0.88) and the slope was not signifi- 
cantly different from unity. A diameter incre- 
ment of 2 mm/yr is in close agreement with es- 
timates made for South and East African savanna 
species (Rutherford 1978; H. Lamprey personal 
communication). 

This estimate of tree growth rate is based on 
single stem analyses, while most plants are multi- 
stemmed (Table 1). The effect of multiple stems 
on growth rate was assessed by implementation 

of the mass-diameter relationship (Fig. 1), as- 
suming that each stem grows at the 2-mm/yr rate. 

For a tree with an aggregate diameter of 10 
mm, a single-stemmed plant growing at 2 mm/ 
yr would have an annual biomass increment of 
106%, while a tri-stemmed plant with all stems 
growing at 2 mm/yr would have an increment 
of 229%. A single-stemmed 100-mm tree would 
have a biomass increment of 5.4%, while a tri- 
stemmed plant would grow by 15.9%. Thus, fur- 
ther study will be necessary to determine whether 
there is an inverse relation between stem number 
and annual increment of each stem. Such intra- 
plant competition has been observed in a grass, 
for example (Coughenour et al. 1985b). 

ROOT MORPHOLOGY AND MASS. The distri- 
butions of root length by soil depth are shown 
in order of increasing tree size (Fig. 3). Most root 
length was found in the top 0.5 to 1 m of soil. 
Rooting depths extended from - 1 m in small A. 
tortilis (< 1 -m crowns) to - 3 m in intermediate- 
sized plants (3- to 4-m crowns). Rooting depths 
of plants with 4.5- to 6.0-m crowns were more 
shallow. Roots of the largest excavated tree were 
dead below 67 cm, and these dead tissues were 
infested with termites. This is probably not the 
fate of all trees of this size; however, it suggests 
that plants do not necessarily need deeper roots 
because they are larger. Rooting depth appears 
to be established fairly early with subsequent in- 
creases in lateral rooting length and general root 
density. 

Root systems of both species consisted of a 
mixture of tap and lateral roots. Glover (1951) 
observed a well-developed lateral root system in 
A. reficiens and a poorly developed tap root; how- 
ever, we found that tap root comprised 56/%, 64 /% 
and 89% of root biomass in our three specimens 
of crown diameters 4.2, 1.3 and 1.1 m. Tap roots 
of A. tortilis were 50-80% of total root biomass. 
For both species, tap roots constituted 50-80% 
of total plant mass, while lateral roots were 9 + 
3%. There was a positive relationship between 
plant stem diameter (cm) and tap root weight (g) 
per length (cm); wt./len. = -34 + 16 (diam.), N 

Fig. 2. Double-log relationships between mean crown diameter and aggregate stem diameter (a) Acacia tortilis 
with crown diameters less than 8.7 m followed the line log,O(crown diam.) = -0.98 + 0.83 log,O(stem diam.), 
r2= 0.92. Large A. tortilis followed log,O(crown diam.) = 0.36 + 0.33 log,O(stem diam.), r2 = 0.82; (b) Acacia 
reficiens with crowns less than 6.2 m diameter followed log1O(crown diam.) = - 1.23 + 1.0 log1O(stem diam.), 
r2= 0.91 and larger plants obeyed log,O(crown diam.) = 0.035 + 0.43 log,O(stem diam.), r2 = 0.75. 
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= 13, r2 = 0.53, P = 0.005, indicating progressive 
root thickening with increases in stem diameter. 
There was a similar relation for lateral roots; wt./ 
len. = 12.7 + 6.5 (diam.), N = 13, r2 = 0.49, P 
= 0.007. 

Moisture contents of these A. tortilis roots were 
26 ? 5% and 24 ? 7% for tap and laterals re- 
spectively (heart and sapwood not separated). A. 
reficiens roots had 29 ? 1 and 22 ? 8% moisture 
in tap and laterals. 

For large A. tortilis along a major river, ex- 
posed total root mass increased with stem di- 
ameter (Table 2); however, total length, mean 
root diameter, and lateral spread were not closely 
related to tree diameter. Tap roots were massive, 
having diameters as large as trunks. The biomass 
of tap roots constituted 15-56% of total root mass 

to 2.5 m. The tap root of one specimen was com- 
pletely exposed. Surprisingly, its length was only 
1.2 m, yet its proximal diameter was equal to 
that of the trunk (64 cm). Moisture content of 
these exposed A. tortilis roots was 24 ? 8% 
(N = 7), and specific density was 0.81 ? 0.1 g 
dwt/cm3 (N = 5). 

Both the biomasses of excavated root systems 
and the calculated biomass of large, erosion-ex- 
posed root systems were significantly related to 
aggregate stem diameter (Fig. 4). Separate regres- 
sions were performed on the two sets of data and 
neither the slopes nor the intercepts were signif- 
icantly different. Only roots present in the top 
2.5 m of soil were sampled in the sample of 
large trees. However, the similarity of the rela- 
tion developed for large trees to that for smaller 

0-.3 

.6-.9 < 

.9-1.2 
E 

1.1.5 

l 1.5-1.8 

o 1.8-2.1 . Stem Diameter - mm 

2.1-2.4 15.5 + 21.4 X 61.7 -- 95.5 

2- 96.0 20.1 A 29.8 X 87.4 2.4-2.7 

2.7-3.0 I I I I 

0 1 2 3 4 5 6 7 
Root Length - m 

Fig. 3. Root length at each depth for excavated plants. Each point represents total root length in a horizontal 
soil stratum that is 30 cm thick. Solid line-A. tortilis, dashed line-A. reficiens. 

Table 2. A study of the root systems of six large Acacia tortilis, whose roots were partially or totally 
exposed to 1.5-2.5 m by water erosion. 

Root 
Crown Stem diameter Mass/depth (kg/m) Length/ Lateral 

diameter diameter mean (sd) depth spread 
Tree (m) (mm) (mm) Laterral Tap (m/m) (m) 

1 12.5 350 39 (17) 84 108 60 4.7 
2 17.9 396 54 (32) 190 83 49 10.7 
3 17.2 655 65 (47) 296 52 56 6.0 
4 19.8 604 45 (27) 361 - 152 9.3 
5 22.7 700 97 (57) 474 256 75 9.7 
6 25.8 927 73 (52) 723 218 112 16.3 
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trees, where all roots were accounted for, sug- 
gested that most of the roots of the large trees 
did occur in the top 2.5 m of soil. A small fraction 
of unaccounted total root biomass may extend 
to great depth, perhaps to a permanent ground 
water table. Fragments of Acacia roots have been 
recovered from drilling operations at 30-50 m 
(Cole and Brown 1976). Glover (1951, 1952) dis- 
covered A. reficiens roots at 10-19 m. 

When the relationship between root mass and 
stem diameter (Fig. 4) was combined with the 
relationship between aboveground mass and stem 
diameter (Fig. 1), variation in root: shoot ratio 
and root mass percentage could be calculated. 
Root: shoot ratio declined from 1.5 in small 
plants (3-mm stems) to about 0.2 in mid-sized 
plants (32-mm stems), remaining approximately 
constant through larger sizes. Correspondingly, 
roots comprised 60% of total mass in small plants 
and 16% in mid- to large-sized plants. In com- 
parison, belowground tree biomass of temperate 
forests is 13-16% of total tree mass (Whittaker 
and Woodwell 1971). Belowground wood bio- 
mass is 30% of total woody biomass in west Af- 
rican savannas (Menaut and Cesar 1979, 1982). 
Root: shoot ratios are much higher in some south 
African savannas (1-4), particularly those sub- 

ject to periodic fire over long periods (Rutherford 
1982). 

Discussion. For A. reficiens we found aggre- 
gate stem diameter to be a good predictor of 
aboveground biomass, root biomass, and crown 
diameter. Likewise, crown diameter and tree 
height were closely related. These correlations 
indicate that in this region, the morphology of 
A. reficiens is relatively consistent across size 
classes. 

The relationships between stem diameter and 
aboveground biomass and between stem diam- 
eter and root biomass were identical for the mea- 
sured A. tortilis and A. reficiens, but the two 
species differed where crown diameter relation- 
ships were involved. Crown diameter per unit 
tree height was larger in A. reficiens except among 
plants less than 1 m in diameter, where the re- 
verse was true. Stem diameter-crown diameter 
relationships differed within A. tortilis, which 
demonstrated varying stem-crown relationships. 

Although the umbrella-like growth form of 
mature A. tortilis (Ewoi) is well known, it is sel- 
dom emphasized that immature plants do not 
exhibit this morphology, nor has the significance 
of this difference been explored. The data pre- 
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Fig. 4. Double-log relationship between total root mass and stem or trunk diameter of excavated A. tortilis 

(-), A. tortilis with root systems partially exposed (0), and excavated A. reficiens (A). The regression equation 
is log10(mass) = -1.41 + 2.67 log,O(stem diameter), r2 = 0.98. 
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sented here and field observations indicate that 
A. tortilis growth form varies with age, size, and 
site characteristics. We hypothesize that as plant 
size increases, different combinations of envi- 
ronmental factors impinge on the plant. Thus, 
successive developmental forms reflect morpho- 
logical adaptations to different environmental 
factors over the life-history of the individual 
plant. 

We propose that the small bole, spreading- 
crowned thorny Atir are evolutionarily designed 
(Williams 1966) for defense and growth in an 
environment where water is scarce and herbi- 
vores are abundant. Root: shoot ratios are high- 
est among these small size classes. Extensive root 
systems extract scarce soil water and these root 
tissues are also largely unavailable to above- 
ground herbivores. Low-growing foliage is vul- 
nerable to herbivory, but dense thorns provide 
protection in these small trees (Cooper and Owen- 
Smith 1986). Spreading branches impair herbi- 
vore access to the center of the plant, particularly 
when plants are clustered into thickets. Plants 
having Ewoi morphology (broad crowns, dense 
foliage, fewer thorns) are 6 m in height or greater. 
At this height, most foliage is out of reach of all 
but the tallest herbivores. 

It appears that a tree must obtain water sub- 
sidies to make the transition to the Ewoi growth 
form (Fig. 2), as this growth form does not occur 
on sites without such subsidies. Access to stored 
soil water in drainage channels may facilitate a 
growth phase in which crowns can generally ex- 
pand and increase in density. Higher resource 
acquisition rates should enhance survival prob- 
ability during drought periods (Bloom et al. 1985; 
Givnish 1986). It appears that trees have the 
potential to make this shift only after they achieve 
a stem diameter of at least 60 mm. Possibly 
smaller boles could not support the broader, more 
dense crowns seen in this phase. Upon gaining 
access to water, a flat-topped spreading canopy 
would likely maximize capture of solar radiation, 
transpiration and water flow into the rooting zone 
of that plant. This would enhance competitive 
ability among larger, more widely spaced plants 
with access to this deeper water resource. At- 
tainment of the Ewoi form also indicates that the 
plant is able to acquire resources at a rate nec- 
essary to support a substantial reproductive out- 
put of approximately 140 g/m2 crown cover per 
year (Coughenour et al. 1985a). 

Like Ludwig (1977), who found that most des- 
ert shrub species have generalized root systems, 
we found these species to have a mixture of lat- 

eral and tap roots. Others have observed that 
most root systems of arid land and savanna plants 
tended to extend laterally to absorb rain water 
rapidly while tap roots tended to not enter deeply 
into the soil (Menaut 1983; Walter 1973). Our 
results agree with these observations as well, in 
that tap roots were not predominant, nor nec- 
essarily deep. 

While fine or microscopic roots were not ex- 
amined, these could constitute significant bio- 
mass, particularly biomass that turns over at a 
high rate (e.g., Aber et al. 1985). Thus, root bio- 
mass increments calculated from these data are 
incomplete measures of gross belowground pri- 
mary production, but they do indicate net bio- 
mass accumulation by plants from year to year. 

These results have utility for studies of eco- 
system structure and function. Remotely sensed 
data of surface properties such as woody canopy 
cover or green biomass can be used to derive 
predictions of biomass production above and be- 
lowground. Coughenour et al. (1 985a) used this 
approach to determine that of 44 g/m2 above- 
ground primary production by shrubs and trees, 
approximately 47% was foliage, and 53% was 
wood. Livestock consumed about 1 1% of the fo- 
liage and humans used 8% of the wood. 
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