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Abstract Nonstructural carbohydrate allocation patterns 
in response to different frequencies of simulated brows- 
ing (leaf and twig removal) were studied in the following 
semi-arid shrubs: Osteospermum sinuatum, a dwarf de- 
ciduous shrub, Pteronia pallens, a dwarf evergreen shrub, 
and Ruschia spinosa, a dwarf leaf-succulent shrub. Sim- 
ulated browsing at all frequencies resulted in the eleva- 
tion, or had no effect, on total nonstructural carbohydrate 
(TNC) concentrations of O. sinuatum plant parts, and 
resulted in the decrease in TNC concentrations of R. spi- 
nosa plant parts. The responses of P. pallens were in- 
termediate with elevations as well as declines in TNC 
concentrations of plant parts measured in response to 
various clipping frequencies. At the low frequency of 
simulated browsing (every 26 weeks) elevations in plant 
TNC content were measured in the two non-succulent 
shrubs O. sinuatum and P. pallens. It was concluded that 
the overcompensation with respect to TNC accumulation 
observed in the two non-succulent species represents one 
of the ways in which excess photosynthate is utilized by 
browsed shrubs with a limited regrowth potential. Simu- 
lated browsing was the least detrimental with respect to 
biomass production to the non-succulent O. sinuatum 
and P. pallens, and most injurious to the leaf-succulent 
shrub, R. spinosa. The observed TNC allocation patterns 
could not adequately explain the variation among species 
in the production of new growth and it was concluded 
that some factor(s) other than the carbon resource was 
limiting regrowth. 
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Introduction 

Regrowth of rangeland and pasture plant species is often 
studied in relation to some aspect of plant carbon bal- 
ance, since grazing or browsing reduces absolute photo- 
synthetic carbon gain. Aspects such as changes in re- 
serve carbohydrate status (White 1973; Buwai and Trlica 
1977; Danckwerts 1993), translocation of stored non- 
structural carbohydrates (Danckwerts and Gordon 1987), 
net photosynthesis (Painter and Detling 1981) and parti- 
tioning of recently fixed photosynthates (Ryle and Pow- 
ell 1975) have all been examined. Many of the earlier 
studies of plant regrowth and carbon balance have fo- 
cused on the quantification of nonstructural carbohy- 
drates since this group of compounds is considered to 
function as a readily available source of energy which 
can be used for plant regrowth (Smith 1973). Studies on 
grasses (Davidson and Milthorpe 1966), lucerne (Hodg- 
kinson 1969), clover (Culvenor et al. 1989) and shrubs 
(Buwai and Trlica 1977), for example, have shown that 
regrowth following defoliation often depends on mobili- 
zation of stored nonstructural carbohydrates. The impor- 
tance of stored carbohydrates as a resource for regrowth 
following defoliation has, however, been questioned and 
it has been suggested that the contribution of photosynt- 
hates, produced by the remaining leaf biomass, to subse- 
quent regrowth can exceed that of reserve carbohydrates 
(Davidson and Milthorpe 1966; Richards 1986; Richards 
and Caldwell 1985). Although the carbon allocation pat- 
terns observed in these studies do not provide a model 
which is generalizable for all plant species, there is gen- 
eral consensus that reserve carbon plays a potentially im- 
portant role in regrowth. 

Present knowledge of the carbon relations of woody 
plants is based on studies undertaken on trees (Kozlow- 
ski 1992). Almost no research has been undertaken on 
the carbon relations of semi-arid woody shrubs, or the 
effects of browsing on the carbon economy of shrubs 
with different leaf morphologies. The responses of the 
leaf-succulent species, in particular, have not been ad- 
dressed, since this leaf form is rare in most rangelands, 



although of significance in the karoo region of southern 
Africa. The semi-arid karoo region of South Africa is an 
extensive livestock production area of approximately 
652 339 km 2 (Rutherford and Westfall 1986). This re- 
gion has a low annual rainfall (100400 mm), hot dry 
summers and cold winters. The over-utilization of the 
natural plant cover (grasses, woody and succulent 
shrubs) by domestic livestock has been recognized as a 
major cause for degradation of karoo rangelands (Acocks 
1955; Roux and Vorster 1983) as well as rangelands in 
other parts of the world (Noy-Meir 1974). Solving the 
problem of rangeland deterioration necessitates a knowl- 
edge of the utilization limits of individual species, which 
in turn requires an understanding of functional responses 
to browsing. This study addresses these questions by 
examining to what extent regrowth of semi-arid shrubs is 
governed by the availability of reserve carbon. 

The objectives of this study were to determine (i) 
whether different frequencies of simulated browsing 
have similar effects on nonstructural carbohydrate accu- 
mulation of semi-arid shrubs with different leaf morph- 
ologies and (ii) whether these allocation responses can 
explain variation in ability to regrow following browsing. 
Responses with respect to nonstructural carbohydrate ac- 
cumulation, in particular, were examined since sufficient 
carbohydrate reserves is often considered as an impor- 
tant determinant of regrowth of grazed grasses, browsed 
shrubs and pruned trees (Jameson 1963; Buwai and 
Trlica 1977; Loescher et al. 1990). 

Materials and methods 

Field studies were carried out at the Tierberg Karoo Research Site 
(33~ 22~ near the southern boundary of the Great Ka- 
rot ,  South Africa. Average annual rainfall for the site is 
167 + 7 mm (n = 92 years). Heavy rains often occur between Feb- 
ruary and May and dry periods are most likely between September 
and January (Milton et al. 1992). Total monthly rainfall and tem- 
perature minima and maxima for the period June 1988 to Decem- 
ber 1989, which includes the period of study, are illustrated in 
Fig. 1. Details of the study site have been described by Milton et 
al. (1992). Livestock had been excluded from the study site for 2 
years prior to the commencement of field studies. 

The three study species were selected on the basis of their 
dominance in the study area and to represent various leaf morpho- 
logical types. Osteospermum sinuatum (DC.) T. Norl., is a dwarf 
(<0.25 m in height) asteraceous deciduous shrub with orthophyll- 
ous and fleshy leaves, and is one of the most palatable shrubs in 
the karoo. Pteronia pallens L.f., a dwarf (<0.40 m in height) aste- 
raceous evergreen shrub with ericoid sclerophyllous leaves, is rec- 
ognized as a poisonous plant causing livestock losses (Vahrmeijer 
1981). Ruschia spinosa (L.) H.E.K. Hartm. and Stuber (Mesem- 
bryanthemaceae) is a dwarf (<0.25 m in height) evergreen shrub 
with succulent leaves and spinescent stems. Although palatable, it 
is grazed less extensively than O. sinuatum. The tap root of O. sin- 
uatum penetrates to a depth of 400 mm and is supported by lateral 
roots. P. pallens has a large ramified system of roots extending to 
a depth of 400 rnm while R. spinosa has a branched lateral root 
system which is confined to the upper 80 mm of the soil. 

Clipping treatments were carried out to simulate browsing by 
sheep, i.e. only twigs of 1 mm diameter or less, and leaves were 
clipped. This mode of leaf and twig removal was representative of a 
typical browsing pattern as effected by sheep. Similar percentages 
of apical meristems were removed with each treatment (except con- 
trol plants) to avoid the danger of imposing different meristematic 
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Fig. 1 Monthly rainfall (histograms) and monthly maximum 
(closed squares) and minimum temperatures (open squares) re- 
corded at Tierberg Karoo Research Centre, South Africa, from 
June 1988 to December 1989 (adapted from Milton et al. 1992) 

limitations as illustrated by Richards (1986). Fifteen individuals of 
each species were defoliated on 8 January 1989. A simulated brows- 
ing intensity of 80% was applied by removal (clipping) of leaf and 
twig (<1 mm) material starting at the periphery of the plant crown, 
moving systematically towards the centre until the desired percent- 
age of the volume of the canopy had been removed. Following this 
initial clipping treatment, plants were repeatedly treated over a 1- 
year period at either 6-, 13- or 26-week intervals (five replicates) by 
removing all regrowth that had occurred since the previous leaf and 
twig removal treatment. Control plants were left uncut throughout 
the experiment. Plants were harvested on 3 January 1990 and divid- 
ed into the following plant part categories: leaves, twigs, stems, 
root-crown and roots. Sections of the stem which extend just below 
the soil surface were considered as the root-crown. The shallow soil 
of the study site limited root growth of O. sinuatum and P. palIens to 
a depth of 400 mm and the entire root system could be harvested by 
removal of the soil containing the roots followed by sieving. The 
branched lateral roots of R. spinosa, confined to the upper 80 mm of 
the soil, were harvested in a similar way. Plant material was frozen 
in liquid nitrogen to retard enzyme activity and then transported to 
the laboratory in insulated freezer boxes packed with dry ice 
(-78~ Plant material was oven-dried to constant weight at 70~ 
and dry weights were determined prior to chemical analyses. 

Since the three karoo shrubs accumulate nonstructural carbo- 
hydrates in varying mixtures of starch, sucrose and fructans (Van 
der Heyden 1992), a modified Shaeffer-Somogyi copper-idiomet- 
fie titration technique (Smith 1981) was used because it includes 
all glucose and fructose units in the quantification of total non- 
structural carbohydrates (TNC). Nonstructural carbohydrates were 
extracted from 100-500 mg tissue samples by boiling in 25 ml 
distilled water for 5 min followed by cooling to room temperature 
and the addition of 400 units amyloglucosidase enzyme extracted 
from Asperilligus niger (Sigma Chemical Co.). The mixture was 
buffered to pH 4.5 by addition of 10 ml of an acetic acid/sodium 
acetate solution and incubated at 55~ for 24 h. Samples were fil- 
tered through Whatman No. 1 filter paper, treated with 10% neu- 
tral lead acetate to precipitate proteins, made up to 100 ml with 
distilled H20 and centrifuged at 8000 rpm to remove the precipi- 
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tate. A 1-10 ml aliquot was acid hydrolysed (0.5 M H2SO 4, 100~ 
water bath, 15 min), neutralized with 1 M NaOH and tested for re- 
ducing power to obtain a total nonstructural carbohydrate (TNC) 
value which includes mono- and disaccharides, starch and fruc- 
tans. Results are expressed as glucose equivalents on a dry weight 
basis. All data were analysed using a one-way analysis of variance 
technique (Zar 1974) followed by Tukey's multiple range test to 
identify significant differences among treatments. 

Gross annual aboveground production could not be compared 
among species or treatments because (i) foliage removed was not 
added to plant biomass, and (ii) because plants in the low-frequen- 
cy treatment had a longer period to produce vegetative material 
than plants in the high-frequency treatment at the time of harvest. 
The standing biomass (not above-ground production) of plants 
subjected to the different frequencies of foliage removal was mea- 
sured after 1 year. Because of the variation in plant age and bi t -  
mass among replicates, a proportional increment in biomass, 
called regrowth ratio, was used to indicate growth. Regrowth ratio 

(GR) was calculated as the ratio of the dry mass of potentially 
browsed material (leaves and twigs) to the dry mass of the un- 
browsed material (stems, root-crown and roots) for each plant. Re- 
growth ratio values were arcsine transformed prior to statistical 
analysis. One-way analysis of variance was used to compare the 
effects of frequency of simulated browsing on regrowth ratio with- 
in each species. This was followed by Tukey's multiple range test 
to determine significant between-treatment differences (Zar 1974). 

Results 

Nonstructural carbohydrate concentrations 

Leaf TNC concentrations of O. sinuatum plants subject- 
ed to different frequencies of simulated browsing were 

Fig. 2 Total nonstructural 
carbohydrate (TNC) concentra- 
tions in five organs of Osteos- 
permum sinuatum, Pteronia 
pallens and Ruschia spinosa 
plants subjected to the follow- 
ing frequencies of simulated 
browsing (clipping) over 
a 1-year study period: every 6 
weeks (6w), every 13 weeks 
(13w), every 26 weeks (26w) 
and no clipping (co). Each 
point represents the mean of 
five measurements, and the 
bars represent _+ 1 SEM. Where 
there are no bars, the SEMs 
are too small to show on the 
scale. Different letters for 
organ TNC concentrations 
(within species) show signifi- 
cant differences at P < 0.0l 
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Fig. 3 TNC pool size (content) 
of five organs of O. sinuatum, 
P. pallens and R. spinosa plants 
subjected to the following fre- 
quencies of simulated browsing 
(clipping) over a 1-year study 
period: every 6 weeks (6w), 
every 13 weeks (13w), every 26 
weeks (26w) and no clipping 
(co). Each point represents the 
mean of five measurements, 
and the bars represent + 1 SEM. 
Where there are no bars, the 
SEMs are too small to show 
on the scale. Different letters 
for organ TNC pool sizes 
(within species) show signifi- 
cant differences at P < 0.01 
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o f  the same o rde r  o f  magn i tude  (Fig.  2) wi th  no s ignif i -  
cant  d i f ferences  ( F  = 1.64, P > 0.05) be tween  t reatments .  
A s ignif icant  increase  ( F  = 11.34, P < 0.05) in T N C  con- 
cent ra t ion  was,  however ,  obse rved  in the twigs  o f  the 6- 
week  t rea tment  wi th  no s ignif icant  d i f ferences  be tween  

the twigs  o f  cont ro l  plants ,  13-week and 26-week  inter-  
val c l ipped  plants.  In the s tems o f  O. sinuatum a signif i-  
cant  increase  ( F  = 20.65, P < 0.05) in T N C  concent ra t ion  
was found  only  in the 26-week  t rea tment  (Fig.  2) whi le  
in the roots  and root -crown,  s ignif icant  increases  
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(F = 17.15 and 88.91 respectively, P < 0.05) were ob- 
served in all treatments, relative to the values of the con- 
trols. Particularly marked increases in TNC concentra- 
tions in the roots of the 13-week and 26-week treatments 
were evident (Fig. 2). 

Leaves of the 13-week and 26-week interval clipped 
P. pallens plants showed the same TNC concentrations 
as the leaves of the control plants while in the 6-week 
treatment, leaf TNC concentrations were significantly 
lower (F = 7.13, P < 0.05) than those of the control 
plants (Fig. 2). Significantly lower TNC concentrations 
(F = 32.01, P < 0.05) were observed in the twigs of  all 
defoliated plants (relative to controls) with no signifi- 
cant differences among treatments. In the stems of  R 
paIlens, a significant decrease (F = 26.09, P < 0.05) in 
TNC concentration was observed in the 6-week treat- 
ment while the opposite trend was found in the lower 
frequency (13- and 26-week) clipping treatments. No 
significant differences were found among TNC concen- 
trations in the root-crowns of all treatments of P. pallens 
(F -- 2.93, P > 0.05). In the roots, however, decreases in 
the 6-week and 13-week treatments were observed with 
significant increases (F = 66.06, P < 0.05) being ob- 
served in the roots of  P. pallens individuals clipped ev- 
ery 26 weeks. 

TNC concentrations in the leaves, twigs and root- 
crowns of clipped plants and the controls of R. spinosa 
(Fig. 2) did not differ significantly (F = 2.75, 0.71 and 
0.29 respectively, P > 0.05). TNC concentrations of the 
stems and roots did not differ among clipping treatments, 
but they were all considerably lower than the concentra- 
tions measured in the same organs of the control plants 
(F--- 17.07 and 15.77 respectively, P < 0.05). 

Nonstructural carbohydrate pool sizes 

There was no difference (F = 0.022, P > 0.05) in leaf 
TNC pool sizes of O. sinuatum plants subjected to dif- 
ferent frequencies of simulated browsing (Fig. 3). Twig 
TNC content of control plants, however, were signifi- 
cantly higher (F = 27.448; P < 0.05) than the TNC con- 
tents of  the 6-week, 13-week and 26-week clipping 
treatments, with no significant differences among the 

Fig. 4 Total nonstructural carbohydrate content (plant total pool 
size) of O. sinuatum, P. pallens and R. spinosa plants subjected to 
the following frequencies of simulated browsing (clipping) over a 
1-year study period: every 6 weeks (6w), every 13 weeks (13w), 
every 26 weeks (26w) and no clipping (co). Each point represents 
the mean of five values, and the bars represent _+ 1 SEM. Where 
there are no bars, the SEMs are too small to show on the scale. 
Different letters for TNC pool sizes (within species) show signifi- 
cant differences at P < 0.01 

TNC contents of  these clipping treatments (Fig. 3). 
There was no significant difference in TNC pool sizes 
of the leaves of  P. pallens plants subjected to 6-week 
and 13-week simulated browsing frequencies (Fig. 3). 
However, TNC pool size of leaves of  the 26-week treat- 
ment was significantly higher than the values for the 6- 
week and 13-week frequency treatments, and lower than 
the values for control plants (F = 43.74, P < 0.05). The 
relative differences in twig TNC pool sizes of the vari- 
ous frequency treatments were similar to the pattern 
found for leaves (F -- 205.25; P < 0.05). TNC contents 
of the leaves and twigs of R. spinosa did not differ 
among clipping treatments, but they were all consider- 
ably lower than the TNC contents of the same organs of 
the control plants (F = 105.73 and 149.3 respectively, 
P < 0.05). Relative differences among clipping treat- 
ments with respect to TNC contents of stems, root-crown 
and roots of all three species (Fig. 3) were generally 
similar to the patterns found for TNC concentrations 
(Fig. 2). 

Plant TNC pool sizes increased with decreasing clip- 
ping frequency in O. sinuatum and P. pallens (Fig. 4). 
TNC pools of plants with the lowest clipping frequency 
(26-week interval) of both species were significantly 
greater than the TNC pools of their respective control 
treatments. In O. sinuatum, the 13-week treatment values 
were not significantly different (P > 0.05) from the TNC 
values of the control plants. The 13-week interval P. pal- 
lens plants, however, had significantly lower (P < 0.05) 
plant TNC levels than the control plants. No differences 
were observed among the clipping treatments of R. spi- 
nosa in terms of TNC levels per plant (Fig. 4), but the 
values of the control plants were considerably greater 
than the values for the plant individuals subjected to sim- 
ulated browsing treatments. 
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Fig. 5 Regrowth ratios of three karoo shrubs subjected to the fol- 
lowing frequencies of simulated browsing (clipping) over a 1-year 
study period; every 6 weeks (6w), 13 weeks (13w), 26 weeks 
(26w) and no clipping (co). Each point represents the mean of five 
observations, and the bars represent + 1 SEM 

Regrowth ratio 

Control plants had the highest regrowth ratio values 
(GR) in all three species (Fig. 5). GR values of O. sin- 
uatum and P. pallens increased with decreasing clipping 
frequency (Fig. 5). Between-treatment differences were 
smaller in P. pallens and a more pronounced difference 
between the controls and the other simulated browsing 
treatments was evident, with no significant difference 
(P > 0.05) between the 6-week and 13-week treatments. 
The greatest difference between the controls and the 
clipping treatments was observed in R. spinosa (Fig. 5). 
No significant between-treatment differences were ob- 
served for the clipped individuals of this species. 

Discussion 

The effects of simulated browsing on nonstructural car- 
bohydrate accumulation of shrubs from the semi-arid 
rangelands of the karoo differed among species and with 
clipping frequency. O. sinuatum was the only species 
where repeated clipping rarely resulted in a decrease in 
TNC concentrations or pools of plant tissues. Clipping 
resulted in the elevation or had no effect on TNC con- 
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centrations and pools of O. sinuatum tissues. The only 
exception was the twigs where clipping resulted in a de- 
crease in twig TNC pools because of a lower twig bio- 
mass (lower GR values) in the clipping treatments. The 
leaves were expected to show a similar trend but all clip- 
ping treatments (including control) of the summer-decid- 
uous O. sinuatum had few leaves at the time of harvest 
(summer; January 1990), and there was consequently no 
difference among treatments with respect to leaf biomass 
or leaf TNC pools. The leaf-succulent R. spinosa repre- 
sents the other extreme where simulated browsing at low 
and at high frequencies mostly caused a decrease in TNC 
pools or had no effect (root-crown). The responses of P. 
pallens were intermediate in that decreases (high clip- 
ping frequency) as well as increases (low clipping fre- 
quency) in TNC concentrations and pools were ob- 
served. The generally higher net photosynthetic rates of 
deciduous plants (Oechel et al. 1981) as shown for O. 
sinuatum by Van der Heyden (1992), coupled with the 
greater availability of photosynthetic material per plant 
(generally higher GR; Van der Heyden 1992), probably 
contributed towards more carbon being assimilated by O. 
sinuatum plants than by the evergreen P. pallens and R. 
spinosa, resulting in more carbon being accumulated as 
nonstructural carbohydrates. 

All the clipped O. sinuatum plants, irrespective of fre- 
quency of clipping, as well as the most leniently defoliat- 
ed P. pallens plants, positively readjusted nonstructural 
carbohydrate allocation patterns after 1 year. It was ex- 
pected therefore that the total TNC pool sizes of these 
plants would be greater than the levels of their respective 
control plants. However, only the 26-week interval plants 
of these species had higher TNC pool sizes than the con- 
trol plants. This phenomenon can be explained by the 
low leaf and twig biomass values of severely clipped 
plants which, although having elevated or similar TNC 
concentrations, contributed minimally to plant TNC 
pools, thereby reducing TNC pool sizes to well below 
the values of control plants. 

Regrowth capacity also varied greatly among species 
and with frequency of simulated browsing within each 
species. The greatest capacity to regrow following sim- 
ulated browsing was shown by O. sinuatum, the dwarf 
deciduous shrub, followed by P. pallens, the dwarf ev- 
ergreen shrub and lastly R. spinosa, the dwarf leaf suc- 
culent shrub. None of the clipped plants attained the 
biomass levels of the controls, even at the lowest fre- 
quency (26 weeks) of simulated browsing, suggesting 
relatively slow regrowth rates compared to North 
American evergreen and deciduous shrubs (Wandera et 
al. 1992). 

The question has often been debated whether grazing 
(or browsing) benefits the production of new growth 
(McNaughton 1979; Belsky 1986). As evidence for these 
arguments, vegetative and reproductive growth parame- 
ters have almost exclusively been used. Our results indi- 
cate that clipping of karoo shrubs, even at a lenient fre- 
quency of every 26 weeks, does not benefit the plants in 
terms of vegetative compensatory growth. However, in 
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the two non-succulent species, restoration of storage 
TNC levels to values in excess to those of unclipped 
plants was observed, and this readjustment occurred pri- 
or to compensatory vegetative regrowth. Clipped non- 
succulent karoo shrubs therefore overcompensated with 
respect to TNC accumulation, and not in terms of vege- 
tative regrowth as was noted for some grass species 
(McNaughton 1979) and shrubs in nutrient rich environ- 
ments (Wandera et al. 1992) which compensated exactly 
for lost tissues in a matter of a few weeks. Therefore 
some factor other than the carbon resource was possibly 
limiting regrowth in these karoo shrubs. Low decomposi- 
tion and leaching rates which curtail nutrient availability 
in arid ecosystems (Hadley and Szarek 1981), or the re- 
moval of the apical meristems during simulated brows- 
ing, coupled with a poor ability to activate axillary buds 
to produce new shoots, could account for the limited pro- 
duction of new photosynthetic tissue. It was recently il- 
lustrated that the removal of active meristems may se- 
verely limit the capacity of some shrubs to regrow, and 
consequently lower the ability to tolerate mammalian 
herbivory (Bilbrough and Richards 1993). 

Plants adapted to low-resource environments such as 
arid rangelands do not show compensatory regrowth fol- 
lowing browsing but are suggested to have evolved car- 
bon-based chemical defences (Bryant et al. 1983; Coley 
et al. 1985). In contrast, high-resource plants regrow rap- 
idly following browsing and N-based defences appear to 
be more important than carbon based chemical defences 
(Bryant et al. 1983). This carbon/nutrient balance hy- 
pothesis developed by Bryant and co-authors was devel- 
oped further by Baas (1989) to include biological inter- 
actions (carbon/nitrogen cycle theory). The theory of 
Baas (1989) proposed that under suboptimal conditions 
such as drought or low-nutrient conditions, vegetative 
growth is inhibited due to limitations of nutrient supply. 
The author hypothesized that the continuation of photo= 
synthetic processes, despite the lack of vegetative 
growth, would result in the formation of carbon based 
compounds from the excess photosynthates. We propose 
that in addition to life history and soil conditions, as sug- 
gested by Baas (1989), browsing of shrubs by mammali- 
an herbivores also imposes suboptimal conditions for 
primary regrowth since active meristems are removed 
during this process. We further suggest that excess pho- 
tosynthates are produced following browsing because of 
the resulting lack of primary growth (meristem deficien- 
cy), and that the three karoo shrubs studied represent al- 
ternatives of how the excess carbon is utilized. These al- 
ternatives are (i) accumulation of storage carbohydrates 
and (ii) production of secondary carbon defence com- 
pounds. In O. sinuaturn and P. pallens, the surplus photo- 
synthates are stored as nonstructural carbohydrates as 
shown by our study, and are not allocated to secondary 
carbon defence compounds (Stock et al. 1994). R. spi- 
nosa represents the second alternative where excess 
carbon is used for the production of secondary carbon 
compounds (Stock et al. 1994), and is not allocated to 
storage nonstructural carbohydrates. 

Our results suggest that the observed differences in 
regrowth capacity among species is not a function of 
stored carbon. Carbon was found to be in abundance, and 
was allocated either towards storage as nonstructural car- 
bohydrates or to secondary carbon defence compounds. 
It is more likely that variation in regrowth among these 
semi-arid shrubs is determined by (i) differences with re- 
spect to developmental growth processes as shown by 
Bilbrough and Richards (1993) for North American 
shrubs, (ii) the presence or ability to activate axillary 
buds meristems or (iii) the ability to activate epicormic 
buds (Zimmermann and Brown 1971). Variation with re- 
spect to nutrient turnover (mineralization and decay), 
which is considered to be species specific and strongly 
localized (i.e. concentric plant specific nutrient cycling, 
Garzia-Moya and McKell 1970), may also contribute to- 
wards the variation in regrowth capacities among spe- 
cies. 

The findings from this study suggest that browsing 
management systems involving high intensity utilization 
(in semi-arid regions) should accommodate resting peri- 
ods of much longer than 26 weeks, since not one of the 
80%-clipped plants attained the biomass levels of the 
controls, even at the most lenient frequencies of simulat- 
ed browsing i.e. 26-week intervals. Extremes of tempera- 
tures, generally low water availability, the resultant limi- 
tation on nutrient availability (Hadley and Szarek 1981), 
as well as browsing induced shortage of active meri- 
stems, possibly did not favour compensatory vegetative 
regrowth over the 1-year study period. 

This study provides a new insight into nonstructural 
carbohydrate allocation patterns of semi-arid shrubs in 
response to browsing where it appears that regrowth of 
these shrubs is not limited by carbon reserves. Further- 
more, differences in carbon allocation patterns do not 
readily explain variation in regrowth capacities. Varia- 
tion among species with respect to localized nutrient re- 
turn as well as developmental growth processes (includ- 
ing meristematic considerations) should be examined 
since these factors may explain the variation in regrowth 
capacities among semi-arid shrubs. 
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