A Plant Ecology 150: 115-131, 2000.
'ii‘ © 2000Kluwer Academic Publishers. Printed in the Netherlands. 115

Live fast, die young: estimating size-age relations and mortality pattern of
shrubs species in the semi-arid Karoo, South Africa

Thorsten Wiegant] Suzanne J. Miltofy Karen J. Eslé¥& Guy F. Midgley*

1Department of Ecological Modelling UFZ-Centre of Environmental Research, Leipzig, Germany (E-mail:
towi@.oesa.ufz.dey?Nature Conservation Department, adBotany Department, University of Stellenbosch,
South Africa;*National Botanical Institute, Claremont, South Africa

Key words:Growth models, Karoo, Mortality, Size-age relation, Shrub community

Abstract

We present a technique for estimating size-age relations and size-dependent mortality patterns of long-lived plants.
The technique requires two sets of size data of individual (non-marked) plants that should be collected with a
time-lag of several years in the same area of a study site. The basic idea of our technique is to assume general
(three parameter) families of size-dependent functions which describe growth and mortality that occurred between
the two data gathering events. We apply these growth and mortality functions to the size data of the early data
set and construct predicted size-class distributions to compare it, in a systematic way, to the size-class distribution
of the later data set. In a next step we calculate the size-age relations from the resulting growth functions, which
yield the smallest difference between observed and predicted size-class distribution. Applying this technique to
size data of five dominant shrub species at the Tierberg study site in the semiarid Karoo, South Africa produced
new insight into the biology of these species which otherwise cannot be obtained without frequent measurements
of marked plants. We could relate characteristics of growth behavior and mortality, for certain subgroups of the
five species, to the life-history attributes evergreen vs. deciduous, succulent vs. woody, and early reproductive vs.
late reproductive. The results of our pilot-study suggest a broad applicability of our technique to other shrublands
of the world. This requires at least one older record of (individual) shrub-size data and performance of resampling.

Introduction monitoring of marked plants and plots, as employed
by Shreve & Hinckley (1937) in Arizona, USA, Turner
An understanding of size-age relationships and age- (1990) in Mexico, Lange & Sparrow (1992) on the
specific mortality patterns is the basis for understand- Nullabor plain, South Australia, and Milton (1994) in
ing and predicting vegetation change in assemblagesKaroo shrublands, South Africa. Alternatively, growth
of long-lived plants, whether the management objec- may be inferred from counts and measurements of
tives are conservation of biodiversity or agricultural annual growth rings in woody plants (Dunwiddie &
production. Information on age-specific mortality can la Marche 1980; Vasek 1980; Gourlay 1995; Mil-
be used to predict changes in both population structureton et al. 1997). Such studies provide reliable but
and vegetation composition (McAuliffe 1988; Wie- site-specific life-history information (McAuliffe 1988;
gand et al. 1995) as well as to address theoretical Batista et al. 1998). The high cost of such studies in
issues such as the relationship between longevity andterms of labor and time means that the research is nec-
investment in wood (Loehle 1988) or the trade-off be- essarily limited to a few sites, and that information
tween early reproduction and longevity (Begon et al. derived from such sites is used to make generaliza-
1990; Tilman 1994). tions about the growth and demography of a species
Information on growth and population dynamics of throughout its range. A technique that enables size-
perennial plant species is usually based on repeatedage relations and size-dependent mortality patterns of
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long-lived plants to be estimated from occasional sur- Methods
veys of unmarked plants would make it possible to test

the findings of detailed studies in a variety of sites, and Study site
to make predictions about vegetation trends at sites

for which there are neither large research budgets nor The pilot study was carried out at Tierberg Karoo Re-
long-term data bases. search Centre (3%, 22E) at the southern edge of

In arid and semi-arid shrublands and grass|ands the Great Karoo semi-desert region of South Africa

of Australia (Friedel et al. 1993), Israel (Noy-Meir (Milton et al. 1992). The site, although only 210 km
1990), South Africa (Fourie et al. 1987; Hoffman & from the coast, lies in the rainshadow of the Swart-
Cowling 1990; O’Connor & Roux 1995), the USA berg Mountains and has a low and unreliable rainfall,
(Whisenant & Wagstaff 1991; Chambers & Norton With a long-term annual mean of 176 mm (range
1993) and Argentina (Rosati & Bucher 1995), as 90 mm-400 mm). Rain can occur at any season as
well as in savannas worldwide (Archer et al. 1988; the site is in the transition zone between the west-
O'Connor 1995; Ash & Mclvor 1998) plant species €M winter-rainfall and eastern summer-rainfall regions
composition is influenced by both management and Of South Africa. The vegetation is a dwarQ.5 m
weather patterns. An understanding of growth pat- high) shrubland, and the dominant plant species are
terns, longevity, and mortality patterns of long-lived long-lived. Rates of population turnover and vegeta-
shrubs is necessary for understanding and predictingtion change are therefore generally low (Milton 1994).
the possible effects of changing landuse on biodiver- The five most abundant shrub species at this site
sity and economic sustainability. For example, in the are the decumbent deciduous leaf-succuBzatvnan-
species-rich, arid to semi-arid Karoo shrublands of thus ciliatus the evergreen leaf-succulerfRuschia
South Africa, these needs have stimulated researchspinosa,the semi-deciduous, non-succuleGglenia
on vegetation dynamics, and drawn attention to the fruticisa (all Aizoaceae), the deciduous non-succulent,
dearth of information on population biology of key Tripteris sinuatum(formerly Osteospermum sinua-
plant species (Milton 1994; O’Connor & Roux 1995). tum) and the evergreen non-succuleRteronia pal-
In order to maximize meat and fiber production un- |enS(bOth ASteI’aceae). We use the nomenclature given
der highly variable rainfall regimes (inter-annual CvV in Arnold & de Wet (1993).
= 30—40%), ranchers vary the numbers of animalson ~ The shrubland dynamics are characterized by
the land in response to the anticipated response of theepisodic and event-driven behavior (Wiegand et al.
vegetation to recent rainfall and drought events. How- 1995). The rare opportunities for establishment, being
ever, longer-term planning based on predicted trends @ combination of a favorable rainfall pattern and avail-
in vegetation following major recruitment events is ability of establishment sites (Wiegand et al. 1995),
seldom attempted because there is insufficient in- lead to characteristic size distributions with peaks that
formation on the longevity and growth rates of the indicate cohorts that emerge after big establishment
even the most common shrub Species in Karoo p|ant events. In the course of time, SUbsequent grOWth and
communities. mortality of the plants shifts and distorts the pattern of
We therefore deve|0ped a technique for estimating the size diStribUtion, but should not deStroy its charac-
p|ar‘|t growth and |Ongevity in semi-arid shrublands teristic Shape. This is true if the gI’OWth of the plantS
that is far less labor-intensive than conventional meth- is mainly determined by common factors (e.g., age
ods. In this paper we present this method, and discussOr climatic pattern) that apply for all plants in the
the results of a pilot study in the semi-arid Karoo in same way, and if individual site factors (e.g., local
terms of the benefits and limitations of the technique. Nutrientavailability or competition) are less important.
In addition, we analyze the wood energy investment FOr this reason we did not sample plants growing on
of the five study species. This analysis provides a hutrient-rich soil mounds (heuweltjies). A more de-
means for more deep|y interpreting the results for tailed description of these biOgeniC Iandscape features
longevity and growth behavior, and was motivated by IS given in Milton et al. (1992). Also, if probabili-
similar analyses in Angiosperms, where wood energy ties for mortality are a function of size (or age), the

investment has been shown to be a good predictor of peaks of the size distribution are maintained until too
longevity (Loehle 1988). many plants of a cohort have died. In the semi-arid

Karoo with low mortality of established plants and low
turnover rates (Milton 1994), the peaks may be visi-
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ble for one or two decades. However, bigger mortality predictions for 1997. Instead we construct size-class
events that selectively kill plants of certain size-classes distributions and compare the size-class distribution
or shrinking of plants during droughts may violate for the observed sizes in 199D¥°%% with the size-
this assumption. In the following section we describe class distribution constructed with the predicted plant
the technique we use to determine size-age relationssizes F1999.

and mortality patterns for selected shrub speciesinthe  To describe growth we assume the quadratic

semiarid Karoo. growth-relation:
s(e + At) =
Technique for estimating the size-age relations for a + bs(@) + es2(@) > s(@) :a + bs(@) + es2@) (1)
otherwise: s(a)

In 1989 and 1997 we collected data on shrub sizes
along three 100 nx 1 m transects at the Tierberg Ka- "
roo Research Centre. For 1989, data were available forSiZ€ of plgnts at a_ge = At [S((_)) =0] b ghapes

six more transects. Transects ran between poles thatgrowth at mtgrmedlate sizes, ands _a correction fap- .
demarcated a 100 m 100 m grid on this 1 krstudy tor that restricts growth at larger sizes to saturation if

site, and the same set of transects were used in both¢ < 0- In Equation (1) we assume thathplants dg not
years. We defined an indexfor the size of a plant ~ SVINKin size [i.es(a + At) — S() > 0]. The growth-

ass = length [cm] x width [cm] where length and relation Equation 1 proved to be sufficient to capture
width are the two right-angled axes of the projection 1€ €ssence of the growth of the five most abundant
of the canopy cover to the ground, with length be- shrub species at the Tierberg study site and covers the

ing the longest possible axis. We measured length angrange of growth-functions usually used in literature
width of every individual of the five common shrup (€:9- France & Thorley 1984). In dependence on

species along each of these transects. For shorter-lived1® Parametera, b andc, a great variety of different
species B. ciliatus G. fruticosaand R. spinos}in growth behaviors (ranging from exponential growth,

which dead and dying plants are present in all popu- linear growth, saturation to logistic growth) can be
lations, the vitality of each individual was classified as created (Figure 1). Far=0we can solve Equation (1)
healthy ( 25% of canopy dead), dying (26-75% of analytically and obtain the solution
canopy dead) and dead (75% of canopy dead). For s(a) = L(ba/At —1 )
model validation we also measured the size (length b—-1
and width) of 50 nine-year old plants of each of the with exponential growth fob > 1 (Figure 1A), lin-
study species in 1998. These young plants had germi-ear growth forb = 1 (Figure 1B), and saturation with
nated on the study site following experimental clearing s(co) = —al(b - 1) for b < 1. The introduction of the
of 10 (25 n?) plots in 1989 (Milton 1995). additional ternts? allows for logistic-growth behavior
We used the two sets of size data of individual with exponential growth at small sizes and saturation
(non-marked) plants to calculate the size-age rela- atlarge sizes (see Figure 1A), or linear growth at small
tion of five selected species. The basic idea of this sizes and saturation at large sizes (see Figure 1B).
calculation is to assume a general (three parameter) Besides growth, a size-dependent risk of mortality
family of growth-relations that describes how the size influences the change of the 1989 size-class distri-
S(o) of a plant with agex at the first data gather-  bution to the 1997 size-class distribution. Therefore
ing event (at 1989) would shift to siz&§a + At) we have to consider the possible mortality of plants
at the second data gathering event (at 199¥).is between the two data gathering events when making
the time between the two data gathering events, in predictions for 1997. We do this by assuming an an-
our case eight years. By applying a growth-relation nual risk of mortality that depends linearly on the size
to the size of all plants from 1989 we obtain pre- softhe plant
dicted sizes for 1997. By comparing the observed size s
data from 1997 with a high number of predictions m(s) =mo+my (1000) ®3)
for 1997 which were derived for different parameter with mo and my being the coefficients of the linear

sets of the growth-relation we can specify the para- fnion. The linear function proved to be sufficient to

meters of the unknown growth-relation. Because We yatact 4 size-dependent mortality pattern, and consid-

use nor?—m.a.rked plants we cannot C.Ompare_the sizeering other functional relations instead of Equation (3)
data of individual plants from 1997 directly with the did not improve the quality of our model predictions.

with three parameters, b, andc, wherea gives the
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Figure 1. Examples for size-age functions covered by Equation (1). (A)oFerl exponential growth follows foc = 0, saturation foc < 0
and over-exponential growth fer> 0. (B) Forb = 1 linear growth follows forc = 0, saturation foc < 0, and over-exponential growth for
¢ > 0.¢c=0.002 (solid lines)c = 0 (long dashes), antl= —0.002 (dots).

To consider mortality by constructing the predicted will contain no (or too few) plants, and consequently

1997 size-class distribution we first imagine a cohort no distinct pattern may emerge. In this case, we cannot

of say 100 plants with equal sizes in 1989 and a 95% correctly identify parameter sets that would yield good

probability to survive until 1997. This cohort, which  correspondence between the two size-class distribu-

caused in the 1989 size-class distribution a peak of tions. On the other hand, if the size-class widtis

100 plants, will cause in the predicted 1997 size-class too big, distinct peaks may be merged together in one

distribution a peak of approximately 95 plants. Thus, size class and the method will become too coarse.

a single plant of this cohort would cause, on average,  To finally compare the predicted size-class distrib-

a peak of 0.95 in the predicted size class distribution. ution F1997 with the 1997 data we calculate the total

Following this example, we calculate for each plant quadratic deviatioe:

with sizesin 1989 the probability
p=[(1— m(s)]At 4) e = Z[D1997(S) — F1997(5)]2 (5)

s>a

to survive the eight-year periodAf) from 1989 to
1997, and we add a peak with valuginstead of 1 that measures the absolute deviation (or the error)
without mortality) to the corresponding size-class of between the two normalized distribution8?°7 and
the predicted 1997 size-class distribution. F1997  Because the predicted size-class distribution
However, the shape of a resulting size-class dis- F1°®’contains only plants which are older than 8 years
tribution may depend sensitively on the somewhat we sum for size classes greater tharfthe size at
arbitrary selection of a size-class widtifby changing age 8).
the size-class width only slightly, some plants at the For determining the unknown size-age relation of
border of a size-class may change size-class). To elim-a given species we perform a multiple parameter fit.
inate this problem we overlay, for a given set of size First, we determine biologically reasonable ranges
data, several resulting size-class distributions with dif- for the three unknown parameteasb, andc of the
ferent widthss (see Appendix). Because our data were growth-relation (Equation 1) and define a regularly
not collected with marked plants we normalize both spaced 20< 20 x 20 grid in the parameter space. We
distributions (i.e. )", F1%97(s) = 1, Y D1%7s) = proceed by selecting a value for the coefficiemtof
1). The normalization offers the additional possibility the mortality pattern (Equation (3), and calculate for
to compare size-class distributions that were collected each of the resulting 8000 parameter combinations the

along different transects at the same study site. total quadratic deviatior between the predicted size-
For constructing the size-class distributions we class distributiorF%%7 and the size-class distribution
have to choose an appropriate size-class widthf D1997 of the 1997 data (Equation (5). We repeat this

the size-class width is too small, single size-classes procedure for several values o and select the pa-



rameter combinatiom, a, b, andc that yields the
smallest deviatioe.

Testing the reliability of our fit

By comparing the predicted size-class distribution
F1997 with the observed size-class distributibi®®’
we need a means to reject the hypothesis EH&P’
is significantly different fromD1997. To perform this
test we create 4000 random sub-samples Witbgo
plants (the sample size in 1989) using the normal-
ized observed size-class distributibd®®’. For each
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to adjust the constant componeng of the mortal-

ity pattern. This approach is based on the shape of
the size-class distribution that contains information on
the growth function and the mortality pattern of the
species, and on the history of establishment events.
The influence of variations in year-to-year establish-
ment on the shape of the size distribution will be
strong in smaller size-classes because few plants will
have died yet and stochastic deviations from the de-
terministic growth-relation Equation (1) will not yet
have smoothed out the discrete peaks of bigger estab-
lishment events. However, on larger size-classes the

of the sub-samples we determine the corresponding shape of the size-distribution should be predominantly

size-class distributioB9%” and calculate the resulting
total quadratic deviations :

e = Z[D1997(S) — D1997(5)]2

s>a

(6)

from the observed size-class distributibA®®’. Next

we determine the intervag(, ef) that contains 95%
(99%) of all values o&,. In cases where, lies within

the 95% (or the 99%) intervaef, e;;) we cannot de-
tect a significant difference between both distributions
and our fit is reliable on the given level of confidence.
This method accounts for the stochastic error con-
tained in the 1989 sample size and assumes that th
observed size-class distributid®®’ represents the
‘true’ 1997 size-class distribution which is ‘inherent’

for the species in the study area. Our fit would be unre-

liable if e > e when the erroeis significantly greater

determined by the growth-relation and the mortality
pattern. With this in mind we calculate an ‘ideal’
size-class distribution that would emerge if every year
the same numbery of plants would establish. First,
we determine the size-age relationst]Séize at age

t, A(S): age at sizes] by recursively iterating Equa-
tion (1) with the parameter valuesb, c that resulted
from the parameter fit described in the last section.
Using the fitted age-size relatigX(s) (Figure 2A) we
calculate the time(s) which a plant of sizes would
spend in the size-class,(s+ 8) (Figure 2B) as:

t(s) = agds) — ages — §). (7

®The percentage of plantgt) at aget that survive the

mortality patterrm(s) (Figure 2C) yields

t
n(t) = no I1 [1 —m(S(k))] 8

than the uncertainty of the sampling process. In cases(Figure 2D). We finally obtain the ‘ideal’ number of

with e < e~ our fit would be ‘too good’ compared to

plantsl(s) in size-classg, s+ §) by multiplying the

the inherent uncertainty caused by the limited sample time t(s) that a plant of sizes would spend in size-

sizes.

Technique for estimating the size-independent risk of
mortality

class §, s+ 8) with the number of plants in size-class
(s, s+ 8), 8, but now with size substituted for age [with
functionA(9)]:

I(s) = 1(s)n(A(s)). )

The technique described in the last section is suitable Because the ideal size-class distribution depends sen-
to determine size-age relations and size-dependentsitively on the mortality patterm(s) we can determine

mortality pattern and proved to be quite effective in
estimating parameteis b, ¢ of the size-age relation
Equation (1) and the coefficiemty of the mortality
pattern Equation (3). However, we cannot use this
method to determine the coefficiemp. This is be-

the missing parameter, for the size-independent part
of the mortality pattern with the additional information
that is provided by the shape of the size-class distribu-
tion for larger sizes. We do this by comparing the ideal
size-class distribution for several valueswfwith the

cause a size independent (constant) risk of mortality data, as shown in Figures 2E and 2F. In our example

yields for all plants a constant probabilityto sur-
vive the eight-year period (Equation (4)), and the
effect of mp on the size-class distributions will dis-

for R. spinosahe size-independent componeni of
the mortality pattern wasy = 0. Figure 2E shows a
good agreement between the ideal size-class distribu-

appear because of the normalization of the size-classtion I(s) and the 1997 data for sizes fo& 1000 cnf.
distributions. Therefore we use a second approach From Figure 2A we find that sizes sf= 1000 cnf
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Figure 2. Example showing the steps for estimating the size-independent risk of mortality for the dResj@sosa (A) Growth function

A(s) resulting from parameter fit with = 594, b = 1.022, andc = 0.00026. (B) Timei(s) that a plant spends in a size-classg+3§) with

8 = 30 cn?. (C) Size-dependent risk of mortalitg(s) = 0.087 §/1000) resulting from the parameter fit. (D) Percenta@of plants surviving

to aget. (E) The resulting ideal size-class distributik(s) (solid) and data from 1997 (dots). (F) Size-class data from 1997 divided by the ideal
size-class distribution.

are reached at ages of approximately 12 years. The  0.10
fluctuations in the ‘real’ size-age distribution caused
by the establishment history are show in Figure 2F. 0.08

Wood energy investment 0.06

Wood samples were taken in the field by removing

only one live branch approximately 10 mm in diame-

ter, from each of ten individuals. In the case of the leaf

succulent specie8( ciliatusandR. spinosy we col- 0.02

lected the only woody part of the plant which was the

main stem between the root crown and the canopy. The

samples were air-dried and ground in a Wiley mill, and 0.00

) 0.00 0.04 0.08 0.12

the energy content of 1 g sub-samples measured using fFicient

standard bomb calorimetry. Wood density (g ¢ coellicrent m,

was measured on intact wood samples which had beenFigure 3. Parameter fit for the density-dependent component of the
. : ; mortality patternm(s) for the five species. The smallest ereothat

dried at 60°C. Volume was CalCUIate.d trigonometri resulted from fitting the parameteasb, andc from Equation (1) is

cally from measurements of the radius and length of spown in dependence on the coefficiemt of the mortality pattern.

short samples<€ 50 mm length). Formy = 0 the risk of mortality is size-independent, foi > O the
risk of mortality increases linearly with size (Equation (3)).

Error e

0.04

Results

Size-age relation and mortality pattern Bf ciliatus

We use the 1989 and 1997 data from the three transects
and performed a multiple parameter fit for determin-
ing the parameters, b, andc of the growth-relation
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Figure 4. Parameter estimate f@. ciliatus (A) Comparison of the predicted size-class distribution (gray bars) with data from 1997 (white
bars) and parametees= 498, b = 1.28,c = 0.00061,m; = 0.014. Three size-classes of the original width=(50 cn?) are joined for this
figure. The total quadratic deviation per size-class (Equation(5)pwaB.062. (B) the resulting size-age relation (solid line) and the percentage

of plants surviving the mortality pattem(s) = 0.05+ 0.015 §1000) (dashes). (C) resulting ideal size-class distribution (solid) and data from
1997 (dots) with a size-class width &f, = 50 cnf.

Equation (1) for different scenarios of the mortality creasing size (Figure 4C) which is only partly caused
patternm(s) (Equation 3). Figure 3 shows the smallest by the mortality pattern (cf., Figures 4B and 4C), but
error e for the fit in dependence on the coefficients more by the fact that plants &. ciliatusspend, with
my of the mortality pattern. There is evidence for a increasing size, less and less time in a given size-class.
(weak) size-dependent mortality pattern. We select the Interestingly, the ideal size-class distributik(g) is a
scenario withmy = 0.014 as a reference parameter. good approximation also for smaller size-classes (Fig-
With the method described in the section ‘Technique ure 4C). This observation is in good accordance with
for estimating the size-independent risk of mortality’ field observations that prove th&t ciliatuscan estab-
we determined an annual, size-independent risk of lish in mostyears. Roughly 70% of all plants measured
mortality of 5% (np = 0.05). Therefore, the fullmor-  in 1989 and 1997 had a size index< 1000 cn?
tality pattern foiB. ciliatusyieldsm(s) = 0.05+ 0.014 and were therefore not older than 14 years (see Fig-
(¢/1000). ure 4A). Roughly 90% of all plants were smaller
Form; = 0.014, the fit of the parameteasb, and thans = 1500 cnf in 1989 ands = 2000 cnf in
cresulted in a good accordance between the predicted1997 and were therefore not older than 20 years (see
and the observed size-class distribution (Figure 4A). Figure 4B). This age estimate is slightly higher than
The results of the parameter fit suggest that the previous age-estimates of about 10-15 years (Wiegand
speciesB. ciliatus shows accelerated growth behav- et al. 1995).
ior without saturation (Figure 4B). The shape of the
size-class distribution shows a strong decline with in-
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Figure 5. Parameter estimate f@. fruticosa (A) Comparison of the predicted size-class distribution (gray bars) with data from 1997 (white
bars) and parametees= 359, b = 1.59, andc = —0.00024,m; = 0. Three size-classes of the original width=¢ 30 cn?) are joined for

this figure. The total quadratic deviation per size-class (Equation (5)ewa.029. (B) The resulting size-age relation (solid line), and the

percentage of plants surviving (dashes) the mortality pattégh= 0.09. (C) Resulting ideal size-class distribution (solid) and data from 1989
(dots) with a size-class width éf, = 30 cn?.

Size-age relation and mortality pattern @f fruticosa ure 5B), the ideal size-class distribution is a good
approximation of the observed size-class distribution
We repeated the analysis presented in the last sec-measured in 1989 (Figure 5C). For smaller sizes there
tion for the specie<S. fruticosaand we found no  were less plants than predicted with the ideal size-
evidence of a size-dependent mortality pattern (Fig- class distribution. This result indicates that only little
ure 3). The erroe was minimal form; = 0. Fit of establishment occurred during the 19821988 period.
the parameters, b, andc resulted formy = 0 in a Roughly 90% of all plants were smaller than
good accordance between the predicted and the ob-g — 1500 cnfin 1989 ands = 2000 cn? in 1997 and
served size-class distribution (Figure 5A) The results were therefore not older than 23 to 29 years (See F|g_
of the parameter fit show that growth @&. fruti- ure 5B). This age estimate is in good accordance with

cosafollows logistic growth behavior with evidence  an earlier estimate that assumed a lifespan of 30 years
for saturation at larger sizes and exponential growth for G. fruticosa(Wiegand et al. 1995).

at smaller sizes (Figure 5B). We determined an an-

nual size-independent risk of mortality of 9%. The  sjze-age relation and mortality pattern@f spinosa
size-class distribution shows a strong decline with in-

creasing size (Figure 5C) which is mainly caused by For the specie®. spinosawe found clear evidence
the size-independent mortality pattern that yields an for a size-dependent mortality pattern (Figure 3). We
exponential decline of the number of plants with age select the valuem = 0.087 as reference case since
(Figure 5B). For size-classes> 300 cn?, which higher values ofmy did not improve the fit con-
accords with an age of approximately 7 years (Fig- siderably and would lead to an unrealistically high
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Figure 6. Parameter estimate fét. spinosa(A) Comparison of the predicted size-class distribution (gray bars) with data from 1997 (white
bars) and parametess= 594,b = 1.022, andc = 0.00026,m; = 0.087. Six size-classes of the original width=€¢ 30 cm’-) are joined for
this figure. The total quadratic deviation per size-class (Equation (5)ewa$.023. (B) The resulting size-age relation (solid line) and the

percentage of plants surviving (dashes) the mortality pattésh= 0.087 §1000). (C) Resulting ideal size-class distribution (solid) and data
from 1989 (dots) with a size-class width &f = 30 cnt.

annual mortality of larger shrubs. The predicted and size-class distribution measured in 1989 (Figure 6C).
the observed size-class distributions were in good ac- This size accords with an age of approximately 8 years
cordance (Figure 6A) and the results of the parameter (Figure 6B). For the 1997 data, the ideal size-class dis-
fit show that growth of the succulent spediespinosa tribution approximated the data well for sizes classes
follows, similar to the succuler. ciliatus acceler- s > 900 cn? (Figure 2E), which corresponds to an
ated growth behavior (Figure 6B) without evidence age of 12 years. For smaller sizes there were less
for saturation at larger sizes. However, in contrast to plants than predicted with the ideal size-class distribu-
B. ciliatus growth is almost linear for smaller sizes tion. This result indicates that only little establishment
(b~ 1) and accelerates only at intermediate and large occurred during the last 12 years. However, there is
sizes. We could not detect an annual size-independentevidence of establishment events for sizes 500,
risk of mortality, the analysis yieldeoy = 0. Size- 900 cnt (Figure 2E), which corresponds to a ages of
dependent mortality alone (i.emy > 0, mg = 0) was 6—7 and 12 years, respectively. Indeed, in 1991 there
sufficient to explain the decline of the size-class dis- was a big establishment event of the speBiespinosa
tribution at larger sizes (Figures 2E and 6C). Growth observed at the Tierberg study site (Milton 1995). The
of R. spinosds restricted by mortality. Plants hardly peak for 1985 is also visible in the size-class distri-
reach ages of 30 years which would correspond to a bution data from 1989 (Figure 6C) where the size of
sizes ofs = 3500 cnf. s= 300 cn? corresponds to an age of 4 years.

For size-classes > 600 cnf the ideal size-class Roughly 90% of all plants were smaller than
distribution is a good approximation for the observed s= 1500 cnfin 1989 and smaller thasi= 2000 cn?
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Figure 7. Parameter estimate fdr sinuatum (A) Comparison of the predicted size-class distribution (gray bars) with data from 1997 (white
bars) and parametess= 1178,b = 1.02, andc = —0.000035m = 0. Three size-classes of the original width=£ 50 cmz) are joined for
this figure. The total quadratic deviation per size-class (Equation (5)ewa$.044. (B) The resulting size-age relation (solid line) and the

percentage of plants surviving (dashes) the mortality patté¢gh= 0.15. (C) Resulting ideal size-class distribution (solid) and data from 1997
(dots) with a size-class width 6f, = 50 cn?.

in 1997 and were therefore not older than 18 to 22 class distributionl(s) is a good approximation for
years (see Figure 6B). This age estimate is in good the observed size-class distribution, also for smaller
accordance with an earlier estimate where we assumedsizes (Figure 7C). Comparison of the ideal size-class
an lifespan of 25 years fdR. spinosgWiegand et al. distribution with the size frequency data from 1997
1995). indicate four recent establishment events at sizes of
s~ 150, 600, 1000, and 1300 értFigure 7C), which
Size-age relation and mortality pattern Bfsinuatum corresponds to ages of approximately 1, 4, 7, and
9 years, respectively (Figure 7B). Inde€H, sinua-
Because the 1989 data fdr sinuatumwere scarce  tymestablished in 1990, 1993, and 1996 (S. Milton,
on the three transects d1d2, d3b3, and a7a8 (0n|YUnpub|ished data).
24 plants were measured) we used for our analysis  The constant annual risk of mortality necessary to
additional data from 6 more transects that were also explain the decline of the size-class distribution yields
Sampled in 1989. We found no evidence for a size- m(S) = 0.15. Consequenﬂy, the quick growing p|ants
dependent mortality pattern (Figure 3), thag = 0O, of the specied. sinuatundie early. Roughly 96% of
and analysis shows that the speciessinuatunfol- all plants in 1989 and 90% of all plants in 1997 were
lows over their entire size range a quick, almost smaller thars= 3000 cn?, and are therefore not much
linear growth with a tendency to saturate at large sizes g|der than 21 years (see Figure 7B). This age esti-

(Figure 7B). The predicted size of 8 year old plants mate is shorter than an earlier estimate that assumed
(a = 1178 cn?) is surprisingly high. The ideal size-
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Figure 8. Parameter estimate fér pallens (A) Comparison of the predicted size-class distribution (gray bars) and data from 1997 (white bars)
with parameterst = 380,b = 1.0434, andt = 0, m; = 0. Three size-classes of the original widsh=f 100 cn’?) are joined for this figure. The
total quadratic deviation per size-class (Equation (5)) &&as0.056. (B) The resulting size-age relation (solid line) and the percentage of total

quadratic plants surviving (dashes) the mortality patte¢s) = 0.015; (C) Resulting ideal size-class distribution (solid) and data from 1989
(dots) with a size-class width éf, = 100 cn?.

a lifespan of 50 years for. sinuatumWiegand et al. growth rings), that suggest that this small woody shrub
1995). species can live for more than 100 years (Milton et al.
1997).

Size-age relation and mortality pattern®fpallens

. . " Model validation
As for T. sinuatumwe used for our analysis additional

data from 6 more transects that were collected dur- We use the data on the canopy diameters of nine-
ing 1989. We found no evidence for a size-dependent year old plants of each of the study species measured
mortality pattern (Figure 3), thusy = 0, and the in 1998 to test our model. Because the parameter
analysis showed th&t pallensfollows over the entire  a is the size of eight-year old plants in the model,
size range a slow, almost linear growth (Figure 8B). we test mainly the model predictions for parameter
The constant annual risk of mortality necessary to ex- a. The nine-year old young plants had germinated
plain the decline of the size-class distribution yields on the study site following experimental clearing of
m(s) = 0.015. Consequently, the slow growing plants 10 (25nf) plots in 1989 (Milton 1995). Predictions
of P. pallenshave a long lifespan. Roughly 90% of for nine-year old plants are in good accordance with
all plants measured in 1989 (1997) were smaller than the mean value for nine-year old plants on the study
s = 5000 cn? (6000 cnf) and were therefore older site (Table 1). Only forB. ciliatus and P. pallens
than 85 to 100 years. This age estimate is in good predicted and measured values differ by more than
accordance with longevity estimates, based on the 10%. The value measured fBr ciliatusafter clearing
relationship between stem diameter and age (annualmay be higher than sizes under ‘normal’ field con-
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Table 1. Comparison of field data with model predictions for size of nine-year old plants.

Sizeatageg(c?r) B. ciliatus R.spinosa  G.fruticosa T.sinuatum P. pallens

Model prediction 577 672 415 1327 429
Field data 688t 468 623+380 527+ 279 1215+ 693 329+ 211
R. spinosa G. fruticosa B. ciliatus
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Figure 9. Size-dependent (annual) risk of mortality fr spinosdleft), G. fruticosa(middle), andB. ciliatus(right). Top (A—C): total number
of plants (white bars, field data from the three transects) and number of dying plants (gray bars) in a given size-class. Bottom (D-F): risk of

mortality (no. of dying plants divided by total no. plants), dashed lines: results from parameter fit, solid lines: fit from data. The size-class width
wass = 500.

ditions because the young plants Bf ciliatus had and a large size-class width 6f= 500 cnf. The
less competition than under normal field conditions mortality patterns that resulted from the parameter fit
and could grow biggeB. ciliatususually establishes  (dashed lines in Figures 9D, 9E and 9F) accorded for
in large gaps in open vegetation and is more limited all three species qualitatively with the mortality pat-
by competition with neighboring plants than the other tern obtained by dividing the number of dying plants in
species analyzed. The relative difference of 10& cm a given size-class by the total number of plants (solid
(=~ 30%) between the predicted and measured size ofline Figures 9D, 9E, 9F). In accordance to the results
nine-year of plants oP. pallensmay be attributed to  from the parameter fit, our data on dying plants in-
the unusually high competition from faster growing dicate forR. spinosaa linear or quadratic mortality
species. pattern. However, the data are less clear@orfru-

As second test for our model predictions we com- ticosaandB. ciliatus but a size-dependent mortality
pared, foB. ciliatus G. fruticosg andR. spinosathe pattern seems more probable Birciliatus
fraction of dying (or dead) plants-(75% of canopy
dead) at different size-classes with the predicted mor- Wood energy investment
tality pattern (Figure 9 top). For the other two species,
no data were available. Because the total number of Energy investment in wood per unit dry mass varied
plants in large size-classes were low we used for this Over a moderate range, from about B gallen$ to
analysis only size data for plants with sizes: 2500 20 kJ g'* R. spinosj (Table 2), but differed signifi-
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Table 2.Energy content of wood ex-

pressed on a volume and dry mass basis. considerable effort (e.g., marking and following in-

dividual plants). Our technique calculates a ‘mean’
Species kicm®  kig? size-age relation that is based on the ‘mean’ shift
of the sizes of many plants and evens out individ-
ual differences in growth (e.g., due to site factors or
random effects) to a certain extent. For example, the
size of nine-year old plants observed in the field var-

R.spinosa 23.37a 20.37 a
B. ciliatus 21.35a 18.90 ab
G. fruticosa 16.09b 17.49b
P. pallens 1451bc 14.23 bc

; . o 0
T sinuatum  12.67¢  17.53b ied v_\nth a stgndard deviation of some 60%, .but the
- : predictions with our model accorded well with the

Note. Significant differences between mean size observed. In most cases, there were only

species are indicated by different charac- . . L
ters. Significance was assessed with the few data available on large plant sizes for fitting the

95% Tukey-HSD interval test. growth-relation (Equation (1)). Therefore the results
for bigger sizes should be interpreted with caution

] o ) and may give only qualitative trends (e.g., acceler-
cantly between species. A similar result was obtained ated growth ofB. ciliatusandR. spinosawith ¢ > 0

for specific energy content results (Table 2), except yersus linear or saturated growth with< 0 for the
that species differences in wood density amplified the speciesG. fruticosa T. sinuatumandP. Pallen3. By
range of values. The two succulent-leaved species comparing different possible parameter sets that yield
had significantly higher wood specific energy values z comparable small err@ (Equation (5)) we found
than the three non-succulent species. The analysisthat the resulting age-size relations were almost iden-
of energy investment in wood provides information tical over the normal life-span of the species where
for interpreting the distinct growth pattern of the five gyfficient size data were available. However, differ-
species that were determined in the last sections. ences become visible at higher ages where little data
were available. The smallest ereithe total quadratic
deviation between the normalized observed and pre-
dicted size-class distributions (Equation (5)), ranged
between 0.023 foR. spinosaand 0.062 forB. cil-

We presented a technique for estimating size-age re-jatys (Table 3) and the predicted and the observed
lations and mortality pattern of long-lived plants. The gjze-class distributions are in good accordance. For
technigque requires two sets of data for the sizes of in- g species, with exception d?. pallens we found
dividual (non-marked) plants that should be collected that our fit is reliable (i.e.e < e ande > e) (Ta-

in the same area of a study site. The time-lag betweenpje 3). Forp, pallensthe smallest erroe had a value
the two data gathering events should be well below of ¢ — 0.0554 which slightly above the limit of the
the typical lifespan of the species investigated, but 9504 interval " = 0.0524) but still within the 99%
should allow for sufficient growth. The plants grow interval €t = 0.0575). We hypothesise that the week
and die between the two data gathering events. BY it of P. pallensis caused by the mismatch between
assuming plausible growth and mortality relations we  the |ong life-span of this species compared to the rel-

transform the size data from the first data set to pre- atively short time-lag of eight years between the data
dicted size-data for the second data set and comparegathering events.

the observed and predicted size-class distributions. By~ additional confidence in our results was provided
applying this ‘filter’ to a high number of plausible by model validation. Model predictions for the size
growth and mortality relations we can find the one of nine-year old plants generally accorded well with
that best matches the data. With this growth relation fie|q data on the mean size of nine-year old plants that

we finally calculated the size-age relation for the given emerged after clearings in 1989, and the mortality pat-

Discussion

species. tern found by comparing the number of dying plants
_ _ with the total number of plants in different size-classes
Gains and shortcomings of our model accorded qualitatively with our model predictions.

The power of our technique is facilitated by the
combination of two complementary approaches. In the
first approach (Equation (1)) we ask how the charac-
teristic features of the observed size distributions differ

We determined age-size relations and mortality pat-
terns for five dominant shrub species at the Tierberg
study site. Both are normally not accessible without
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Table 3. Summary of the results.

Variable Symbol  B. ciliatus R. spinosa G. fruticosa T. sinuatum P. pallens
Size at age 8 (cA) a 498 594 359 1178 380
b 1.28 1.022 1.588 1.02 1.043
c 0.00061 0.00026 —0.00024 —0.000035 0
Risk of mortality m(s) 0.05+0.014 0.087(s/1000) 0.09 0.15 0.015
(s/1000)
Lifespar‘P ~ 17-19 years =~ 18-22 years =~ 23-29years = 21 years ~ 85-100 years
Max size (cnf) ~ 4000 ~ 4000 ~ 4000 ~ 5000 ~ 9000
No. plants 1989 32 382 238 &5 152
No. plants 1997 62 617 480 187 83
Minimal error e 0.062 0.023 0.029 0.044 0.056
95% confidence (ef,ef) (0.052,0.119) (0.018,0.033)  (0.023,0.041)  (0.038,0.078) (0.027, 0.053)
Intervaf
99% confidence (e),ef) (0.047,0.134) (0.016,0.036)  (0.021,0.044)  (0.035,0.088) (0.025, 0.058)
Intervaf
Size-class width (c&) &, 50 30 30 50 100

Note. The plant size data used were collected in 1989 and 1997 at three 10@ m transects?To increase thd. sinuatumand
P. pallens samplsize in 1989 we used for our analysis additional data from 6 more transects.

bOnly 10% of all plants live longer.

CThe fit between the observed and the predicted size-class distribution is reliataledf™, ;).

between the two data sets. This method is sensitive to site in the same way, and when individual site factors
the determination of the three parameteash, and (e.g., local nutrient availability, soil, or competition)
¢) that describe the growth of the plants and the para- are less important. Also, mortality events that kill se-
metermy that describes the size-dependent componentlectively plants of a certain size or age class would
of the mortality pattern. This method, however, is not corrupt the assumptions of our technique.
suitable for detecting the size-independent component  Our technigue can only be applied if the time-lag
mg of the mortality pattern for a given species. Thisis between the two data sets is appropriate in relation to
because we use normalized distributions to facilitate the life-span of the species analyzed. We found that
the inclusion of data that were not collected in exactly the time-lag of eight years was probably too short to
the same area. In the second approach for determiningobtain a reliably fit for the long-lived specié€s pal-
mp we focus on the size distribution of the species and lenswhich can live more than 100 years (Milton et
compare the observed size distribution with an ‘ideal’ al. 1997). There should be a high proportion of plants
size distribution. The ‘ideal’ size distribution assumes surviving the time-lag and sufficient growth should oc-
every year the same number of established plants andcur during this period. Also, the period between the
calculates the number of plants that survive to a certain two data collection events should represent ‘typical’
age. climatic conditions at the study site (e.g., a mixture
of good and bad years). If only wet years (with high

Under which circumstances is our method unreliable? growth), or dry years (with low growth) occur, the es-

, , . ) timated growth parameters will not be representative.
T_he basic qssgmp_ﬂon of our techmque is that the At the study site, the rainfall totals during the grow-
S|ze-class_ d_lstrlbutlons of the species an_alyzed areing seasons (April to September) from 1988 to 1996
charactenstlcfeatur(_as ofthe partlcula_r species andthat, (e 135 mm, 80 mm, 110 mm, 77 mm, 105 mm,
they therefore qontamagreatdeal oflnformatlon (e.q., 111 mm, 117 mm, 119 mm, 87 mm, with a long-
on past establishment events, and on mortality pat- yo;m mean of 76 mm calculated from Prince Albert
Fern), but in an enc_oded way. By mclu_dlng th's code rainfall records. Thus, the rainfall during the grow-
into our model we t_rled to deco_de t_he hidden informa- ing season was a mixture between average years and
tion. However, this is only possible if the growth of the higher-rainfall years without a very dry year that may

plants is mainly determined by common factors (€.9., have killed selectively plants of a certain size. We
age or climatic pattern) that apply for all plants at the
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therefore had fairly representative weather conditions R. spinosaand P. pallensallocate relatively more
for growth, with a slight tendency towards above av- resources to defense and survival at smaller sizes
erage rainfall and we thus expect the resulting growth (P. pallensat all sizes) than to early reproduction (see
parameters to be representative. Figure 10B).

Newly germinated shrub seedlings in arid and Our study indicated that the evergreen species
semi-arid environments generally experience very P. pallensandR. spinosashowed a low annual risk
high (>95%) mortality within the first two years (Esler  of mortality (<5%) at small sizess(< 500 cn¥). Both
1993, Milton 1995). Small shrub seedlings§ cm are chemically-defended against herbivétyspinosa
diameter) should therefore be excluded from the data by high concentrations of tannins and polyphenols in
used for the calculation of growth and survival from the old leaves and stems (van der Heyden 1992), and
changes in population structure. Large cohorts of year- P. pallensby alkaloids (Kellerman et al. 1988) that
old plants are rarely traceable five to ten years later, are likely to reduce herbivory by insects and mam-
and if included in the data base may make it impossi- mals. In additionR. spinosainvests in spines and
ble to fit growth parameters or to estimate the annual P. pallensin very thick woody main stems (which,
survival of established plants. paradoxically are relatively inexpensive). The decid-

It is likely that our method may be inappropri- uous specieB. ciliatus G. fruticosg andT. sinuatum
ate for some shrub life-forms. Possible examples in- had a higher annual risk of mortality-(5%) at all
clude succulents that transfer water from old leaves to sizes than evergreen species, and this is likely to be
new, showing little growth between years, hemicryp- related to the trade-off between allocation of energy
tophytic perennials such alsparagusspp. where to chemical defense and growth. For examplein-
above-ground parts die off completely in some years, uatum which is palatable to insects and mammals
but later regrow, and shrubs that reproduce both veg- (Milton 1993), chemically undefended, and with the
etatively and by seed, in which growth of offsets may least expensive wood, regrows rapidly after damage,

be considerably faster than seedlings. whereas evergredn pallensandR. spinosahat are
chemically defended, recover slowly (van der Heyden
Biological interpretation of the model results 1992).

It is interesting that there are considerable differ-
The two succulent specids ciliatusandR. spinosa  ences between the two speciesinuatumandP. pal-
showed accelerated growth behavior without satura- |ensof the functional group ‘successor species’ (Wie-
tion, however, the annual risk of mortality increased gand et al. 1995). They both establish in shaded sites
with increasing age, and we estimated short life-spans ynder the canopy of plants &. ciliatus R. spinosa
for both species. Both follow the strategy ‘live fast, die  and G. fruticosaall of which belong to the func-
young'. The size-dependent risk of mortality cannot, tional group ‘colonizer species’ that establish mainly
however, be explained by the physiological growth in open sites. BotHT. sinuatumand P. pallensshow
characteristics of these species. These species apparzimost linear growthi{ ~ 1) and a size-independent
ently invest more in structural support (dense wood mortality pattern, however they differ considerably
with high energy content) than the non-succulents but i their size at age eight( pallens a = 380 cnt,
build new branches in an exponential manner and haveT, sinuatuma = 1178 cnf) and in their annual risk
shorter life span. This SUrpriSing result contrasts with of morta"ty (P pa”ens m(s) = 0.015,T. sinuatum
results showing a positive relationship between in- nys) = 0.15). P. pallensoccupies the niche of a
vestment in wood and |0ngeVity in angiOSpel’m trees slow growing, |0ng_|ived, heavy_defended (unpa|at_
(Loehle 1988), and highlights our presently poor un- aple) and evergreen species that flowers and grows
derstanding of the constraints of growth for leaf suc-  steadily without being influenced too much by rainfall
culent species. It is possible that the bearing of heavy yariability.T. sinuatumin contrast, occupies the niche
succulent leaves, or special constraints in water rela- of 4 quick growing, shorter-lived, low-defended (soft,
tions require relatively greater wood investment than highly palatable) and deciduous species that grows and

for the non-succulents. flowers opportunistically in response to rainfall.
The two early reproducing speci8s ciliatusand

G. fruticosa showed accelerated growth at smaller
sizes b > 1.28,...) while all other species show more
or less linear growth at smaller sizeb & 1.05).
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Figure 10. Summary of the size-age relations (A) and the mortality pattern (B) obtained with our technique.
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Conclusion We speculate that the physical or physiological costs
associated with the bearing of heavy succulent leaves
The advantages of the method described in this paperrequire relatively greater wood investment than for the
are firstly, that a plant population need be measured non-succulents (although it is also possible that the
on only two occasions in order to estimate survival and relatively recent speciation of leaf succulent Mesem-
growth, and secondly, that marking individual plantsis bryanthemaceae with woody stems has resulted in
not required. For shrubs with perennial above-ground inefficient wood investment patterns which have not
stems, our approach was dependable, even for rela-yet been subject to selective pressure).
tively small sample sizes. In some cases we increased
the sample size by adding plant sizes that were sam-
pled at additional transects in the same area of the Acknowledgements
study site. This result proves that our technique is
not necessarily restricted to two data sets that were Funding provided by the UFZ-Centre for Environmen-
collected at exactly the same transects. This is an tal Research, Leipzig enabled S.J.M. and T.W. to travel
important point for potential applications of our tech- between Germany, and South Africa for co-operative
nigue. The possibility of resampling an area some work. The authors thank M. Aguiar, W. R. J. Dean, F.
years later may increase the value of ‘old’ data sets Jeltsch, K. Moloney, J. Paruelo, H. Thulke, K. Wie-
considerably. An unexpected and intriguing finding gand, and especially N. Eccles for assistance during
was that although wood density was correlated with the development of ideas or for comments on drafts of
longevity in the three non-succulent plants species we this manuscript. The authors are grateful to S. Com-
examined, this did not hold for the succulents. Itwould pion and V. Swanepoel of Saasveld Forestry College,
appear that wood production is more costly than ex- Port Elizabeth Technikon for collecting the 1997 data.
pected for the succulent species sampled in this study.
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