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Abstract

Leaf tissues of vascular plant species from the arid Richtersveld of northern Namaqualand (Succulent Karoo),
South Africa, show a great range of variation in carbon isotope discrimination. Analygesaities for species

with obligate G metabolism demonstrated that the water use efficiency indicated by these values varies between
species and within a species population both between seedlings and mature shrubs and between sites along an
aridity gradient. An expected pattern of increasing water use efficiency with greater longevity in these species
was not present, however. Only among ephemerals were there taxa with viglnes associated with low water

use efficiency, but these high values were balanced by other ephemeral species witivdtwves comparable to

those typical of moderate to long-lived shrubs. The extent to which putative CAM species in the succulent flora
rely entirely on nocturnal carbon fixation is highly variable. Species of Crassulaceada@@sphodelaceae)

relied almost exclusively on CAM photosynthesis, although Crassulaceae from more mesic environments may be
CAM-flexible. Succulent-leaved species#neci@nd leaves of stem-succuldaphorbiawere CAM-flexible in

their A values, while shrubby speciesGéraria (Portulacaceae) appeared to rely primarily gnpBotosynthesis.
Variable patterns of reliance on CAM photosynthesis were present in the ecologically dominant Mesembryanthema
of the Aizoaceae. Shrubby species of the subfamily Mesembryanthemoideae, although capable of CAM-flexibility
in less xeric habitats, relied largely on CAM fixation of carbon in our field sites. Within the subfamily Ruschioideae,
there was a wide range a&f values indicating species with CAM, CAM flexibility, and primary reliance on

C3 photosynthesis. LowA values indicative of typical CAM fixation were associated with species with greater
longevity, suggesting that a positive correlation may exist between the degree of reliance on CAM photosynthesis
and plant life span.

Introduction succulent-leaved shrubs and subshrubs form a dom-
inant component of vegetation cover (Cowling et al.
The flora of Namaqualand, a winter-rainfall desert 1994), relatively little is known about the possible
region (Cowling et al. 1999), is characterized by re- significance of differential strategies of water use ef-
markable plant diversity at all scales (Cowling et al. ficiency and photosynthetic assimilation in relation
1998), particularly among leaf succulent species (Van to community structure and diversity within these
Jaarsveld 1987). This diversity, combined with the communities. Previous studies have established that
steep environmental gradients in the area (Jurgensgrowth-form diversity in the Succulent Karoo of Na-
1986; Desmet & Cowling 1999), offers interesting maqualand is lower than that of comparable North
opportunities for studying the physiological ecology American desert regions despite the far higher species
of desert plants (Von Willert et al. 1992). Although diversity in Namaqualand (Esler & Rundel 1999; Es-
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ler et al. 1999). Low growth-form diversity with  National Park. The first site was at Akkerdisdraai
high species diversity might be possible if there is a (28°14 S lat, 1705 E long) in the Swartpoort area
functional niche separation in ecophysiological traits of the park (Rundel et al. 1995), and it was here that
among coexisting species. the largest number of species were sampled. Leaf sam-
Research in recent years has demonstrated that carples were collected from species growing in a diverse
bon isotope fractionation in ££species can be used community of stem and leaf succulent perennials on
as an integrated indicator of relative water use ef- a south-southwest facing granite slope, and from a
ficiency (Farguhar et al. 1982; Rundel et al. 1989; wash woodland community below, which formed the
Ehleringer et al. 1993b,c). Absolute water efficiency in drainage for this slope. This site lies at about 300 m
desert plants is influenced during the growing season elevation and receives a mean annual rainfall of about
by changes in water availability and leaf-to-air water 50 mm. Also sampled were leaf succulents grow-
vapor gradient, and thus changes significantly betweening at Hellskloof in the park (283 S lat, 1658 E
seasons (Ehleringer et al. 1992). These changes affectong; 800 m elevation, 80 mm mean annual precip-
all plant species in a community, however, and there- itation). These sites fall within the upland Succulent
fore the relative ranking oA values among species Karoo of Low & Rebelo (1996). A small number of
provides insight into fithess components related to species were sampled in riparian habitats and low rock
water use efficiency since the relative rankingsfof  outcrops along the Orange (Gariep) River near Brand-
values among plants grown under common condi- karos (2829 S lat, 1640 E long; 100 m elevation,
tions remain constant over time (Johnson et al. 1990; 40 mm mean annual precipitation), a site just outside
Ehleringer 1993b,c). of the Richtersveld National Park. Additional study
In addition to its value in assessing relative water sites, not part of the primary survey but serving as less
use efficiency among {Cspecies, carbon isotope dis- xeric comparisons, were located at: (a) McDougall’s
crimination allows a means of identifying the relative Bay (2916 S lat, 1653 E long) at an elevation of
use of Crassulacean acid metabolism (CAM) among about 5 m (mean annual precipitation of 80 mm); and
putative CAM taxa. Such measurements allow a sep- (b) 300 m elevation at Augrabies Mountain {28 S
aration of species with pure CAM, CAM-flexibility, lat, 1775 E long) near Port Nolloth where coastal fogs

and primary reliance ongInetabolism (Kluge & Ting
1978; Brulfert et al. 1996).

In this paper we report on a three-year study of car-
bon isotope discrimination in the vascular plant flora
of the arid Richtersveld region of northern Namaqua-

bring somewhat more moderate conditions and a mean
annual rainfall of about 100 mm (Desmet & Cowling

1999b). Collections were made in Strandveld Succu-
lent Karoo around the former site, and at Augrabies on
alluvial slopes dominated by a mixed assemblage of

land. We collected samples from this species-rich leaf succulents (particularly Mesembryanthema) and
area to test hypotheses about the relationship betweerEuphorbia ephedroidesnd on steep rocky slopes of
carbon isotope discrimination, and thus water use ef- the mountain itself. The Augrabies site is classified as
ficiency, and such traits as plant longevity, growth lowland Succulent Karoo (Low & Rebelo 1996). Only
form, and leaf morphology and phenology (Ehleringer selected data from these additional sites is presented
& Cooper 1988; Ehleringer 1993b,c; Brooks et al. here.
1997). Moreover, we had a further objective to eval- Tissue samples for carbon isotope and nitrogen
uate the significance of CAM photosynthesis within analyses were collected on four field expeditions car-
the Mesembryanthema of the Aizoaceae (sensu Bit- ried out in July 1993, July 1995, February and July
trich & Hartmann 1988), the most ecologically and 1996. Mature leaf tissues from a minimum of three in-
floristically diverse and dominant family in this region dividuals of common species at each sample site were
(Ihlenfeldt 1994; Chesselet et al. 1995). collected, and these samples were pooled for analysis.
Each species was identified and classified into
one of four growth-forms: ephemerals (annu-
als), short-lived herbaceous perennials, and geo-
phytes, moderate-lived subshrubs, long-lived woody
shrubs, and long-lived wash woodland phreato-

A series of arid field sites in northern Namagqualand Phytes. Moderate-lived subshrubs include those
were used in the collection of data for this study (Fig- SPecies thought to have an average longevity of 5-
ure 1). Two sites were located in the Richtersveld 20 years, while long-lived shrubs and phreatophytes

Materials and methods

Study sites and sampling protocols
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Figure 1. Field sites (indicated bx) in Namaqualand.
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Figure 2. Carbon isotope discrimination\{ in leaf tissues of 89 species of vascular plants from the Richtersveld and adjacent argzexi€s
are not included in this graph. See Table 1 for individual data. A mean value is shown for two species sampled in two populations.
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Figure 3. Carbon isotope discriminatior\{ in leaf tissues of plants with obligate;@etabolism from the Richtersveld.

are those thought to survive for well over 20 years. Results
Many species in this latter category probably live for
100 years or more. Nomenclature used in this paper Carbon isotope analyses of 103 plant species (105

follows that of Arnold & De Wet (1993). collections) from the Richtersveld and nearby areas
provided a broad range of discrimination values (
Isotopic analyses from 5 to 2%, (Table 1). A histogram of these

data (Figure 2) suggested two distinct arrays of val-
Natural’3C ratios were measured at the Duke Univer- yes with one from 5-1, and the second from
sity Phytotron (Durham, North Carolina) on a SIRA  13-2%,. Since the lower range likely represented
Series Il isotope ratio mass spectrometer (VG Isotech, species with Crassulacean acid metabolism (CAM) or
Middlewich, United Kingdom) operated in automatic C, metabolism, we separated species in genera that
trapping mode after combustion of samples in an have been previously reported to be CAM (Mooney
elemental analyzer (NA1500, Carlo Erba Instrumen- et al. 1977, Kluge & Ting 1978, Von Willert et al.
tazion, Milan, Italy). The reference GOcalibrated ~ 1992). This allowed us to analyze the range of car-
against standard Pee Dee belemnite (PDB), was ob-pon isotope discrimination present in taxa expected to
tained from Oztech (Dallas, Texas). Carbon isotope possess normal Calvin Cyc|e :g:metaboﬁsm_ Puta-
discrimination &) was calculated for each species on tive CAM genera separated for independent analysis

the basis of the following formula: were Asclepiadacea&arcostemnja Asphodelaceae
8a — &p (Aloe), AsteraceaeSenecid, Crassulaceae (all gen-
1 5, era), Euphorbiacea&gphorbia),Mesembryanthema

(all genera), and Portulacaceagefaria). Five ¢4
' taxa were also excluded from further analysis — the
shrubsAtriplex cinereassp. bolusii and Salsola nol-

whered, is the carbon isotope ratio of the atmosphere
here assumed to be7.8%, and§, is the carbon

isotope ratio of plant leaf tissues. lothensis(Chenopodiaceae) and gras€#adoraphis

Although A values were ca!culated to 0d, the cyperoidesKaroochloaandStipagrostifPoaceae).
accepted accuracy of carbon isotope analyses, sum-

mary graphs of carbon isotope discrimination were ~arpon isotope discrimination in{species

rounded to the lower whole integer to show patterns

of distribution among and within taxa. Eliminating putative CAM taxa and £taxa gave us
Surveys of midday leaf temperatures were carried carbon isotope discrimination data on 44 species, all

out in a variety of species, particularly those with suc- in the range of 13-24 (Figure 3, Table 1). The

culent leaves, using an Erickson infrared thermometer modal carbon isotope discrimination in thesgt@xa

calibrated with an emisivity of 0.98 and a precision of was 17w, and 75% of these taxa hadvalues in the

0.1°C. range of 15-1%.. Among these taxa, there was no
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Table 1. Taxonomic listing with ecological classification of growth form and estimated life span of plant species sampled for carbon
isotope discrimination in the Richtersveld area of Namaqualand. Discrimination values (D) are means of pooled samples of tissue from
three individuals. See text for discussion.

Species Site Growth-forfn Tissue sampled Discrimination Estimated
(%0) life span
Acanthaceae
Acanthopsis dispermisees Akkerdisdraai A leaf 20.4 annual
Blepharis capensiél..f.) Pers. Akkerdisdraai ES leaf 14.5 moderate
Monechma mollissimuiiiNees) P.G. Mey. Akkerdisdraai ES leaf 15.7 moderate
Aizoaceae — Tetragonioideae
Galenia sarcophylldenz|. Akkerdisdraai ES leaf 18.7 moderate
Hypertelis salsoloideéBurch.) Adamson vasalsoloides Akkerdisdraai ES leaf 15.3 moderate
Tetragonia spicatd..f. Akkerdisdraai LS leaf 15.9 moderate
Aizoaceae (Mesembryanthema) —
Mesembryanthemoidea
Brownanthus neglectuBierce & Gerbaulet Brandkaros LS/SS stem 9.4 moderate
Brownanthus nucifeflhlenf. & Akkerdisdraai LS leaf 7.1 long
Bitterich) Pierce & Gerbaulet
Brownanthus pseudoschlichtianus Hellskloof LS/SS stem 6.2 moderate
Pierce & Gerbaulet
Mesembryanthemum hypertrophicum Brandkaros LS leaf 5.0 annual
(Dinter) Gerbaulet
Mesembryanthemusp. Akkerdisdraai LS leaf 9.3 annual
Mesembryanthemusp. Hellskloof LS leaf 9.5 annual
Psilocaulonsp. Hellskloof LS leaf 7.4 moderate
Phyllobolus sinuosu@.. Bol.) Gerbaulet Akkerdisdraai LS leaf 13.6 moderate
Phyllobolussp. Hellskloof LS leaf 6.0 short
Aizoaceae (Mesembryanthema) —
Ruschioideae
Antimimasp. Hellskloof LS leaf 11.9 moderate
Astridia cf. hallii Hellskloof LS leaf 10.6 moderate
Astridia longifolia (L. Bol.) L. Bol. Akkerdisdraai LS leaf 8.7 moderate
Cephalophyllurrsp. Akkerdisdraai LS leaf 10.6 moderate
Cheiridopsis robustg§Haw.) N.E. Br. Akkerdisdraai LS leaf 111 moderate
Conophytum saxetanui.E. Br.) N.E. Br. Brandkaros LS leaf 6.4 long
Conophyturrsp. Akkerdisdraai LS leaf 7.4 long
Dracophilus dealbatugN.E. Br.) Walg. Brandkaros LS leaf 8.9 moderate
Drosanthemum unifloruro. Bol. Hellskloof LS leaf 8.1 moderate
Drosanthemunsp. 1 Hellskloof LS leaf 10.7 short
Drosanthemunsp. 2 Hellskloof LS leaf 14.7 short
Eberlanzia stylosdL. Bol.) L. Bol. Akkerdisdraai LS leaf 15.0 moderate
Leipoldtia weigangiangDinter) Dinter Akkerdisdraai LS leaf 18.1 moderate
& Schwant.
Leipoldtia schultze{Schltr. & Diels) Akkerdisdraai LS leaf 14.9 moderate
Friedr.
Leipoldtia schultze{Schiltr. & Diels) Hellskloof LS leaf 16.2 moderate
Friedr.
Mitrophyllum sp. Hellskloof LS leaf 14.0 moderate
Psammophora modes(Rinter & Berger) Brandkaros LS leaf 8.3 long
Dinter & Schwant.
Ruschia schneiderian@Berger) Akkerdisdraai LS leaf 7.9 moderate

L. Bol.




Table 1 (continued).

Species Site Growth-forin Tissue sampled Discrimination Estimated
(%0) life span

Ruschiasp. Akkerdisdraai LS leaf 10.7 moderate

Ruschiasp. Akkerdisdraai LS leaf 10.3 moderate

Ruschiasp. Hellskloof LS leaf 9.7 moderate

Stoeberia arborescendan Jaarsveld Hellskloof LS leaf 10.6 long

Stoeberia frutescer(&. Bol.) Akkerdisdraai LS leaf 6.3 long

Van Jaarsveld

Synaptophyllum juttaéDinter Hellskloof LS leaf 9.1 short

& Berger) N.E. Br.

Unknown sp. Hellskloof LS leaf 8.4 long

Anacardiaceae

Ozoroa concolo(Presl| ex Sond.) Akkerdisdraai RT leaf 14.8 long

De Winter

Rhus populifolisE. Mey. ex Sond.  Akkerdisdraai RS leaf 16.8 long

Rhus undulatalacqg. Akkerdisdraai RT leaf 15.2 long

Apocynaceae

Pachypodium namaquanufWyley Akkerdisdraai SS leaf 15.8 long

ex Harv.) Welw.

Asclepiadaceae

Sarcostemma viminalg.) R. Br. Augrabies SS stem 55 long

AsphodelaceadPart A)

Trachyandrasp. Akkerdisdraai HP-G leaf 20.3 short

AsphodelaceadPart B)

Aloe ramosissim®illans Akkerdisdraai LS leaf 6.5 long

Asteraceae

Berkheya fruticosdL.) Ehrh. Akkerdisdraai ES leaf 18.2 moderate

Didelta carnosgL.f.) Ait. Akkerdisdraai HP leaf 18.4 short

var carnosa

Didelta spinosdL.f.) Ait. Akkerdisdraai DS leaf 17.5 moderate

Gazania lichtensteiniLess. Akkerdisdraai A leaf 18.0 annual

Osteospermum polycephaly®C.) Akkerdisdraai A leaf 18.3 annual/biennial

T. Norl.

Othonna opimavierxm. Akkerdisdraai LS leaf 16.9 moderate

Othonnasp. Akkerdisdraai LS leaf 18.4 moderate

Senecio corymbiferusC. Akkerdisdraai LS leaf 14.7 moderate

Senecio longifloru¢DC.) Akkerdisdraai LS leaf 9.9 moderate

Sch. Bip.

Ursinia sp. Akkerdisdraai A leaf 20.9 annual

Brassicaceae

Heliophila sp. Akkerdisdraai A leaf 21.0 annual

Burseraceae

Commiphora capensis Akkerdisdraai SS leaf 18.1 long

(Sond.) Engl.

Capparaceae

Boschia albitrunca Akkerdisdraai RT leaf 18.9 long

(Burch.) Gilg. & Ben.

Chenopodiaceae

Atriplex cinereaPoir McDougall's Bay ES leaf 5.9 moderate

subspbolusii (C.H. Wr.) Aell.

Salsola nollothensigell. McDougall's Bay ES leaf 3.9 moderate
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Species Site Growth-forin Tissue sampled Discrimination Estimated
(%0) life span

Crassulaceae

Crassula deceptoBchonl. & Bak. f. Akkerdisdraai LS leaf 6.8 moderate

Crassula subacauliSchonl. & Bak. f. Akkerdisdraai LS leaf 7.7 moderate

subsp. erosula (N.E. Br.) Tolken

Crassula fuscaierre Akkerdisdraai LS leaf 6.5 moderate

Crassula muscosh. Akkerdisdraai LS leaf 10.6 moderate

Crassula rupestri§ hunb. Akkerdisdraai LS leaf 7.4 moderate

Crassula serice&chonl. var. Akkerdisdraai LS leaf 5.6 moderate

velutina(Friedr.) Tolken

Crassulasp. Akkerdisdraai LS leaf 7.0 moderate

Tylecodon bucholzianySchuldt & Stephens) Akkerdisdraai LS leaf 8.6 moderate

Tolken

Tylecodon paniculatu@_.f.) Akkerdisdraai LS leaf 55 long

Tolken

Tylecodon rubrovenosy®inter) Akkerdisdraai LS leaf 55 moderate

Tolken

Ebenaceae

Euclea pseudebents Mey. Akkerdisdraai RT leaf 17.8 long

ex A. DC.

Euphorbiaceae

Euphorbia decussata Akkerdisdraai SS leaf 12.2 long

E. Mey. ex Boiss.

Euphorbia dregean&. Mey. Akkerdisdraai SS leaf 6.3 long

ex Boiss.

Euphorbia hamatgHaw.) Akkerdisdraai SS leaf 11.2 long

Sweet

Jatropha orangean®inter Akkerdisdraai LS leaf 16.9 long

ex P.G. Mey.

Fabaceae

Acaciacf. karoo Brandkaros RT leaf 20.5 long

Indigoferasp. Akkerdisdraai A leaf 15.2 annual

Schotia afraL.) Thunb. Akkerdisdraai RT leaf 154 long

Geraniaceae

Pelargonium crithmifoliuml.E. Sm. Akkerdisdraai LS leaf 175 moderate

Pelargonium klinghardtensiénuth Akkerdisdraai LS leaf 17.5 moderate

Sarcocaulon crassicaul@ehm Akkerdisdraai SS leaf 18.3 moderate

Hyacinthaceae

Lachenaliasp. Akkerdisdraai HP-G leaf 18.1 short

Moraceae

Ficus cordataThunb. Akkerdisdraai ET leaf 15.8 long

Oxalidaceae

Oxalissp. Akkerdisdraai A leaf 20.7 annual

Poaceae

Cladoraphis cyperoideéThunb.) McDougall's Bay HP leaf 5.1 short

S.M. Philips

Karoochloasp. Akkerdisdraai HP leaf 5.6 short

Stipagrostissp. Akkerdisdraai HP leaf 55 short
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Table 1 (continued).

Species Site Growth-forin Tissue sampled Discrimination Estimated
(%0) life span

Portulacaceae

Anacampserosf. papyracea  Brandkaros LS leaf 9.2 long

Ceraria fruticulosaPearson &  Akkerdisdraai LS leaf 13.6 long

Stephens

Ceraria fruticulosaPearson & Brandkaros LS leaf 13.3 long

Stephens

Ceraria namaquensiéSond.)  Akkerdisdraai LS leaf 14.3 long

Pearson & Stephens

Scrophulariaceae

Aptosimum spinesceliShunb.) Akkerdisdraai ES leaf 18.1 moderate

Weber

Heibenstreitiasp. Akkerdisdraai A leaf 19.7 annual

Hyperiasp. Akkerdisdraai A leaf 16.8 annual

Nemesiasp. Akkerdisdraai A leaf 17.9 annual

Sutera tomentos@rhunb.) Akkerdisdraai ES leaf 17.1 moderate

Hiern

Solanaceae

Solanumsp. Akkerdisdraai RS leaf 19.2 long

Tamaricaceae

Tamarix usneoidek. Mey. Brandkaros RT leaf 17.8 long

ex Bunge

Urticaceae

Forsskaolea candida.f. Akkerdisdraai ES leaf 13.8 moderate

Verbenaceae

Plexipus garipensi¢E. Mey.)  Akkerdisdraai A leaf 16.6 annual

R. Fernandes

Zygophyllaceae

Zygophyllum cordifoliuni..f.  Akkerdisdraai ES leaf 17.5 long

Zygophyllumcf. macrocarpum Akkerdisdraai ES leaf 171 long

Zygophyllum prismatocarpum Akkerdisdraai ES leaf 155 long

E. Mey. ex Sond.

*A = annual, ES= evergreen shrub/subshrub, BSdeciduous shrub/subshrub, RT riparian tree, RS=
riparian shrub, LS= leaf succulent, SS: stem succulent; HE herbaceous perennial, & geophyte.

significant correlation of leaf morphology (succulent
or non-succulent) or phenology (evergreen or decidu-
ous) with carbon isotope discrimination and thus water
use efficiency. The great majority of woody shrubs

and subshrubs, however, were characterized by the*

presence of evergreen succulent leaves.

To provide an assessment of the range of variabil-
ity of carbon isotope fractionation present in a given
species at a specific site, we collected and individually
analyzed leaf samples from 41 individualsRechy-
podium namaquanui@pocynaceae) at the Akkerdis-

dividuals

of in

No

12

15

Delta (o/o0)

18 19 20 21

draai site in the Richtersveld. Although nearly half of g6 4. Distribution of carbon isotope discrimination in leaf

all individuals had &\ value of 16, single individu-
als tailed out to values of 14 and 48(Figure 4). This

tissues from 41 individuals dPachypodium namaquanugApocy-
naceae) from Akkerdisdraai, Richtersveld National Park.



Akkerdisdraai

Augrabies

Delta (o/00)

Figure 5. Comparative carbon isotope discrimination)(in leaf
tissues from first-year seedlings (dark bars) and mature shrubs
(open bars) oZygophyllum prismatocarpurtZygophyllaceae) at
Akkerdisdraai and Augrabies.
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Figure 6. Comparative carbon isotope discriminatiof) (between
the relatively dry year of 1995 and relatively wet year of 1996

for leaf tissues of individual species at Akkerdisdraai, Richtersveld
National Park. Both obligate £and CAM-flexible species are

range showed some inverse correlation with age of the i
plant (data not shown).

To better assess the significance of shrub age anc
site conditions on discrimination, we compared analy-
ses of leaf tissues of mature shrubs and seedlings of the
evergreen shruBygophyllum prismatocarpu(@ygo-
phyllaceae) at each of two sites. At both Akkerdisdraai
and Augrabies there was a large differenceinwith
seedlings exhibiting 1.5 and %8 more positive dis-
crimination, respectively (Figure 5). There was also
a strong difference between sites for discrimination
in this species. Mature shrubs and seedlings had
values 0.9 and 1% higher, respectively, at Augra-
bies, demonstrating thereby lower average water use
efficiency.

Since new leaf tissues are generally formed annu-
ally in the Richtersveld species studied, we compared
analyses for eight species (including both @nd
CAM flexible species) collected at Akkerdisdraai in
both 1995, a relatively dry year, and 1996, a relatively
wet year. These data showed no pattern of difference
in discrimination between the two years (Figure 6).

The relationship between growth form and/or
species longevity and water use efficiency in
Richtersveld species was assessed by dividing 44
Cs3 species into four categories of growth form. Six
species of long-lived shrubs had a relatively tight dis-
tribution of A ranging from 15-1%. (Figure 7). The
lowest value, indicating higher water use efficiency,
was found inZygophyllum prismatocarpumwhile the
highestA value occurred in the deciduous stem succu-
lentCommiphora capens({8Burseraceae). There was a

ncluded.

22

20 -

1 1 | 1

12
Long-lived Riparian Medium-lived Ephemeral

Figure 7. Distribution of values of carbon isotope discrimination
(A) among leaf tissues in species representing four growth forms
in the Richtersveld. Growth forms included in this analysis are
long-lived shrubs surviving to well over 20 years (often 100 years
or more), long-lived riparian trees of wash woodland habitats, mod-
erate-lived small shrubs surviving an estimated 5-20 years, and
ephemeral species including annuals and geophytes.

much broader range a@f, however, in riparian species
at Akkerdisdraai with discrimination values of 14—
19%0. The lowest value was found in the deciduous
Ozoroa concoloAnacardiaceae), and the highest in
the evergreeBoscia albitruncgCapparaceae).

A broad range of carbon isotope discrimination
was found in the 16 species of moderate-lived sub-
shrubs sampled in this survey, ranging from 13%d9
(Figure 7). Two specieskorsskaolea candidgUr-
ticaceae) andBlepharis capensi§Acanthaceae), had
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the lowest value, while the highest value was found in lum clivorumat Augrabies. All individuals were found
a semi-woodySolanumspecies growing along sandy to haveA values from 13-1%, (Figure 10).
washes. Most species of Crassulaceae in the gertenas-
Although the highest values of carbon isotope sula and Tylecodonhad low A values indicative of
discrimination found in our survey were present in regular use of CAM. Analyzing data on 14 collections
ephemeral species at Akkerdisdraai, the rangé\of of Crassulaceae from Akkerdisdraai, Augrabies and
values was nevertheless broad (15491 and not McDougall's Bay (data from these last two sites not
significantly different overall from that of any other included here), we found that all but two collections
growth form (Figure 7). The lowest value of 46was had A values of 4-&. (Figure 11). One species of
found in a species dhdigofera(Fabacaeae), and/sa Crassula C. muscosawas an outlier withA values
value of 1640 occurred in species @utera(Scrophu- of 10%o at both Akkerdisdraai and Augrabies. Among
lariacaeae) andPlexipus garipiensigVerbenaceae). leaf succulent species of Portulacace@ergria fru-
The highestA value of 2%, and thus lowest water ticulosa C. namaquens)js A values were higher at
use efficiency, was present in a speciesiefiophila 14% in both species. Three species of stem succulent
(Brassicaceae), with four other taxa having values of euphorbias sampled at Akkerdisdra&. (dregeana
20%0. These were species a&frsinea (Asteraceae), E. hamata andE. decussatghad A values of 6.3 to
Oxalis (Oxalidaceae), Trachyandra (Aspodelaceae)  12.2%%.
andAcanthopsis disperm@canthaceae).

Carbon iosotope discrimination in CAM species Discussion

Putative species with CAM metabolism were com- pijyrnal patterns of carbon assimilation and related
pared with G plants to investigate their relative levels measurements of organic acid concentrations have
of carbon isotope discrimination. Although noz C  peen studied in a variety of perennial species from the
species had\ values lower than 1%, the majority  Rjchtersveld, under both field and controlled growth
of putative CAM species had values of 5-1%, in- conditions, and these measurements have provided a
dicating a strong reliance on CAM (Figure 8, Table 1). \vealth of information about contrasting patterns of
There were 10 putative CAM species, however, that carbon fixation (Von Willert et al. 1985, 1992; Eller
hadA values from 13-1%. & Ferrari 1997). The use of carbon isotope analyses in
The largest number of putative CAM species sam- |eaf tissues, as we discuss here, offers an expanded
pled were members of the Mesembryanthema. Taxa seasonal assessment of the relative significance of
sampled in this family at Richtersveld sites covered a cAM in succulent species over the time in which their
surprisingly broad range of values from 5 to 1% leaves were formed and matured, as well as providing

(Figure 9, Table 1). At the low end of this range was 5 comparative assessment of water use efficiency.
the annuaMembryanthemum hypertrophicu(B 0%c)

which was particularly abundant on sandy flats in the c; photosynthesis

western Richtersveld in February 1996. Also with low

A values of 6-%o in our analyses were the shrubby Low values of discrimination in €species are directly
Stoeberia frutescensubshrub&rownanthus nucifer related to high water use efficiency, while high val-

Brownanthus pseudoschlichtianu®hyllobolus sp., ues indicate lower water use efficiency (Farquhar et al.
Psilocaulorsp., andRuschia schneiderianand small 1982; Rundel et al. 1989; Ehleringer et al. 1993b,c).
dwarf succulents in the gen@»nophytum The G species described here hakevalues ranging

Mesembryanthema with high values for carbon from 13 to 2%, with the largest number of species
isotope discrimination more typical ofsGpecies in- falling in the 17-18, range. This distribution ofA
cluded Leipoldtia weigangiang(18.1%c), Leipoldtia values among & species in the Richtersveld flora

schultzei(14.9, 16.%), Eberlanzia stylosg15.%ko), is broadly comparable with values reported for other
Drosanthemursp. (14.%0) and Mitrophyllum sp. desert floras.
(14.0%0). In order to establish the potential variability Surveys of desert plants from India, Saudia Ara-

of carbon isotope discrimination within individuals of bia and Egypt reported a range of from 14 to
a species of Mesembryanthema at a specific site, we22%, (Winter & Troughton 1978a; Ziegler et al. 1981),
sampled leaf tissues from 11 individualshditrophyl- while Sonoran Desert studies of woody species have
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Figure 8. Comparative carbon isotope discriminatioh)(leaf tissues of obligate 43pecies (stippled bars) and putative CAM species (solid
bars) from the Richtersveld.

reported aA range of 15—2@, (Ehleringer etal. 1987;  less xeric conditions caused by closer proximity to the
Ehleringer & Cooper 1988). The hyperarid Atacama coast.
Desert in northern Chile has a flora with a simi- The great majority of our study species have small
lar range of A values from 11 to 2@, (Ehleringer leaf sizes, and therefore closely tracked ambient air
et al. 1998). However, the Atacama Desert exhibits temperatures. Ehleringer et al. (1992) have investi-
somewhat higher water use efficiencies in a group gated the significance of leaf temperature differentials
of long-lived shrubs with discrimination values of inimpacting estimations of comparative water use ef-
11-14%,, which are lower than those of comparable ficiency. They found that temperature differentials of
species in the Richtersveld. All of these desert regions 2.5°C or less caused no more than% Hifference in
exhibit A values which are generally lower than the A, allowing them to unambiguously rank desert plants
mean global averages of about/Zdor vascular plant ~ with respect to comparative water use efficiency. We
species (Farquhar et al. 1982; O’Leary 1988). This encountered species with leaf temperature differen-
pattern reinforces the significance of high water use tials greater than this amount only in small succulents
efficiencies in the adaptive strategies of desert plants. near ground level (e.g2sammophora, Anacampseros,
Comparative studies of carbon isotope fraction- Dracophilug and inAloe
ation between species are subject to a number of  Our data support the fact that plant age and genet-
cautions (Kelly & Woodward 1995). The predictive ics may impact carbon isotope discrimination within
models of relating water use efficiency and carbon a species. The range & of 4% reported here in a
isotope discrimination (Farquhar et al. 1982) assume study of 41 individuals oPachypodium namaquanum
a common vapor pressure gradient and leaf-air tem- is comparable to ranges of variation reported for North
perature differential for all species. By confining our American desert species within and between habitats
analysis to Richtersveld species, we are able to min- (Ehleringer & Cooper 1988; Ehleringer 1993a; Run-
imize any impact of differential VPD environment del & Sharifi 1993). These ranges of variation may
on our results. Our observed differences in meéan  relate both to genetic polymorphisms for water use ef-
between both mature shrubs and seedlingZyafo- ficiency within the population (Donovan & Ehleringer
phyllum prismatocarpurbetween our primary study  1994; Schuster et al. 1994) and to age-related dif-
site at Akkerdisdraai and Augrabies (Figure 5) point ferences in developmental plasticity of the phenotype
out changes iMA that can occur with only slightly  (Sandquist et al. 1993).
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Figure 9. Comparative carbon isotope discriminatioh)(in leaf tissues of 31 species Mesembryanthema (Aizoaceae) from the Richtersveld
and adjacent areas.
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Figure 10. Distribution of carbon isotope discrimination\) in leaf tissues from 11 individuals ditrophyllum clivorum(Mesembryanthema,
Aizoaceae) from Augrabies.

Studies in the Sonoran Desert of North Amer- in two subshrubs with relatively moderate live spans,
ica have suggested that a pattern exists in which the rather than occurring as expected in long-lived woody
carbon isotope discrimination at the species level is in- species.
versely related to plant life span (Ehleringer & Cooper Ephemeral species from the Richtersveld showed a
1988; Schuster et al. 1992). It was found that species very broad pattern of distribution, with a group of five
with life span longer than 50 years had the lowast  species having highex values of (20-2%.) than any
values, while short-lived perennials with life spans of longer-lived species (Figure 7). Low values were
2-5years had the highest values. Medium-lived shrubs also present in this group, however. This range\of
with a life span of 10-40 years were intermediate values present in ephemeral species clearly suggests
in A value. This pattern does not exist, however, in that there are very different patterns of water use effi-
our data set of Richtersveld species (Figure 7). There ciency among these taxa and thus multiple strategies of
was no statistically significant pattern of difference in adaptation to the arid Richtersveld environment. An-
the distribution ofA values among long-lived shrubs, nual plants in North American warm deserts have been
wash woodland trees, and moderate-lived shrubs in shown to utilize a variety of phenological, morpho-
our samples. The lowesh values measured were
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Figure 11. Distribution of carbon isotope discriminatio\) in leaf tissues of 14 collections of Crassulaceae from the Richtersveld area,
Augrabies and McDougall's Bay.

logical and ecophysiological strategies of adaptation CAM species in our survey strongly demonstrates that
(Mulroy & Rundel 1977). there is a wide variation in the degree to which these
The absence of a clear pattern of inverse cor- taxa utilize CAM.
relation between carbon isotope discrimination, and ~ Among the Crassulaceae and geAlse (Aspho-
thus water use efficiency, and species longevity in delaceae), the great majority of species havealues
the Richtersveld flora may well relate to the relative within the range suggesting obligate use of CAM. Itis
predictability of annual precipitation in the Succulent impossible without further study to establish whether
Karoo (Esler et al. 1999; Esler & Rundel 1999). Alow this condition represents a genetic trait or rather a
coefficient of variation in patterns of annual precip- phenotypic response to the arid Namaqualand envi-
itation means that extreme drought conditions in the ronment.Crassula muscosaas an exception to this
Succulent Karoo are neither as frequent nor as severepattern, exhibiting indications of CAM-flexibility at
as in North American deserts. It is extreme drought two sites where it was sampled, and we have foiand
conditions that would select for the higher water use values indicative of CAM-flexibility and reliance on
efficiency in long-lived shrubs as a strategy to maxi- Cgz metabolism in species @rassulaand Tylecodon
mize the potential for survival over the life span of the collected from less xeric areas of fynbos vegetation

plant. (data not shown).
Studies with organic acid cycles in three species of
CAM photosynthesis Cerariafrom the Richtersveld suggest that significant

CAM is present (Von Willert et al. 1992), and CAM
The widespread presence of CAM in the succulent fiexibility is well known in the related genuBortu-
flora of Namaqualand was demonstrated by Mooney |acaria (Lee & Assman 1992; Guralnick et al. 1992).
et al. (1977) in a broad isotopic survey of South The A values of 14 in C. fruticulosaand C. na-
African and Namibian arid lands. Excluding4C  maquensisndicate that there is a primary reliance
species from consideration, carbon isotope discrimi- gn Gz metabolism in these species. Our data further
nation values of 4-8 are generally indicative of a  syggest strong CAM-flexibility in succulent-leaved
fixed reliance on CAM, while values of Y4 or above Senecipwith a greater reliance onﬁnetabonsm in

pointto reliance on or exclusive use of @etabolism. S. corymbosdhan inS. longiflorus and in leaves of
Intermediate values suggest that CAM flexibility is  stem-succulerEuphorbia

present. The range &f values found among putative


https://www.researchgate.net/publication/227273401_Carbon_isotope_ratio_measurements_of_succulent_plants_in_South_Africa_Oecologia_30_295-305?el=1_x_8&enrichId=rgreq-d1e5b2fe-4053-48ec-9e2e-5dbaa258f5f7&enrichSource=Y292ZXJQYWdlOzI2MzQ0NTgzOTtBUzoxMTM4MzQ2NzcyNDgwMDBAMTQwNDE1MTcxMDU2MQ==
https://www.researchgate.net/publication/227273401_Carbon_isotope_ratio_measurements_of_succulent_plants_in_South_Africa_Oecologia_30_295-305?el=1_x_8&enrichId=rgreq-d1e5b2fe-4053-48ec-9e2e-5dbaa258f5f7&enrichSource=Y292ZXJQYWdlOzI2MzQ0NTgzOTtBUzoxMTM4MzQ2NzcyNDgwMDBAMTQwNDE1MTcxMDU2MQ==
https://www.researchgate.net/publication/247841926_Annual_Plants_Adaptations_to_Desert_Environments?el=1_x_8&enrichId=rgreq-d1e5b2fe-4053-48ec-9e2e-5dbaa258f5f7&enrichSource=Y292ZXJQYWdlOzI2MzQ0NTgzOTtBUzoxMTM4MzQ2NzcyNDgwMDBAMTQwNDE1MTcxMDU2MQ==

146

The physiology of CAM activity in species of of water use efficiency from high to relatively low,
Mesembryanthema has been investigated in a series ofparticularly in ephemeral species. Among the Mesem-
laboratory and field ecophysiological studies of suc- bryanthema, there are clear indications that habitat
culent species native to the Richtersveld and other conditions, phylogenetic relationships and longevity
parts of the Succulent Karoo (Martin et al. 1988; Von may all be factors in explaining the degree to which
Willert et al. 1992; Herppich et al. 1996). CAM- CAM is used in carbon assimilation. These data sug-
flexible patterns of carbon assimilation were found gestthat descriptions of functional plant niches should
in most of the species studied, suggesting that pho- be based not only on traditional measures of plant
tosynthetic modes are plastic in all subfamilies and morphology and phenology, but also on quantitative
subtribes of the Mesembryanthema. Our data supportcharacterizations of ecophysiological traits in an arid-
this suggestion, but moreover clearly point to a wide land environment such as this. With increasing data
variation in the degree to which CAM species utilize a collection on the comparative water relations and pho-
mode of photosynthetic plasticity between CAM and tosynthetic plasticity of Namaqualand plant species,
C3 metabolism. a better understanding of the evolution of commu-

Several patterns of variation present in the range nity structure and species diversity in this region will
of A values exhibited among Aizoaceae in our survey certainly result.
may be related to phylogenetic and life history char-
acteristics. One pattern is that Richtersveld samples of
species within the subfamily Mesembryanthemoideae Acknowledgements
commonly had lowA values indicative of complete
reliance on CAM for carbon fixation. This group in-
cludes annual species dMesembryanthemunvhich

This study was made possible with funding from a
variety of sources including a travel grant from the
are known to exhibit irreversible shift to CAM pho- UCLA Academic Senate to PWR and project sup-
tosynthesis with development (Winter & Von Willert  POrt from the FRD to KJE and RMC, and by the
1972; Winter & Troughton 1978b; Herppich et al. Institute for Plant Conservation at the University of
1992), but also shrubby species Bhyllobolus (in Cape Town. We thank Philip Desmet, Ernst Van
part),PsilocaulorandBrownanthusAs with the Cras-  Jaarsveld, Stephanie Wand, Guy Midgley, and Jeremy
sulaceae, this trait in the latter shrubby species may Midgley for assistance with field collections and use-

be more environmentally induced than a fixed genetic ful discussions. The support of the National Parks
trait. We have measured higher values indicative ~ B0ard in allowing collections of our sample tissues
of CAM-flexibility in samples of these genera from from R|phFersveId National Park is acknowledged with
less xeric sites further south in Namagualand (data not 2PPreciation.

shown).

Low A values suggesting primary reliance on
CAM photosynthesis were also present in a number of
species within the subfamily Ruschioideae. This group armold, T. H. & De Wet, B. C. 1993. Plants of southern Africa:
of species withA values of 6—&y include woody names and distribution. Mem. Bot. Surv. S. Afr. No. 62.

shrubs (Stoeberiaand Ruschiain part) and miniature Bittrich, V. & Hartmann, H. 1988. The Aizoaceae — a new approach.
Bot. J. Linn. Soc. 97: 239-254.

succulents ¢0n0phy_tumand Psam_mOphor)a‘Whmh . Brooks, J. R., Flanagan, L. B., Buchmann, N. & Ehleringer, J. R.

share the characteristic of long life spans. Thus, it = 1997. Carbon isotope composition of boreal plants: functional

is possible that although carbon isotope discrimina-  grouping of life forms. Oecologia 110: 301-311.

tion and life span are not inversely related among Brulfert, J., Ravelomanana, D., Guclu, S. & Kluge, M. 1996. Eco-
. . . . . physiological studies ifKalanchoe porphyrocalyxBaker) and

Cs species in the Richtersveld, t_h|S pattern may exist “miniata(Hils et Bojer), two species performing highly flexible

among the Mesembryanthema in the subgenus Rus- CAM. Photosynth. Res. 49: 29-36.

chioideae. More study is necessary to adequately testChesselet, P., Mossmer, M. & Smith, G. F. 1995. Research priorities
this hypothesis in the succulent family Mesembryanthemaceae Fenzl. S. Afr. J.
: . . . Sci. 91: 197-209.
From the data presented in this study, it can be seencoyiing, R. M., Esler, K. J., Midgely, G. F.& Honig, M. A.1994.
that desert plants in the flora of the Richtersveld uti-  Plant functional diversity, species diversity and climate in arid
lize a wide array of patterns of photosynthetic carbon and semi-arid southern Africa. J. Arid Environ 27: 141-158.

PR - Cowling, R. M., Esler, K. J. & Rundel, P. W. 1999. Namaqualand,
assimilation, from & to flexible CAM to pure CAM South Africa — a unique winter-rainfall desert ecosystem. Plant

to C4 metabolism. Among gplants there is a range Ecol. 142: 3-21 (this issue).
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