LEAF MORPHOLOGY OF Mark A. Hershkovitz?

CISTANTHE SPACH
(PORTULACACEAE)'

ABSTRACT

Leaves of Cistanthe are typically characterized by broad, more or less clasping leaf bases, winged petioles, festooned
brochidodromous venation, apically diminished primary veins, sinuous veins, “‘ribbonlike™ veins, and predominantly
brachyparacytic and similar stomata. This particular combination of characteristics does not occur in any other taxa
i1 Portulacaceae, although most of the traits occur in individual species of Rumicastrum. Leaf morphology is similar
in all sections of Cistanthe except for the monotypic sect. Strophiolum, which lacks sinuous veins and ribbonlike
veins. Individual species may, however, possess distinctive foliar traits or combmations of traits. Overall, the leaf
morphological evidence corroborates the hypothesis of monophyly of Cistanthe, but does not substantially clarify the
phylogenetic position of this genus, nor relationships therein. Leat characters may have utility for additional phylogenetic

study.

Although the systematic fohar morphology of
the dicotyledons remains poorly surveyed com-
pared to reproductive morphology, its potential for
providing phylogenetic information i1s becoming n-
creasingly appreciated (see, e.g., Gifford & Foster,
1989). Instrumental in the apparent resurgence of
foliar morphological study was the refinement of
the classification of foliar features, especially for
venation pattern (Hickey, 1973) and stomatal fea-
tures (for review, see Baranova, 1987). When stud-
ied in light of the more sophisticated terminology.
leaves revealed long-overlooked features that have
contributed considerably to the understanding of
angiosperm origins and phylogenetic trends (Hick-
ey & Wolfe, 1975). The classification of venation
features, in particular, has occasioned analyses of
foliar morphology in familial and subfamilial tax-
onomic studies, for example, by Gillespie (1988)
for Omphalea (Kuphorhaceae); Keating & Ran-
drianasolo (1988) for Rhizophoraceae; Levin
(1986a, b, ¢) for Phyllanthoideae (lsuphorbiaceae);
Dickison (1975) for Cunomaceae:; Todzia (1988)
for Hedyosmum (Chloranthaceae); and others (see
LLevin, 1986a). Some studies (especially Levin,
1986¢) used leal characters in cladistic analyses,
which permitted evaluation of the sigmficance of
foliar evolution during the course of phylogeny.

Despite the relative technical simpheity of leaf
morphological investigation, systematic studies of
Portulacaceae have heretofore made hmited use of
foliar features. The hrst detailed and extensive
survey of foliar features in the family was by Becker
(1895), who studied leaf histology, stomatal mor-
phology, and trichomes in more than 30 species.
The systematic significance of trichomes in Por-
tulacaceae was subsequently considered by Chorin-
sky (1931), Franz (1908), Pax & Hoffmann (1934),
and Reiche (1897, 1898). Later, Kelley (1973; see
1987, 1n Hershkovitz, 1990a,

1991 ¢) surveyed essentially all species of Calan-

(Carolin, press:
drinia s.. for trichome morphology. McNeill
(1975), in his numerical phenetic analysis of the
tribe Montieae, incorporated gross leal and epi-
dermal features in the database. Hershkovitz (1986)
presented a preliminary assessment of leaf venation
patterns and their potential taxonomic significance
in Portulacaceae. Nyanyano (1986a, b, 1988) de-
scribed stomata, trichomes, and leaf bundle sheath
anatomy in ca. 100 species of Portulacaceae. Car-
olin (1987), in his phylogenetic analysis of Por-
tulacaceae, included three trichome characters in
the database. Otherwise, foliar features have been
used primarily in monographs, revisions, and flo-
ristic treatments of various Portulacaceae, e.g., by
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Nilsson (1966, 1967, 1970, 1971a, b) for Mon-
tieae, Reiche (1898) for Chilean Calandrinia s.l.,

and Rydberg (1932) for several genera.

For various -easons. the use of tolhar characters

in these studies did not significantly advance the
understanding of taxonomic relationships among
Portulacaceae. For example, the most distinctive
of the observed traits, multicellular trichomes and
“kranz’’ vascular bundles, have a highly restricted
incidence in the family and occur in species that
were already regarded as closely interrelated (Kel-
ley, 1973; Nyanyano, 1986a, 1988; Reiche, 1897,
1898). Carolin (1987), however, misscored some
OTUs for trichome characters, which may have
contributed, at least partially, to some spurious
results (Hershkovitz, 1990a, in press a, in press
b). The stomatal data (Nyanyano, 1986a, b) was
interpreted according to Metcalfe & Chalk’s (1950)
simplistic scherne that recognizes few basic sto-
matal types. All but Carolin’s (1987) study were
executed using “‘pre-cladistic’” taxonomic con-
cepts. As a resilt, the monophyly of existing su-
praspecific taxon circumscriptions was not seri-
ously questioned, and interpretations of variation
did not incorporate the concepts of character po-
larity and parsimony. Thus, my earlier interpre-
tations of leaf venation pattern evolution in Por-
tulacaceae (Hershkovitz, 1986) reflected not only
inadequate sampling, but also unnatural generic
and tribal circumscriptions. The monographic and
floristic considerations of foliar characters empha-
sized primarily species delimitations rather than
interrelationships.

The present work, which stems from my prelim-
inary survey of leaf venation patterns in Portula-

caceae and represents a revision of a chapter of

my dissertation (Hershkovitz, 1990a), provides a
systematic characterization of gross leal morphol-
ogy, leaf venation pattern, and leaf epidermal mor-
phology of Cistanthe Spach. Cistanthe consoli-
dates ca. 47 species of temperate western North
America and South America that had formerly been
classified in as many as five genera and four tribes
(Hershkovitz, 1990a, b, 1991¢). Five sections of
Cistanthe are recognized here (see Hershkovitz,
1990a, b, 1991¢c; cf. McNeill, 1974), mncluding
C.sect. Cistanthe, C. sect. Amarantoideae (Reiche)
Carolin ex Hershkovitz, C. sect. Philippiamra
(Kuntze) Hershkovitz, C. sect. Calyptridium (Nutt.
in Torrey & A. Gray) Hershkovitz, and C. sect.
Strophiolum (B. Mathew) Hershkovitz. Carolin
(1987), in his cladistic analysis of Portulacaceae,
determined that the first four of these formed a
monophyletic grouping (Fig. 1) evidenced by the

nearly universally shared presence of unequal in-

florescence bracts. Cistanthe sect. Strophiolum
was later cladistically associated with this group
rather than Lewisia, based in part on its possession
of unequal inflorescence bracts (Fig. 2; Hershko-
vitz, 1990a, in press c). Elsewhere, | have described
the leaf morphology of sect. Strophiolum (Hersh-
kovitz, 1990a, in press c¢) and discussed relation-
ship among the sections of Cistanthe and of this
genus to other Portulacaceae (Hershkovitz, 1990a,
1991¢).

The purpose of such a detailed consideration of
leaf morphology in Cistanthe is severalfold. First,
this study seeks to establish whether the circum-
scription of the genus, itself representing a radical
departure from pre-Carolin (1987) taxonomies of
Portulacaceae, receives support from leal evi-
dence. Second, by defining leaf characters and
evaluating character states in Cistanthe, this study
contributes to the database that can be used for
resolving phylogenetic relationships within the ge-
nus and of this genus to other Portulacaceae. Third,
the data presented in this study contribute to the
existing body of information on foliar morphological
phenomena and is thus potentially useful for studies
of foliar morphological evolution, of the relationship
between leaf form and function, and of leal mor-

phogcnesis.

MATERIALS AND METHODS
| . GROSS LEAF MORPHOLOGY

Gross leaf morphological vanation of Cistanthe
was surveyed primarily from herbarium specimens
and described according to the terminology pro-
posed by Dilcher (1974) and Hickey (1971, 1973,
1979). Figures 3-21 illustrate the range of vari-
ation in gross leaf morphology in Cistanthe; kig-
ures 22-38 illustrate the gross morphology of the
leaf apices. These illustrations are arranged ac-
cording to sectional taxonomy. Table 1 lists vouch-
ers, putative identifications, and full taxonomic ci-
tations of all specimens examined for anatomical
features. Table | also lists additional representative
specimens of North American Cistanthe examined
for gross leaf morphology. | have provided else-
where a listing of ca. 175 representative collections
and putative determinations of South American
(istanthe (Hershkovitz, 1991a) and of specimens
of Cistanthe (Strophiolum) tweedyi examined for
leaf morphology (Hershkovitz, 1990a, in press c).

9. LEAF VENATION PATTERN

[ eaf venation was examined in ca. 250 cleared
leaves representing essentially all species of Cis-
tanthe and all leaf sizes and shapes in the genus.
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TaBLE 1. Specimens examined for leaf morphology.
Listed below by section are specimens of Cistanthe that
were examined for leat morphology, including vouchers
of specimens illustrated and or cited in the present paper.
Additional specimens of South American species examined
only for gross leaf morphology are listed elsewhere (see
Hershkovitz, 1991a), as are specimens of Cistanthe sect.
Strophiolum (see Hershkovitz, in press ¢). Representative
specimens of North American species examined only for
gross leal morphology are denoted below with an asterisk
(*). Specimens examined for epidermal morphology but
not venation pattern are denoted with a dagger (). The
remaining specimens were sampled for leaf venation stud-
ies and some also for epidermal morphology (see Table
2). ldentifications are revised from Hershkovitz (1990a)
and remain tentative (see Hershkovitz, 1991a).

Cistanthe sect. Amarantoideae (Reiche) Carolin ex
Hershkovitz, Phytologia 68: 269. 1990 (** 4maran-
toides™’).

Cistanthe ambigua (S. Watson) Carolin ex Hershko-
vitz, Phytologia 68: 269, 1990. U.S.A. CALIFORNIA:
M. E. Jones s.n. (UC); Munz 9982 (UC); Nelson &
Nelson 3287 (US).

Cistanthe calycina (Philippi) Carolin ex Hershkovitz,
Phytologia 70: 220. 1991. CHILE. ANTOFAGASTA:
Johnston 3590 (US); Johnston 5318 (US). ATACAMA:
Werdermann 118 (US).

Cistanthe densiflora (Barnéoud in Gay) Hershkovitz,
Phytologia 70: 220. 1991. ARGENTINA. SAN JUAN:
Cabrera 29553 (US); Castellanos 15520 (US).

Cistanthe salsoloides (Barneoud in Gay) Carolin ex
Hershkovitz, Phytologia 70: 221. 1991. CHILE.
ANTOFAGASTA: Werdermann 1048 (leg. Francke; F.
US).

Cistanthe sect. Calyptridium (Nutt. in Torrey & A. Gray)

Hershkovitz, Phytologia 68: 267. 1990.
Cistanthe monandra (Nutt. i Torrey & A. Gray)
Hershkovitz, Phytologia 68: 267. 1990. MEgxico.

SONORA: Wiggins 8193 (US). U.S.A. AR1ZONA: Har-
ris 1477 (US); Toumey s.n. (US). CALIFORNIA: Heller
[641 (US)*.

Cistanthe monosperma (E. Greene) Hershkovitz, Phy-
tologia 68: 267. 1990. U.S.A. CALIFORNIA: Elmer
3733 (US)YT: Heller 10804 (US).

Cistanthe parryi (A. Gray) Hershkovitz, Phytologia 68:
268. 1990.

Cistanthe parryi var. arizonica (J. T. Howell) Kartesz
& Gandhi, Phytologia 71: 62. 1991. U.S.A. ARIZONA:
Griffiths 3556 (US).

Cistanthe parryt var. hessae (J. H. Thomas) Kartesz
& Gandhi, Phytologia 71: 62. 1991. U.S.A. cal-
IFORNIA: Thomas & Ernst 6001 (US)*.

Cistanthe parryi var. nevadensis (J. T. Howell) Kartesz
& Gandhi, Phytologia 71: 62. 1991. U.S.A. NEVA-
DA: Beatley 5732 (US).

Cistanthe parryi var. parryi. U.S.A. CALIFORNIA: Mun:
5726 (UC)*; Parrish 3081 (UC)*: Parrish 3725
(US); Peirson 3124 (UC)*.

Cistanthe pulchella (Eastw.) Hershkovitz, Phytologia
08: 268. 1990. U.S.A. cALIFORNIA: Congdon s.n.
(US); Hamon 80-64 (UC)*; Hamon 80-194 (UC)*:
Hoover 3442 (US).

Cistanthe pygmaea (Parish ex Rydberg) Hershkovitz,

—————
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TABLE 1. Continued.

Phytologia 68: 268. U.S.A. cALIFORNIA: Howell
427 (CAS)*; Parish 1803 (holotype, CAS)*; Twis-
selmann 16891 (CAS)*.

Cistanthe quadripetala (S. Watson) Hershkovitz, Phy-
tologia 68: 268. 1990. U.S.A. CALIFORNIA: Baker
3075 (UC)YT; Hoover 3571 (US); Parish 3082 (US);
Sharsmith 4345 (US).

Cistanthe rosea (S. Watson) Hershkovitz, Phytologia
08: 268. 1990. U.S.A. CALIFORNIA: Alexander &
Kellogg 4352 (US); Duran 2805 (US); Reveal &
Reveal 424 (UC)*. OREGON: Cusick 2585 (US).

Cistanthe umbellata (Torrey) Hershkovitz, Phytologia
08: 268. 1990. U.S.A. CALIFORNIA: Heller 12062
(US); Jones 2460 (US). OREGON: Abrams 11351
(US), Coville & Applegate 122 (US).

(.istanthe sect. Cistanthe
Cistanthe arenaria (Cham.) Carolin ex Hershkovitz.
Phytologia 70: 211. 1991. CHILE. coQuiMBO: Wagen-
knecht 18444 (F, UC). RUBLE: Joseph 3990 (US).

Cistanthe cephalophora (I. M. Johnston) Carolin ex
Hershkovitz, Phytologia 70: 212. 1991. CHILE.
ANTOFAGASTA: Werdermann 855 (US).

Cistanthe coquimbensis (Barnéoud in Gay) Carolin ex
Hershkovitz, Phytologia 70: 212. 1991. CHILE.
COQUIMBO: Werdermann 881 (F).

Cistanthe cymosa (Philippi) Hershkovitz, Phytologia
70: 213. 1991. CHILE. ANTOFAGASTA: Werdermann
853 (US); Worth & Morrison 15816 (NA).

Cistanthe fenzlii (Barnéoud in Gay) Carolin ex Hersh-
kovitz, Phytologia 70: 213. 1991. CHILE. BIO-BIO:
Veger s.n. (M); Philippi s.n. (B).

(.istanthe grandiflora (Lindley) Carolin ex Hershkovitz,
ml\tnlngid 08: 209. 1990. CHILE. ACONcAGUA: Mor-
rison et al. 16872 (NA), West 3959 (F, UC, US).
ANTOFAGASTA: Worth & Morrison 16133 (NA). ATA-
CAMA: Werdermann 405 (F, UC). B10-B10: Hutch-
inson 234 (UC, US). coQuimBo: Zollner 10284 (NA).
U.S.A. cuLTIivATED: Peele 154 (NA).

Cistanthe guadalupensis (Dudley in D. Jordan) Carolin
ex Hershkovitz, Phytologia 68: 269. 1990, MEXIco.
GUADALUPE 1S.: Lindsay 2635 (UC)*; Moran 5991
(US)*; Wiggins & Ernst 174 (UC).

Cistanthe lingulata (Ruiz Lopez & Pavon) Hershkovitz,
Phytologia 70: 214. 1991. PERU. ANCASH: Ferreyra
[3532 (US). LA LIBERTAD: I()/)( : Miranda 374 (US).
LIMA: Ferreyra 10486 (US).

Cistanthe longiscapa (Barnéoud in Gay) Carolin ex
Hershkovitz, Phytologia 70: 215. 1991. CHILE. ATA-
CAMA: Johnston 5034 (US); Werdermann 445 (F).

Cistanthe maritima (Nutt. in Torrey and A. Gray)
Carolin ex Hershkovitz, Phytologia 68: 269. 1990).
MEXICO. ESTADO DE BAJA CALIFORNIA: Bacigalupi
3045 (UC); Webster 21615 (DAV)*; Wiggins &
Ernst 207 (UC)

Cistanthe paniculata (Ruiz Lopez & Pavén) Carolin
ex Hershkovitz, Phytologia 70: 216. 1991. PERru.
AREQUIPA: Ferreyra 12022 (US).

Cistanthe picta (Gillies ex Arn. in Cheek) Carolin ex
Hershkovitz var. picta, Phytologia 70: 217. 1991.
CHILE. ACONCAGUA: Hutchinson 98 (US). ATACAMA:
Johnston 6218 (US). METROPOLITANA: Kuntze s.n.
(US); Morrison et al. 16786 (NA)t. 0'HIGGINS: Pen-
nell 12279 (F).

Cistanthe picta var. frigida (Barnéoud in Gay) Hersh-
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TABLE 1. Cecntinued.

Morrison et al. 16992 (NA).

(‘istanthe weberbaueri (Diels) Carolin ex Hershkovitz,
Phytologia 70: 218. 1991. PERU. AREQUIPA: Fer-
reyra 12000 (US). LIMA: Weberbauer 5321 (F).

(‘istanthe sp. cf. C. arenaria. CHILE. COQUIMBO: Zollner
10636 (NA. the smaller-leaved specimens of this
mixed collection—see Hershkovitz, 1991a). MET-
ROPOLITANA: Joseph 2785 (US—see Hershkovitz,
199]a).

Cistanthe sp. cf. C. longiscapa. CHILE. ATACAMA: W orth
& Morrison 16184 (NA; see Hershkovitz, 1991a).

(istanthe sp. CHILE. COQUIMBO: Zollner 9807 (NA; see
Hershkovitz, 1991a).

Cistanthe sect. Philippiamra (Kuntze) Hershkovitz, Phy-
tologia 68: 269. 1990.

(‘istanthe celosiotdes (Philipp1) Carolin ex Hershkovitz,
Phytologia 68: 269. 1990. CHILE. ANTOFAGASTA:
Biese 613 (UC); Werdermann 862 (UC, US); W est
3859 (UC); Worth & Morrison 15820 (UC). ATA-
CAMA: Werdermann 477 (US).

[Leaves of herbarium (rarely ethanol-preserved)
specimens were cleared by successive treatments
with Fisher Aerosol OT, ca. 107% aqueous sodium
hydroxide, and 200% aqueous chloral hydrate, and
stained with 190 basic fuchsin in 1009 ethanol.
The leaves were destained as necessary in ca. 70%
ethanol, dehydrated, and mounted in standard me-
dia (e.g., Fisher Permount) using appropriately sized
glass shdes and cover slips. Prior to mounting,
selected specimens were counterstained in ca. 0.1%
fast green in 1:1 absolute ethanol:xylene. Gross
venation patterns illustrated in Figures 3-54 were
photographed by inserting the cleared leal speci-
men into a photographic enlarger, sometimes with
a green acetate filter, and projecting the image on
photographic paper. Highly magnified venation de-
tails were photographed using a compound micro-
scope and brightfield optics sometimes enhanced
with variable degrees of Nomarski interference.
The optimal preparatory regimen and photographic
technique varies with the taxon, and additional
information mav be obtained upon request.
Venation is described according to the ““Hickey
system’ (Dilcher, 1974; Hickey, 1971, 1973,
1979; Hickey & Wolfe, 1975). I follow Levin
(1986a), however, in consistently reterring to
brochidodromous and higher-order ““loops,”” rather
than “‘arches’ and loops (cf. Hickey & Wolle,
1975). The Hickey system was undoubtedly in-
spired by, and best adapted to, leaves of taxa having
large numbers of “‘iterations’” of architectural fea-
tures, especially those of woody perennials that

bear numerous (hundreds to many thousands of)

kovitz, Phytologia 70: 218. 1991. CHILE. COQUIMBO:

leaves having more or less uniform morphology.
and in which particular venation features are re-
peated many times in each leaf. Members of Cis-
tanthe, however, like most Portulacaceae, are her-
baceous perenmals and annuals, bearing few
(sometimes only 10-20) leaves per season or life-
time, and the major leal venation features iterate
relatively few times. The paucity of leaves per plant
can increase the degree of morphological variance
in the sample because of heteroblasty. Likewise,
the paucity of regularly iterated venation features
within a leaf results in greater morphological vari-
ance among the iterations. As a result, attempting
to discern a leaf architectural “mode’ for a species
of Cistanthe is difhicult. Nevertheless, the Hickey
system, because of its classification of a large num-
ber of venation details, provides a useful framework
for the present discussion.

3. EPIDERMAL MORPHOLOGY

Fpidermal morphology was examined i more
than 37 specimens representing ca. 20 species or
species complexes (i.e., including segregate species
elsewhere recognized; see Hershkovitz, 1991a) of
((istanthe. Emphasis in this study is on the mor-
phology of the stomatal complex on the abaxal
intercostal region. Figures 80-94 illustrate the epi-
dermal morphology of selected species. Table 2
provides brief descriptions for all examined spec-
imens, which are vouchered in Table 1. lkpidermal
peels were obtained from herbarium specimens by
treating leaf fragments successively with ca. 10%
sodium hydroxide, distilled water, 307 hydrogen
peroxide, FAA, and 507% ethanol. This harsh pro-
cedure readily separates the abaxial epidermal lay-
er from the mesophyll, although often part or all
of the adaxial epidermis 1s separated as well. kpi-
dermal tissue from the abaxial intercostal region
was studied on wet-mounts and subsequently pre-
served in 507 ethanol. Epidermal peels were pho-
tographed using brightfield optics with variable de-
grees of Nomarski interference. The optimal
preparatory regimen and photographic techmque
varies with the taxon, and additional information
may be obtained upon request.

RESULTS
l. GROSS LEAF MORPHOLOGY

Leaves of Cistanthe are simple, entire, and
somewhat to quite succulent, although the precise
degree of succulence could not be determined from
herbarium material.

The typical leaf area in different species varies
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from less than 10 mm” ((.. picta var. frigida, kg.
no; and C. pulchella), to over 3,000 mm- (C.
grandiflora; C. paniculata, kg, 3: C. tweedyi,
see Hershkovitz, 1990a, in press ¢). According to
the leaf area classes defined by Dilcher (1974), the
leal area in Cistanthe ranges from microphyllous
to mesophyllous.

The leat shape in species of Cistanthe ranges
from approximately wide obovate (ligs. 3-0),
through narrow oblanceolate (Figs. 12, 14, 19), to
essentially linear and/ or terete (kigs. 13, 18). The
lamina may be essentially straight and symmetrical
(Figs. 8, 9, 20) to more often asymmetrical, and
shghtly curved to S-shaped (Fig. 10). Leal sym-
metry usually varies in a species or individual.

The shape of the leat apex may be acute (ligs.
8, 9, 27), acuminate (lig. 37), to rounded (kigs.
25, 206, 34), and weakly emargimnate (kig. 17) to
weakly mucronate (lig. 24). Characterization of
leal apex shape i1s sometimes relative to the pont
of reference; for example, the leat shown for (.
weberbauert (Figs. 10, 28) 1s more or less acu-
minate toward the apex, but rounded at the very
tip.

Petiolar development varies in the genus. Typ-
ically an individual will have distinetly petiolate and
essentially sessile leaves, along with leaves of -
termediate morphology. Leal bases in petiolate
leaves constrict more abruptly (Fig. 6) than grad-
ually. Such leaves appear to be differentiated into
an elliptical, ovate, orbicular, rhombic, or lanceo-
late blade portion, and a narrower, winged, petiole
portion. In petiolate and sessile leaves, the leaf
base broadens at the pomnt of attachment to the
stem so that it 1s nearly or quite clasping. Am-
plexicaul leaves occur in Peruvian plants that have

been referred to . paniculata (Hershkovitz,

199 ]a).

While the leaves illustrated here more or less
typity the species or species complexes shown, the
variability 1s such that putatively closely related
species exhibit no obvious consistent distinctions in
gross leal morphology. Likewise, no distinctions
among the sections ol Cistanthe are evident, ex-
cept to the degree that the more polymorphic sec-
tions (1.e., those with more species) vary more than
the less polymorphic. Not all species intergrade,
however; leaves of Cistanthe grandiflora, C. pic-
ta, C. ambigua, and C. quadripetala, for example,
are readily distinguishable from one another.

2. LEAF VENATION PATTERN

The venation features of Cistanthe (except for
sect. Strophiolum, described and llustrated in
Hershkovitz, 1990a, in press ¢) are selectively
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lustrated in Figures 3-79. These illustrations are
arranged according to subject, from gross venation
pattern to finer anatomical details. Within each
egrouping, illustrations are arranged according to
sectional taxonomy.

Because of the apparent variation in gross leaf
morphology in species or species complexes, the
concomitant variation in venation features, the
paucity ol iterated venation features in individual
leaves, and the difhculties encountered in identi-
fying matenal (see Hershkovitz, 1991a), useful and
reliable descriptions of venation in individual spe-
cies was largely unobtainable. The descriptions pre-
sented here emphasize the venation features char-
acteristic of Cistanthe as a whole and the distribution
and range of varniation of these features. Particular
features encountered in only a few taxa are also
noted.

b enation type. Venation in Cistanthe is usu-
ally irregularly festooned brochidodromous (Figs.
S—11;-19=17, 20, 21; 5946, a0, al, 93, o4
ct. Hickey & Wolfe, 1975: 547, fig. 5), sometimes
only weakly festooned (Figs. 12, 19, 47, 52), less
often irregularly brochidodromous with only a hint
of festooning (Figs. 13, 14, 48, 49). (See also
discussion of secondary veins, below.)

Primary vein. The primary vein is prominent
basally (but more so in some taxa than in others;
e.g., compare Figs. 13, 17) and much diminished
to obsolete apically (Figs. 22-38). The primary
vein may be evident as a protruding veinlet at the
leat tip (kigs. 24, 27, 29) or not at all evident at
the apex (Figs. 25, 20). Hickey's (1973) parameter

for primary vein size—relative width midway be-
tween the blade base and apex—cannot be satis-
factorily evaluated in Cistanthe, because the blade
1s not readily definable (see above). The primary
vein course varies, but usually shows a shght zig-
zag or angular shift in course away from the de-
parting secondary veins (Figs. 6, 15, 55). (See also
comments on general vein course, below.)
Secondary veins.  Prominent secondary veins
are generally few—three to four pairs per leaf—
and their number 1s apparently not strongly cor-
related with leal size (e.g., compare Figs. 6, 55).
T'he basalmost secondary veins are often less prom-
ment and more decurrent or more acutely angled
than the apical secondaries. The secondary veins
generally change course abruptly and form loops
with suprajacent secondary veins. These secondary
loops are often situated one-half to two-thirds the
distance from the primary vein to the leaf margin
in broader leaves (Figs. 3-6) and proportionally
closer to the leaf margin in narrower leaves (Fig.
10). Sometimes secondary loops fail to form or
torm only weakly in leaves otherwise possessing
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such loops (Figs. 15-17). Tertiary loops are barely
evident in the narrowest leaves (ligs. 48, 49) but
are present, sornetimes along with 4° and 5° loops,

in broader leaves (Figs. 39-46, 50-54).

Intersecondary veins. Simple intersecondary
veins are sometimes present in the ntercostal
regions, especially in broader leaves (kigs. 4-7.
18, 11,20, 21).

lertiary veins. Tertiary veins are irregularly
developed, variable in size, and, because of inter-
gradation in prominence between lower and higher
vein orders, sometimes difficult to identify through-
out the leaf. Those arising from the apical side of
the secondary veins are generally more prominent
than those arising from the basal side. The branch
angle varies but is generally more acute on the
apical side of the secondary veins than the basal.
The tertiary vein pattern is ramified to reticulate
but sometimes varies in different parts of the same
leaf. Rarely, the tertiary veins are nearly percur-
rent (kig. 16).

Higher-order veins (excluding freely ending
veinlets). In the smallest and/or narrowest
leaves, the highest vein order is essentially equiv-
alent to the tertiary veins (Figs. 47-49, 55). In
the largest leaves, a fourth order of veins 1s present.
Fourth-order veins are not always readily distin-
guishable as such throughout the lamina because
ramifications of the tertiary veins can be highly
variable in prominence. Fourth-order veins, ten-
tatively identified as such in Figures 39-43, 45,
46, 50, 51, 53, 54, are usually ramified or rarely
more orthogonally reticulate, as in C. longiscapa
(Fig. 40). Fifth-order veins are rarely distinguish-
able as such, e.g., in C. paniculata (Fig. 39), C.
longiscapa (Fig. 40), and C. monosperma (kig.
51).

Marginal venation.
ranges from incomplete (Figs. 42, 44) to somewhat
looped (Fig. 39) but is usually intermediate between

The marginal venation

these forms.
Freely ending veinlets. The freely ending
veinlets are highly variable in length and degree

of branching (Figs. 56-67) and may be promi-

nently dilated with respect to the penultimate veins

(Figs. 64-66) or hardly dilated at all (Fig. 60).
The veinlets are sometimes distally coalesced with
adjacent veinlets and/or veinlet branches (kigs.
56, 61-63). The terminal tracheary elements of
the dilated veinets are usually numerous, short,
and densely clustered. Similarly short tracheary
elements (‘‘tracheoids’”) also occur rarely along the
highest-order veins (Fig. 56). The terminal ele-
ments of the less dilated veinlets are more elongate
and less densely clustered (Figs. 60, 67).

Areoles. Areoles are difficult to define 1in Cis-
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tanthe because the vein orders are not well dif-
ferentiated, but they are probably best character-
ized as imperfect to incomplete, and least well
developed in the smaller or narrower leaves (ligs.
48, 49, 55). Hickey's illustration of “‘incomplete™
areolation (1979: 37, hg. 117) shows local differ-
ences in venation density. Such differences are
generally not present in larger leaves of Cistanthe,
in which the venation 1s more or less uniformly
dense, although the shape and size ol ultimate
enclosures in a leaf are highly variable (kigs. 56-
61). The number of veinlets per ultimate enclosure
1s typically O-2 but may be more in the elongate
enclosures that adjoin major veins.

(Other venation features

a. | ein course.  The veins are sinuous in most
or all vein orders in most species, although indi-
viduals of some species may have less sinvous or
straight veins, especially in C. umbellata (Fig. 16),
(. monosperma (Figs. 17, 51), C. tweedyi (Hersh-
kovitz, 1990a, in press c¢), and in some leaves and/
or higher vein orders of C. picta (Fig. 58). Sinuous
venation is possibly an artifact of specimen shrink-
age during drying or preparation, but it neverthe-
less represents a diagnostic trait because similarly
prepared leaves of other succulent-leaved members
of Portulacaceae do not have sinuous veins (e.g.,
Lewisia spp.; Hershkovitz, in press c).

b. Three-dimensional venation. A few species
of Cistanthe have veins that interconnect in more
than one plane, i.e., have three-dimensional ve-
nation. Three-dimensional venation occurs in leaves
that are especially succulent but not necessarily
more succulent than leaves with two-dimensional
(planar) venation. In the C. grandiflora complex
(see Hershkovitz, 1991a), the finer veins in the
central and basal portion of the leaf blade form a
complex three-dimensional network (kFig. 68). In
(. paniculata, the fine veins in the central and
basal portion of the leaf blade may form a planar
reticulum adaxial to the plane of the major veins
(Fig. 69). In the cylindrical leaves ot C. ambigua,
the primary vein occurs toward the adaxial surface,
and the departing veins follow the contour of the
leaf toward the abaxial surface (kigs. 18, 35, 70).
Toward the leaf apex, the marginal venation In-
terconnects abaxially, forming a basketlike retic-
ulum.

Gibson (1982) estimated the

density of venation by dividing the number of vas-

c. | ein density.

cular bundles present in a leaf cross section by the
length of the section, and by measuring the distance
between bundles. He observed that vein density 1s

much lower in succulent leaves of desert perennals
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than in nonsucculents. Vein density in members of

Cistanthe, which are succulent, was here estimated
by counting the number of veins crossing arbitrarily
delimited transects of the photographs in Figures
39-54 and dividing by the length of the transect,
yielding data equivalent to that obtained by Gib-
son's method. Cistanthe grandiflora (Fig. 44) was
not measured because of its extensive three-di-
mensional venation. The density values averaged
shightly less than 5 veins/mm and were mostly
lower than the 7 veins/mm minimum reported by
Gibson for nonsucculent desert perennials. The
highest value observed in Cistanthe was ca. 9.5
veins/mm in the small, linear leaves of C. fenzlii
(Fig. 49). The lowest values, ca. 2.5 veins/ mm,
were found i C. paniculata (Fig. 39) and .
quadripetala (Fig. 50).

Mostly
helical but also annular, scalariform, and reticulate

d. Tracheary element wall pitting.

wall thickenings occur (see also below). Scalariform
to reticulate thickenings predominate in vessel el-
ements in the primary (and sometimes higher-or-
der) veins of some species (e.g.. C. lingulata, Fig.
1, and €. ambigua, Fig. 72), whereas helical
thickenings predominate in the prominent veins of
others.
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