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ABSTRACT

Qualitative and quantitative data are presented for wood of all species of Fouguieriaceae, the samples
selected so as to cover important variables with respect to organography and age. Wood contains fiber-
tracheids (plus a few vasicentric tracheids). Diffuse axial parenchyma is mostly grouped as diffuse-
in-aggregates or diffuse clusters (new term), with transitions to pervasive axial parenchyma in some
species. Rays are Heterogeneous Type Il. These wood features are relatively unspecialized and are
consistent with placement of the family in Ericales s.I. as defined in recent DNA-based cladograms.
Xeromorphic wood in nonsucculent species occurs only in Fougquieria shrevei: the lateral branches of
F. columnaris also have xeromorphic wood. If the preceding two instances and proliferated paren-
chyma of the three succulent species (F. columnaris, F. fasciculata, and F. purpusii) are excluded
from quantitative studies. wood of Fouquieriaceae is rather mesomorphic. despite the habitats occupied
by the family. This paradox is explained by the very sensitive drought deciduonsness. Also, the
succulent species produce water-storage parenchyma by means of expansion of rays and axial paren-
chyma bands. Details of these two types of meristems, as well as three other types of meristems within
wood (not including vascular cambium) and four bark meristems (other than phellogen) are described;
five of these meristems are newly reported for the family. Wood data permit recognition of both the
three succulent and eight nonsucculent species within a single genus, in agreement with Henrickson
(1972), but few wood features offer species characters. Most wood features, including the abundant
reaction wood, are closely related to habit, organography. and ecology.
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INTRODUCTION

Little published work on wood of Fouquieriaceae
exists (Gregory 1994), despite the inherent interest of
this distinctive family, which exhibits such diverse
habits in a variety of dry habitats of Mexico and the
southwestern United States (Henrickson 1969a). Data
on wood anatomy was included in the thesis of Hen-
rickson (1968), but only a portion of this fine work
has been published. The plans of stems as seen in tran-
sections in gross aspect have been well figured by
Henrickson (19695, 1972) and need not be repeated
here. Henrickson’s thesis (1968) presented both quan-
titative and qualitative data on the secondary xylem of
the family. The wood and bark sections studied here
are preparations by the author that represent new tech-
niques, including paraffin sectioning to reveal delicate
cells intermixed with sclerenchyma (Carlquist 1982).
sensitive counterstaining, and scanning electron mi-
croscopy (SEM). The data presented supplement Hen-
rickson’s (1968) work, which is cited in all key re-
spects here.

The habits of the 11 species of the sole genus now
recognized (Henrickson 1972; Schultheis and Baldwin
1999) have been well figured by Henrickson (1969a).
The following brief descriptions are offered to sum-

marize the surprising diversity within the family and
to introduce the taxonomy of the family (data derived
from Henrickson 1972):

Fouquieria subgenus Idria:

F. columnaris (Kellogg) Kellogg ex Curran: trees to 23 (mostly
4-16) m with an usually unbranched trunk tapering upwards.
bearing numerous slender horizontal lateral branches.

Fouguieria subgenus Bronnia:

F. fasciculata (Willd. ex Roem. & Schult.) Nash: shrubs or small
trees 2-5 m tall with 1-3 succulent trunks, branches slender.
upright to diagonal.

F. purpusii T. S. Brandegee: shrubs or small trees to 5 m tall,
with 1-5 tapering succulent trunks, branches slender, upright to
diagonal.

Fouguieria subgenus Fouquieria

section Fouquieria:

F. burragei Rose: shrub 1-3 m tall with 2-5 twisted trunks, each
bearing several branches terminating in moderately thick stems.

F. diguetii (van Tiegh.) I. M. Johnston: shrubs to 8, mostly 2—4
m tall, with a basal trunk bearing several ascending stems with
divergent branches terminating in relatively thick stems.

F. formosa HBK.: trees 3-8 m tall with 1-2 basal trunks, the
larger stems usually dichotomously branched and bearing nu-
merous erect to spreading rather thick stems,

F. leonilae F. Miranda: small sparsely branched trees, 1-7, mostly
3—4 m tall, with 1-5 trunks to 2-3 m tall bearing erect to
spreading branches, the youngest slender.

F. macdougalii Nash: small trees mostly 2—6 m tall with 1—4 basal
trunks, much branched above, the youngest moderately slender.
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F. ochoteranae F. Miranda: small trees 4-8 m tall, with 1-2 trunks
1-2 m. high, upper stems widely divergent, terminating in rel-
atively thick stems.
section Ocotilla

F. shrevei 1. M. Johnston: shrubs 1-2.5 m tall, the short trunk (to
15 ¢m tall) bearing 15-40 (rarely more) diagonal to erect mod-
erately thick stems.

F. splendens Engelm. in Wisliz.: shrubs or small trees 2-5 m or
taller, branched from near the base into 6100 upright to (most-
ly) diagonal relatively thick stems (with 2-12 c¢m basal diam-
eter).

Photographs convey more clearly than descriptions the
distinctive forms assumed by the respective species.
The habit of F. columnaris is easily distinguished from
those of the two species of subgenus Bronnia, al-
though all three may be described as succulent trees
because of the thick stems (main trunks) largely com-
posed of parenchyma. Fouquieria columnaris is note-
worthy for differentiation between the thick main
trunk and the slender horizontal lateral branches. The
trees of subgenus Fougquieria section Fouquieria taper
much less and do not have the parenchyma prolifera-
tion of subgenera Bronnia and Idria. Within section
Fouquieria, however, F. burragei and F. diguetii are
characteristically shrubby rather than trees. The two
species of section Ocotilla are highly distinctive in
their numerous branches that diverge from near the
base of the plant; F. shrevei is like a somewhat
dwarfed version of F. splendens, although the range
within F. splendens is considerable, and three subspe-
cies of F. splendens were recognized by Henrickson
(1972). The nature of wood (and bark) is related to
organography in part, and correlations are offered be-
low. In dicotyledons as a whole, root wood differs
from that of stem wood (Patel 1956), and Fouquieri-
aceae agree in that respect. The wood of thick lower
stems of the succulent species has been analyzed sep-
arately from upper stems of those species. In addition,
the wood of the horizontal lateral branches of F. col-
umnaris is distinctive.

The relationship between wood anatomy of Fou-
quieria and ecology is not a direct one because of the
presence of water-storage mechanisms, drought decid-
uousness of leaves, and very effective transpiration
limitation by the stem periderm. All species have cor-
tical water storage tissue, and the three succulent spe-
cies have water storage within proliferated parenchy-
ma of the secondary xylem. All species have leaves
that wither during drought and are initiated rapidly af-
ter sufficient rainfall occurrences:; these events can
happen more than once per year. Therefore, the quan-
titative data on secondary xylem of Fouquieriaceae
should not be expected to parallel trends reported in
desert shrubs that do not have water storage mecha-
nisms plus drought deciduousness (e.g.. Carlquist
1975, p. 206). Humphrey (1935) is of the opinion that
species of the family are not true succulents, an idea
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supported only in that Fouquieriaceae differ from most
other succulents in distribution and kinds of water stor-
age tissue. A three-dimensional anastomosing network
of water-storage parenchyma strands has been identi-
fied in the cortex of F. splendens stems (Scott 1932;
Nedoff et al. 1985); similar tissue occurs in the cortex
of the other species (Henrickson 1969¢). The periderm
is impervious to both water and carbon dioxide, and
thus recycling of carbon dioxide is required (Nedoff
et al. 1985). The so-called succulent species (F. col-
umnaris, F. fasciculata, F. purpusii) not only have
more axial and ray parenchyma than the species of
subgenus Fouguieria, they have proliferation of the
ray and axial parenchyma tissue (Henrickson [9695).
Although starch storage can be found in these tissues,
the large cell size of this parenchyma and the relative
paucity of starch in these cells suggests water storage
is the primary function of these tissues. Water storage
of Fouquieriaceae differs in pattern from that of Cac-
taceae, Crassulaceae, etc. However, commentary is ap-
propriate on the relationship of water storage tissue to
degree of xylem xeromorphy and ontogenetic mecha-
nisms that produce that tissue in Fouquieriaceae.

Systematic relationships within the family were an-
alyzed by means of pre-cladistic numerical methods
by Henrickson (1972) and with cladistic methods
based on molecular data by Schultheis and Baldwin
(1999). At least some features of systematic signifi-
cance occur in wood of Fouquieriaceae. Wood of the
family can be compared to various placements of the
family. Among the orders to which Fouquieriaceae
have been most frequently assigned in more recent
years are Ebenales, Ericales, Polemoniales. and Ta-
maricales, although earlier workers placed them with
tubiflorous families (see Goldberg 1986, Table I: Thorne
1992). The discovery of iridoids in Fouquieriaceae by
Dahlgren et al. (1976) led to assignment of the family
to Ericales, and recent DNA data also affirms that place-
ment. However, the cladograms based on DNA data
have expanded Ericales so as to include Ebenales and
Polemoniales in a new Ericales sensu lato (Morton et
al. 1996; Prather et al. 2000; Soltis et al. 2000), al-
though Tamaricaceae and allied families are assigned
by recent workers to an expanded Caryophyllales (Sol-
tis 2000).

Currently underappreciated are the kinds of meri-
stems that occur in stems of Fouquieriaceae (no fewer
than five in wood and four in bark, excluding vascular
cambium and phellogen, are reported below). There-
fore, a special effort has been made to describe the
location and origin of these meristems and the nature
and function of their products. Although Fouquieri-
aceae are unusual in the meristems within their wood
and bark, some of these may remain to be reported in
other dicotyledons, so attention to them may lead to a
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better understanding of cambial variants and bark de-
velopment in dicotyledons as a whole.

MATERIALS AND METHODS

Samples judged to show mature patterns were avail-
able for all species, although not all the plants sampled
were of adult size. The sources of most of the samples
were dried wood portions collected from plants of op-
timal size collected in the field by James S. Henrickson
(see listing in Table 1). These wood portions are lo-
cated in the wood collection of the Rancho Santa Ana
Botanic Garden (RSAw). The voucher herbarium
specimens documenting these wood samples, together
with collection data, are given in Henrickson (1972).
For the Henrickson samples, the usual sliding micro-
tome sections proved adequate. Sections were stained
with a safranin-fast green combination. Some un-
stained radial sections of F. leonilae were dried be-
tween clean slides, sputter coated with gold, and ob-
served with an ISI WB-6 SEM at Rancho Santa Ana
Botanic Garden.

Because of the admixture of soft and hard tissues in
stems of subgenera Bronnia and Idria, an alternative
sectioning method was used (Carlquist 1982). This
method was also used on stems of F. macdougalii,
because the tapering nature of stems in that species
suggested some succulence in the stem or cortex. His-
tological and meristematic details are well rendered by
the method cited. For the three succulent species and
for F. macdougalii, portions were preserved in 50%
agueous ethanol. Sections were stained in a safranin-
fast green combination corresponding to Foster’s mod-
ification of Northen’s tannic acid-ferric chloride meth-
od (Johansen 1940).

Material of F. macdougalii was collected 14 km S
of Nacozari, Sonora, Mexico (Carlguist 8003, RSA).
A relatively mature specimen (1.3 m in height) of F.
columnaris was available from an area of Rancho San-
ta Ana Botanic Garden withdrawn from cultivation to
make way for construction. Root material of this spe-
cies came from a seedling purchased from Arid Lands
Greenhouses, Tucson, Arizona. The specimen of F.
fasciculata with a lower main stem 6 cm in diameter
was purchased from Abbey Gardens (1995, at which
time the Gardens were located in Carpenteria, Cali-
fornia). The specimen of F. purpusii was given to me
by Dr. Mark Olson and cultivated by me until the stem
base was 6 cm in diameter, at which time the plant
was harvested.

For all stem and root xylem samples, macerations
were prepared with Jeffrey’s Fluid (Johansen 1940)
and stained with safranin. Macerations proved essen-
tial for determining lengths of vessel elements and fi-
ber-tracheids, as well as for distinguishing vasicentric
tracheids from vessel elements and fiber-tracheids.
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Measurements of vessel diameter are based on lu-
men diameter as seen in transection (for vessels oval
in outline, long and short chords were averaged) be-
cause lumen diameter is of direct significance to con-
ductive physiology. Vessel diameter including the wall
was measured by Henrickson (1968), but lumen di-
ameter plus twice the vessel wall thickness should
equal outside vessel diameter. Henrickson's (1968)
quantitative wood data are compared with mine in the
discussions below. Terminology that of the IAWA
Committee on Nomenclature (1964). except for the
terms pervasive axial parenchyma, ray-adjacent axial
parenchyma, and vasicentric tracheid, which are in ac-
cordance with Carlquist (1988). The sequence of the
species in Table 1 is the same as given above, and
represents the sequence of subgenera and sections of
Schultheis and Baldwin (2000), with species arranged
alphabetically within each infrageneric group.

WOOD ANATOMY
Growth Rings

Growth rings occur in all Fouquieriaceae sampled,
but in some species they are more pronounced, where-
as in most they are very weakly demarcated. Percep-
tible growth rings are illustrated here for F. splendens
(Fig. 1, 3), F. formosa (Fig. 5), F. shrevei (Fig. 8), F.
ochoteranae (Fig. 11), F. burragei (Fig. 13), F. di-
guetii (Fig. 15), F. columnaris (Fig. 28), F. fasciculata
(Fig. 39). and F. purpusii (Fig. 44). The most impor-
tant criterion for recognizing growth rings is greater
lumen diameter of vessels in earlywood (Fig. 1, 3, 4,
11, 15) or smaller diameter and/or greater abundance
of latewood vessels (Fig. 8, 11, 28). In addition, axial
parenchyma may appear more abundant in earlywood
(Fig. 32, 39) or in latewood (Fig. 33, 34). Studies of
wood of a particular plant over a period of seasons for
which the moisture availability fluctuations are known
are highly desirable to elucidate the role of parenchy-
ma abundance in relation to growth ring formation.

Quantitative Vessel Element Features

The mean number of vessels per group (Table 1,
column 1) shows a mean of 2.99 for subgenus /ldria,
2.19 for subgenus Bronnia, and 2.32 for subgenus
Fouquieria. The differences among these are not sig-
nificant, but the relatively high figures in upper stems
of F. columnaris (3.90) and F. fasciculara (3.35) are
notable. The significance of vessel grouping in Fou-
gquieria will be discussed below in connection with
ecology.

Vessel lumen diameter (Table 1, column 2) confirms
trends found by Henrickson (1968) with respect to dif-
ferences between roots and stems in the nonsucculent
species (see F. splendens in Table 1). To be sure, find-



Tahle 1. Wood features of Fouquieriaceae.

1 2 3 4 5 6 7 8 [ n 1 12 13 14
Sperics Calleetion Portion VG vD VM VL YW vP FL Fw FP MH MW UH Fv ME
Subgenus fdria
F, eolumneris cult. root 1.54 30 115 367 2.0 5 K20) 20 5 1855 23 312 2.23 95
culr, OL stem 4.47 44 i3 B79 2.6 9 777 6.0 9 1374 4.3 334 1.97 1279
cult. OU stem 3.90 32 51 46¥% 25 8 1603 23 8 943 29 307 343 294
cult. H branch 2.08 20 206 448 1.5 5 77 5.0 5 1476 2.7 277 1.73 43
Subgenus Bronniu
cuit. root 1.56 21 164 462 2.5 6 905 4.8 3 990 2.4 232 1.96 #7
F. fusciculuta cult. OL stem 2.19 39 23 368 3.0 610 925 4.6 5 > 1000 >10 H)3 2.51 624
cudt. U stem 3.35 32 200 370 2.3 5 775 4.0 5 1326 >10 205 1.93 59
H. 2142 ool 1.26 40 oy 542 2.0 B 16449 30 8 573 34 99 3.04 19
F. purpusii cult. root 1.90 38 75 426 20 5 T 24 6 648 23 282 1.81 215
cult. OL stem 284 45 46 393 2.0 7 1295 3.0 7 =>1000 > 172 3.30 384
cult. U stem 2.0 35 74 403 24 7 1201 2.4 5 > 1000 =10 222 298 191
Subgenus Fouguieriu
F. burraget H. 2973 stem 2.13 67 64 514 2.3 6 1450 5.0 4 997 33 101 243 538
F. diguetii 1. 2228 stem 2.32 70 55 556 2.5 ¥ 1808 5.0 8 536 4.1 190 .25 708
F. formosa H. 2105 stem 1.85 71 K 443 2.6 7 1787 3.0 8 783 KN 177 4.03 925
F. leanilae H. 2164 stem 1.45 60 60} 445 2.5 7 883 2.4 6 L) 29 198 3.23 445
F. macdougalii C. 8003 stem 300 46 156 284 23 5 4931 28 3 548 4.6 138 3.28 284
F. ochoteranae H. 2il4 stem 2.79 49 78 457 1.8 7 1404 4.3 7 613 4.8 192 3.07 287
F. shrevei H. 1825 stem 1.70 25 247 249 2.0 6 900 45 5 732 5.1 117 361 25
F. splendens H. 2587 root 272 52 65 387 20 8 1402 2.7 5-12 548 4.8 157 3.63 310
H. 2327 stem 3.00 35 181 341 23 7 1049 4.1 7 932 4.4 176 3.08 66
Subgenus, average of collections 2.32 33 104 431 2.3 7 1291 38 7 725 4.2 161 KRLE ) 339

Key 1o columns: Collection (C. = Carlquist, H. = Henrickson: others, see Materials and Methods); Portion (H = horizontal; 1. = lower; O = outer; U = upper); | (VG), mean number
of vessels per group; 2 (VD). mean lumen diameter of vessels, um; 3 (VM), mean number of vessels per mm?®; 4 (VL) mean length of vessel elements, pum; 5 (VW) mean thickness of
vessel walkls, pm; 6 (VP), mean axial diameter of pit vessel pit cavities, pm; 7 (FL), mean length of fiber-tracheids, pm; 8 (FW), mean thickness of liber-tracheid walls, wm: 9 (FP). mean
diameter of fiber-tracheid pit cavities, pm: 10 (MH), meun height of multiseriate rays, pm; 1T (MW), mean width of muliseriate rays, wm; 12 (UH) mean height of uniseriate rays, pm; 13
(FV), “F/V ratio” (mean fiber-tracheid length divided by mean vesset element length; 14 (ME), “Mesomaorphy Ratio™ (meuan vessel diameter times mean vessel element Icogth divided by
mean number of vessels per mm?}.
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Fig. =4 Wood sections of Fouquieria splendens—1-2. Stem sections.— 1 Transection, showing fluctuation in vessel diameter.—2.
Tangential section: both uniseriate and multiseriate rays are tall.—3-4. Root sections.—3. Vessels, especially those of earlywood, wider
than those of stem wood vessels.—4. Tangential section. Rays wider than those of rays in stem wood. (Fig. 1-4, scale above Fig. 1
[divisions = 10 u.m].)



