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Premise of the study: Bark functional strategies vary conspicuously within communities. As a result, predicting most community-
level bark traits based on environment often reveals little association. To complement this community-based view, we took a
clade-based approach to study potentially adaptive differences in bark water storage and biomechanics across habitats and
examined ontogenetic mechanisms that lead to these differences.

Methods: We studied the branches of nine species in the simaruba clade of Bursera in dry to wet, fire-free neotropical forests.
We measured mechanical properties from branch tips to bases, as well as the relative area and water content of bark. Using raw
data and phylogenetically independent contrasts, we then tested predictions regarding trait associations with environment and
mapped branch tip-to-base ontogenetic changes.

Key results: Across our wet—dry gradient, bark water storage was greater in drier habitats, whereas bark tissue mechanical ri-
gidity was greater in the taller species of moister forests. Bark was the principal mechanical tissue in branch tips and an impor-
tant contributor even in branches 3 m long. Within species, bark contributions to mechanical support and water storage came
mostly through a tip-to-base increase in bark quantity rather than alterations in tissue properties. Quantitative developmental
alterations in proportions of bark to wood led to habit differences.

Conclusions: Our clade-based approach shows that, in marked contrast to most community-based results, environment can
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strongly predict bark functional traits across species in ways that seem plausibly adaptive.
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Bark is a very morphologically diverse and functionally im-
portant part of stems (Romero, 2013). Ranging from smooth to
rough, scaly, spiny, furrowed, and tesselated, bark is known to
play roles in protection from desiccation, pathogens, and fire
(Srivastava, 1964; Uhl and Kauffman, 1990; Pinard and Huffman,
1997; Romero and Bolker, 2008; Lawes et al., 2011b). Bark is
also involved in photosynthate transport (Jensen et al., 2012),
photosynthesis (Pfanz et al., 2002; Cernusak and Hutley, 2011),
storage (Scholz et al., 2007), and stem mechanical support (Niklas,
1999), and it is even likely to intervene in repair of xylem em-
bolism (Nardini et al., 2011).

Various comparative approaches can be applied to study the
origin and functional significance of bark diversity across spe-
cies. One approach involves sampling a wide array of plant lin-
eages, within or across communities (Westoby et al., 2002).
This community-based approach has allowed the discovery
of fundamental trade-offs and functional coordination within
the bark and with other parts of the plant (Poorter et al., 2013;
Rosell et al., 2014). The main advantage of this approach is that
it provides generality, with patterns potentially stretching across
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the woody plants at large. Another approach is a clade-centered
one, which focuses on the descendants of a common ancestor.
Because all of the species are closely related and share ancestry,
any divergence in form or function between them has accrued
since divergence from the same ancestral state (Martins, 2000).
This approach therefore helps to identify features that poten-
tially represent adaptive changes (Romero et al., 2009; Losos,
2011). It also allows for detailed comparisons of ontogeny to iden-
tify the developmental mechanisms underlying morphological and
functional divergence between species (Raff, 2000). Here, we use
a clade-centered approach to study the evolution of diversity in
bark function across a clade of tropical trees with a high diversity
in habitat, habit, and bark features. In particular, we focus on the
roles of bark in the mechanical support of the stem, and in stem
water storage, two potentially vital functions often neglected in
favor of study of other bark functions such as fire protection.

We chose as our study system nine species within the simar-
uba clade of the neotropical genus Bursera (De-Nova et al.,
2012). This clade has as its namesake the gumbo-limbo tree
Bursera simaruba. With its large stature (to over 30 m tall) and
its brilliant red bark, the gumbo-limbo is one of the most con-
spicuous trees in the lowland (sub)tropics of Florida, the West
Indies, Mexico, and Central America. Other members of the
clade range from small, water-storing trees of very dry tropi-
cal deciduous forests (Figs. 1A, B), to tall species of moister
habitats (Rosell et al., 2010). The clade also includes two spe-
cies of unusual habits, B. instabilis, a tree with long, lianescent
branches in Mexican tropical dry forests (Fig. 1C), and B.
standleyana, a primary hemiepiphyte (Zotz, 2013) growing
high in rainforest canopies in Costa Rica. The simaruba clade is
known for its “peeling bark” (Fig. 1E-G). However, only the
outermost layer of bark, the phellem (Fig. 1D), peels. Produced
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by the cork cambium (Gémez-Vazquez and Engleman, 1984),
the phellem comprises just 1-2% of the total bark thickness
in main trunks. Although bark in the clade is always very thick,
made up of mostly secondary phloem and phloem rays (Fig. 1D),
there is wide variation in thickness across species (Fig. 1H, I).
The extensive environmental and morphological range in the
simaruba clade, all derived from a single common ancestor,
allowed us to examine both the way that the environment is as-
sociated with bark functional variation and the developmental
differences leading to functional diversity in the bark of these
species. Moreover, the neotropical dry and wet forests that the
simaruba clade inhabits do not experience natural fire as a sig-
nificant selective factor. In these sites, fire is absent or returns at
such wide intervals that it has never been recorded (Janzen, 1988;
Murphy and Lugo, 1995; Maas et al., 2002; Pennington et al.,
2009; Cantarello et al., 2011; Sanchez-Azofeifa and Portillo-
Quintero, 2011). No species in these forests exhibits fire-adap-
tive traits (Pennington et al., 2009) such as serotiny, and there is
no evidence of burning in the vegetation (e.g., burned stems,
resprouting stumps; Maas et al., 2002; Rodriguez Trejo, 2008).
Furthermore, the genus Bursera has been shown to have radi-
ated within seasonally dry tropical forests, the same fire-free
habitats they occupy today (De-Nova et al., 2012), ruling out
the possibility that bark traits in the simaruba clade have been
shaped evolutionarily by fire. As a result, we can in effect factor
out fire as an important selective pressure on the bark of the
simaruba clade, allowing us to focus on the role of mechanics
and storage functions in the wide variation in bark traits of the
clade.

We started by examining patterns in bark mechanics and water
storage across habitats. Most explanations for variation in bark
traits in the current ecological literature appeal to adaptation to
environmental conditions. For example, variation in bark thick-
ness is usually explained by differences in fire regime (Gill and
Ashton, 1968; Catry et al., 2010; Lawes et al., 2011a). Although
bark can be thick in large trees of areas that burn frequently, such
as savannas, recent cross-community comparative studies have
revealed that bark traits generally vary more within than across
communities (Rosell et al., 2014). This diversity reflects the mix-
ture of ecological strategies of the different lineages that make up
any given community (Falster and Westoby, 2003). In contrast,
members of a single lineage are likely to respond to selection
through a similar set of strategies. In our case, all species of the
simaruba clade have bark of generally similar structure, but very
different proportions across species. For this reason, they repre-
sent an ideal system to examine the degree to which variation in
bark amount and other bark functional traits might reflect adapta-
tion to environmental conditions.

Here, we tested whether environmental variables predict bark
traits associated with storage and mechanics, supporting the
idea that environmental selective pressures do mold bark diver-
sity across habitats within the simaruba clade. Stem water stor-
age in dry forest species seems crucial to buffer daily and
seasonal changes in water availability (Scholz et al., 2011) and
to fuel leaf and fruit production (Borchert, 1994; Chapotin
et al., 2006). Water stored in bark has been found to contribute
in varying degrees to stem capacitance (Zweifel et al., 2000;
Zweifel and Hisler, 2001; Scholz et al., 2007; Diaz-Espejo et al.,
2013). Given the large volume of water stored in the bark of the
simaruba clade species, we predicted bark amount to be associ-
ated negatively with precipitation and positively with seasonality.
Higher water storage has been shown to trade off with mechani-
cal rigidity in wood (Pratt et al., 2007; Chave et al., 2009).
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We predicted an analogous trade-off in bark. As a result, we
expected a positive association between the rigidity of bark
and wood with environmental variables reflecting greater water
availability, and a negative one with seasonality variables. We
tested these hypotheses with raw data and also taking into account
phylogenetic relationships.

Bark plays a vital role in mechanical support and water storage
(Romero, 2013), but it is not clear whether differences in perfor-
mance reflect differences in tissue quantity, tissue performance,
or both. As a tree grows, the resistance to bending of the wood in
its trunk increases as a result of both its increase in girth (change
in tissue quantity, Niklas, 1992), and the production of stiffer
wood (change in tissue quality, Van Gelder et al., 2006). In con-
trast, previous studies have suggested that despite wide variation
in bark tissue properties across species, an increase in mechanical
performance in bark is achieved mainly by higher amounts of
bark, and not so much by changes in tissue properties (Rosell
et al., 2014). Here, we investigated the quality—quantity issue in
bark storage and mechanics across the species of the simaruba
clade. We also took an ontogenetic perspective on the issue, testing
whether the mechanical and storage contribution of bark changed
along branches via bark quantity, or whether tissue properties,
as measured by bark Young’s modulus and bark water content,
also affected these contributions.

Bark must perform its mechanical support role not as a disar-
ticulated tissue, but as a functionally and structurally integrated
part of the stem, together with wood (Niklas, 1992). It has been
shown that bark and wood covary strongly regarding density
and water content (Poorter et al., 2013; Rosell et al., 2014), but
it is unclear what this covariation implies for the mechanics of
the branch. We compared the contribution of bark and wood to
the stiffness of branches across species and habitats and also
along branches within species. The simaruba clade is a particu-
larly useful system for addressing the mechanical role of bark.
Its wide range in environment and size, in addition to its growth
habit, including lianescent and hemiephytic, allow us to exam-
ine how developmental differences in bark and wood traits can
lead to morphological and functional diversity (Speck and
Rowe, 2001; Rowe et al., 2006; Rosell et al., 2012). Together
with the strong bark—environment associations across species,
these developmental data illustrate how our clade-based ap-
proach provides an essential complement to community-based
studies.

MATERIALS AND METHODS

Localities and sampling—We sampled nine species in eight localities with
very different precipitation and temperature regimes ranging from very dry,
tropical deciduous forest to rainforest (Table 1, Appendix 1). All collections
were perfomed during the May—October rainy season.

Mechanical traits, percentage areas, and water contents of bark and
wood—We collected 7-14 straight leading branches with few side branches
from 2—4 trees per species and divided them into 2-8 segments. Branches var-
ied in length from 112 to 383 cm in self-supporting species, and up to 603 cm
in the lianescent species. Segments ranged in diameter from more than 5 cm in
the oldest ones tested to around 0.5 cm in the segments closer to the tips of
branches. Leaves on the sampled branches were restricted to the current year’s
growth. We measured the distance from the midpoint of each segment to the tip
of the branch (hereafter “distance from the tip”) and performed three-point
bending tests using a digital micrometer to measure the deflection of the seg-
ment caused by adding weights to a bucket suspended at the segment mid-
point. Segments were tested within the same day of collection. To minimize
shear, segments had 1:20 diameter to length ratios (Vincent, 1992). For each
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Fig. 1. Habit, habitat, and bark diversity in the simaruba clade of Bursera. (A) B. cinerea, a tree of dry tropical forests, in the wet season. (B) B. lon-
gipes, a small dry forest tree, leafless in the dry season. (C) B. instabilis in Pacific coast dry forest. Note the branches that do not support their own weight,
coming to rest on the ground before snaking into the canopy. (D) Light micrograph of a paraffin transection of bark and secondary xylem of a young twig
of B. instabilis, outer surface at left, secondary xylem at right, to show the structural plan common to the bark of all simaruba clade species. Stained with
safranin and alcian blue. P = phellem; in older stems the phellem is always very thin relative to the secondary phloem. C = “secondary cortex”; between P
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segment, we calculated the flexural stiffness of the whole structure (El ) with
Eq. 1:

3
El= L
48m

)

ey

where L is the length of the tested segment between the supports, and m is the
slope of the initial linear (elastic or Hookean) portion of the maximum de-
flection vs. force curve. We debarked the segment and calculated the flexural
stiffness of the wood (EI,,.,) repeating the same procedure. Bark flexural stiff-
ness (El,,) was inferred from the difference between El,, and El,,., (Niklas,
1999). We computed second moments of area for the whole branch (/). the
bark (Jp,4), and the wood (Z,,,0q) using Egs. 2 to 4 for hollow, circular sections.
We used hollow, circular sections assuming that bark is a ring with wood and
pith in the center. The same applies to wood and bark + wood, both of which
have pith in the middle. That the outer bark in the species of the clade is only a
few cells thick obviated the need to distinguish between outer and inner bark in
mechanical calculations.

T

[struct = Z(a4stem - a4pith) (2)
T

[wood = _(a4wood - a4pith ) (3)
4
T

Iba.rk = Z(a4stem - a4wood )’ (4)

where a represents the radius of the whole branch, the wood, or the pith (Pisarenko
et al., 1979). In a very few cases, segment cross sections were elliptical. For
these cases, we used Eqgs. 5 to 7 to calculate the second moments of area:

T

Ieruct = Z (a 3stem bstem - a3pith bpith ) (5)
VA

Iwood = Z (a3woodbwood - aBpith bpith ) (6)
VA

Ibark = Z (a3stem bstem - a3wood bwood )’ (7)

where a and b represent the minor and major radii of an ellipse (Pisarenko et al.,
1979). In addition to reflecting tissue quantity, these moments of area reflect
how well the different tissues are deployed geometrically to resist bending. We
measured the major and minor diameters of the whole branch, of the wood, and
of the pith with digital calipers, and averaged diameters measured at the apex
and the base of each segment. Computation of the Young’s modulus, an index of
the capacity of a material to resist bending, of the whole branch (E,,), the bark
(Epan)» and the wood (E,,,q) Was straightforward after measuring £/ and /. Giv-
en that plant tissues are composite anisotropic materials (i.e., their mechanical
properties change in different directions), the E calculated here through bending
tests will likely differ from the E calculated in other directions (Niklas, 1992).
However, longitudinal bending performance is indisputably a feature of critical
adaptive importance in biological cantilevers such as branches and therefore of
greatest relevance here.

We estimated the percentage mechanical contribution of bark to the stiffness
of the branch (%BMC) using Eq. 8. We calculated the contribution of wood in
a similar way.
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EI
%BMC = % %100
struct (8)

For each segment tested mechanically, we calculated bark thickness (BT) and
the percentage area occupied by bark (bark % area), wood (wood % area), and
pith (pith % area) in cross section based on the average of apical and basal diam-
eters of these tissues. Bark thickness was equal to the difference between outer
and wood diameter divided by two. We preferred percentage over raw areas to
reflect the relative investment of the branch in each tissue. Moreover, species
showed marked differences in branch allometry, with species from dry environ-
ments having shorter and thicker branches than those of moister habitats, making
comparison of raw areas difficult for a given distance from the tip.

We used percentage water content in the bark (%#BWC) and the wood
(%WWC) to reflect water storage capacity. Percentage water content reflects
the amount of water per unit of dry mass (Domec and Gartner, 2002) and has
been found to covary closely with water storage physiological traits such as
capacitance (Ogburn and Edwards, 2012). Water content traits were measured
in the laboratory from samples fixed in 70% ethanol taken from the basal por-
tion of the branches tested mechanically. We rehydrated the samples for 2 h and
weighed them after removing excess water. We then dried the samples at 100°C
until constant mass was reached (Williamson and Wiemann, 2010). We calcu-
lated percentage bark water content using Eq. 9.

saturated mass — dry mass o

%BWC = 100 9)

dry mass

We calculated percentage wood water content (%2WWC) in a similar way.
Water contents were not available for B. standleyana.

Three data sets were generated. The data set including the trait values of all
the segments measured, hereafter referred to as the “ontogenetic” data set, was
used to analyze the change of bark and wood traits along branches and across
species. From this large data set, we selected segments between 100 and 140 cm
from the tip to reflect the traits of mature bark and wood and assembled the sec-
ond data set, hereafter referred to as the “mature segments” data set. We selected
this range of distance from the tip to maximize the number of mature segments
available across species. This data set was used to test correlation hypotheses of
bark and wood traits. The final data set, named “species means”, included the
mean trait values per species of the segments in the “mature segments” data set.
Species means were used to test hypotheses of trait-environment associations.

Correlations between bark and wood traits and the environment—To esti-
mate trait-environment associations, we extracted 19 environmental variables
from the database WorldClim v.1.4 (Hijmans et al., 2005) using the coordinates
of sampled localities (Appendix S1, see Supplemental Data with the online ver-
sion of this article). Given that functional traits are likely to change with distance
from the tip, we estimated Pearson correlations between traits and environmen-
tal variables based on the “species means” data set. Precipitation variables were
log,-transformed to achieve linear relationships.

To take into account phylogenetic nonindependence in correlation estima-
tions potentially reflecting adaptation, we calculated phylogenetically indepen-
dent contrasts (PIC) for traits and environmental variables (Felsenstein, 1985).
We used the phylogeny of Rosell et al. (2012) and the R package ape (Paradis
et al., 2004) to calculate contrasts. We performed all analyses in R v.3.02
(R Development Core Team, 2013).

Bark quantity vs. quality in the contribution to mechanics and water
storage—We asked whether variation in bark mechanics across species was
accounted for by variation in E,,, a tissue level property, or whether it was
mostly attributable to variation in bark quantity. To do so, we compared the

«—

and C is the phellogen and a few layers of phelloderm. 2°P = secondary phloem; active phloem is made up of the smaller cells close to the xylem/cambium.
Two phloem rays reach the outer secondary phloem; they become sinuous because of the death and crushing of the phloem. A gum canal can be seen in the
outer part of the secondary phloem. Scale bar = 500 um. (E-G) External views of bark of (E) B. attenuata and (F, G) B. simaruba; the axial direction is left
to right. (H, I) Photographs showing the relative bark proportions in branches of (H) B. arborea and (1) B. instabilis in branchlets 1.5 cm in diameter; b =
bark, x = xylem, p = pith.
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Localities (coordinates), vegetation type, and traits measured for the nine sampled species; for each trait, the mean value and range are reported based on segments between 100 and

140 cm from the tip of branches.

TaBLE 1.

Abbreviation

B. standleyana

B. arborea B. attenuata B. cinerea B. grandifolia B. instabilis B. longipes B. roseana B. simaruba

(unit)

Trait

9.68 N
84.4W

18.58 N
95.07W

1927 N
102.08 W
TSDF
2.08 (1.43-2.61)
2.3 (1.7-2.8)
40.4 (36.9-44.1)

19.49N 18.00 N
99.54 W

105.04 W

1951 N 21.52N 1745 N 18.74 N
10497 W 99.19 W

105.04 W

Locality

96.81 W

RF
1.09 (0.72-1.36)

RF
2.12 (1.42-3.25)
1.7 (1.2-2.1)

30.2 (21-49.7)

TDF
1.94 (1.69-2.3)
2.5(1.8-3)

45.4 (37.1-52)

TDF

1.58 (1.16-1.92)
1.3 (0.5-2.1)
30.6 (12.4-45.1)

68.4 (54.2-87.1)

TDF
227 (2.17-2.4)
3.5(3.2-3.7)

51.5 (48.3-54)

TDF
2.23 (1.45-3.04)
2.9 (1.9-4.3)

45.6 (39-48.9)

TSDF
2.38 (1.77-3.55)
2.9 (1.8-4.1)

42.9 (29.7-50.5)

TDF
1.65 (1.22-2.12)
1.7 (1.3-2.3)

374 (30.247.1)

Vegetation
Branch diameter

Bark thickness

D (cm)
BT (mm)

0.8 (0.5-1.1)
28.5(23.5-33.1)

%BA (%)

Bark percent area

56.3 (51.0-60.3)  65.9 (45.0-77.3)  68.7 (61.1-74.8)

53.6 (47.2-61.7)

542 (45.2-68.8)  532(485-60.1)  46.4 (42.8-50.1)

61.4 (51.8-69.1)

BWA (%)
Epui (GN/m?)

Wood percent area
Bark Young’s

0.7 (0.32-1.29)

0.23 (0.04-0.38) 0.45 (0.19-0.66) 0.49 (0.28-0.84)

0.61 (0.12-0.97)

0.49 (0.22-1.23) 0.22 (0.05-0.43) 0.13 (0.06-0.25)

0.45 (0.05-0.88)

modulus
Structural Young’s

1.45 (0.81-2.4) 0.89 (0.57-1.62)  0.42(0.27-0.57)  0.96 (0.4—1.58) 0.69 (0.08-1.56) 125 (1.09-1.51)  2.45(1.55-3.92) 3.1 (1.66-4.43)

1.51 (0.8-3.69)

Eyet (GN/m?)

modulus
Wood Young’s

4.94 (3.1-5.64)

2.08 (1.33-3.38) 2.7 (1.95-3.27) 4.24 (2.19-5.79)

1.42 (0.78-2.81)

3.68 (2.59-5.53) 2.5 (1.66-4.07) 1.34 (0.85-1.95)

3.5 (1.88-7.55)

E\yo0a (GN/m?)

modulus
Bark mechanical

23.3(10.6-39.4) 10.8 (7.2-18.8) 10.7 (6.1-17.5)

28.1 (14.6-43.4)

20.6 (9-33.4) 16.8 (4.3-31.5) 25.1(8.1-48.7) 31.4 (20.5-63.1)

14.5 (3.5-27)

%BMC (%)

contribution
Bark water content
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184.5 (150.2-211.8) 358.2(273.9-489.7) 317.3 (270.2-370.8)
157.6 (134.7-177.5) 204.3 (142.8-260.4) 217.2 (157.3-262.5)

453.7 (381.3-548.1) 401.3 (314.4-469.1) 353.7 (318.1-400) 342.3 (270-435.7)

294.5 (226.5-351)

BBWC (%)
BWWC (%)

190.6 (143.6-229.2) 160.6 (151.9-169) 216.4 (181.7-234.6)

182.3 (172.6-192.9) 228.4 (204-242.7)

Wood water content

Notes: TDF = tropical dry forest, TSDF = tropical subdeciduous forest, RF = rainforest.
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correlations of the mechanical contribution of bark with traits reflecting bark
amount, such as bark thickness, bark % area, and I, vs. the correlations with
Ep,«. We based all these correlations on the “mature segments” data set. This
data set was also the basis for testing for the presence of a mechanics—storage
trade-off in bark.

We also examined the effect of quantity vs. quality from an ontogenetic
point of view. We calculated correlations of traits reflecting bark amount (see
above), and traits reflecting bark tissue mechanics (E,,) and storage capacity
(%BWC) with distance from the tip. We calculated these correlations with all
species pooled, but also within each species. Variables were log;-transformed
to achieve linearity.

Bark vs. wood contributions to branch stiffness— After having examined
the way that bark mechanical behavior changes across species and along branches,
we then turned to the relative contributions of bark and wood to branch stiff-
ness. Given the importance of tissue quantity for mechanical performance, we
started by comparing the relative investment of bark vs. wood across species. We
calculated the distance from the tip of branches where bark and wood had the
same percentage area (“area inversion point”). This distance pinpointed the part
of the branch at which the relative abundance of bark and wood was inverted.
Older portions from this point had more wood, whereas younger portions of
branches had more bark. We used linear models per species fitted on log,o-
transformed variables to find this distance per species. We quantified the relative
contribution of bark and wood in a similar way. We fitted linear models based on
log,o-transformed data to calculate the distance for which both tissues had an
equal contribution to flexural stiffness of the branch. We called this distance the
“mechanical contribution inversion point.” Again, this point divides the branch in
two portions, an older one, in which wood is the main contributor to structural
flexural stiffness, and a younger one, in which bark has a larger contribution. We
compared the area and mechanical contribution inversion points across species.
Finally, we examined the correlation between bark and wood traits across spe-
cies to shed light on how bark and wood change in a parallel fashion.

RESULTS

We measured traits in 447 segments from 94 branches in
nine species, making up the “ontogenetic” data set used for the
analyses of trait change along branches. Branches ranged from
112 to 383 cm long in the self-supporting species and up to 603
cm in B. instabilis, the lianescent species. This variation in
length resulted from the markedly different allometries across
species (Rosell et al., 2012). In the species with shorter, thicker
branches, older, consequently thicker, segments could not be
tested due to limitations of our testing apparatus. Segments be-
tween 100 and 140 cm from the tip were grouped in the “mature
segments” data set, which had 68 points and for which the de-
scriptive statistics are reported in Table 1.

Correlations between bark and wood traits and the
environment—Environmental variables indicated a wide eco-
logical range in the habitats of the simaruba clade. For example,
annual precipitation ranged from 680 in very dry, tropical for-
ests to 3600 mm in the rainforest. Temperature seasonality also
varied markedly, with annual temperature ranges covering from
25°C in a tropical, dry forest with markedly different cooler wet
and hot, dry seasons, to 14°C in a relatively uniform rainforest
(Appendix S1).

Bark and wood traits were closely associated with environ-
mental variables, as suggested by correlations based on the
“species means” data set. As predicted, traits reflecting the
amount of bark, such as bark thickness and bark % area, were
tightly and positively associated with temperature seasonality
variables, and negatively with precipitation ones (Table 2; Ap-
pendix S2, see online Supplemental Data), suggesting greater
allocation to water storage in dry areas. Bark thickness increased
with the annual (r = 0.91, rpc = 0.89, P < 0.001, Fig. 2A) and
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TasLE 2. Pearson correlations between bark and wood traits and environmental variables based on mean traits for nine species of Bursera (see Table 1).

Variable BT %BA Epoic Egrer E.o0d %BMC %BWC D%WWC
Ppt coldest qtr? —-0.63 -0.71* 0.63 0.94%%* 0.827%* -0.72% 0.10 0.55
Ppt warmest qtr? -0.56 -0.71%* 0.74* 0.75* 0.68* -0.48 0.28 0.73*
Ppt driest qtr? -0.49 —-0.58 0.34 0.77* 0.64 -0.69* -0.15 0.21
Ppt wettest qtr? —-0.60 —0.73%* 0.73* 0.86%** 0.73* -0.51 0.14 0.69
Ppt seasonality? 0.51 0.58 -0.35 —-0.8%* —0.67* 0.73* 0.16 -0.17
Ppt driest month? -0.32 —0.48 0.33 0.77* 0.70* -0.76* 0.23 0.43
Ppt wettest month? -0.62 -0.76* 0.76* 0.867%** 0.74* -0.53 0.15 0.71%*
Annual ppt? —-0.60 —0.71%* 0.64 0.9%** 0.76* -0.62 0.06 0.57
Mean T coldest qtr -0.67* -0.5 0.36 0.31 0.12 0.00 —0.82* -0.35
Mean T warmest qtr -0.44 -0.3 0.13 0.1 —-0.05 0.13 —-0.82% -0.4
Mean T driest qtr —-0.58 -0.47 0.26 0.32 0.1 -0.05 —-0.76* -0.34
Mean T wettest qtr 0.5 -0.43 0.28 0.15 0.02 0.07 —-0.60 -0.14
Annual range in T 0.91%##* 0.95%#* —0.83** —0.90%#* —0.75* 0.64 0.08 -0.57
Min T coldest month —0.83* -0.76* 0.58 0.67* 0.47 -0.35 —0.68 —-0.03
Max T warmest month 0.1 0.28 -0.38 -0.35 -0.44 0.45 -0.79* -0.77*
T seasonality 0.73* 0.57 -0.57 -0.54 -0.34 0.24 0.42 0.15
Isothermality -0.43 -0.23 0.41 0.16 0.05 0.05 0.03 -0.21
Mean diurnal range 0.79* 0.89%** -0.72%* —0.86%#* —0.75% 0.66* 0.09 —-0.57
Mean annual T -0.59 -0.45 0.29 0.23 0.05 0.05 —0.8% -0.34

Notes: Ppt = precipitation, qtr = quarter, T = temperature, Max = maximum, Min = minimum; other abbreviations as in Table 1; *** P < 0.001; **P <
0.01; *P < 0.05; see Appendix S2 for the equivalent correlations based on phylogenetically independent contrasts.

2Log,-transformed.

diurnal ranges in temperature (r = 0.79, rp;c = 0.75, P < 0.05),
as well as bark % area (r = 0.95 and 0.89, rp;c = 0.92 and 0.85
P < 0.01). Bark % area decreased with precipitation variables
such as the precipitation of the wettest month (r = —0.76, rpc =
—-0.74, P < 0.05, Fig. 2B) or annual precipitation (r = -0.71, P
< 0.05; rpc = =0.55, P > 0.05).

Mechanical traits also changed across environments as pre-
dicted. The Young’s modulus of the whole branch, the bark, and
the wood increased with precipitation of the warmest and wettest
quarters of the year (0.68 < r < 0.86, 0.70< rp;c < 0.87, P < 0.05)
and decreased with annual and diurnal ranges in temperature
(=090 £ r<-0.72, =0.85 < rp;c £ -0.72, P < 0.05, Fig. 2C). The
mechanical contribution of bark decreased in wetter sites (with
precipitation of the driest month, r=-0.76, P < 0.05; rpic =—-0.52,
P > 0.05, Fig. 2D) but increased in more seasonal sites (with
mean diurnal range r = 0.66, P < 0.05; rp;c = 0.35, P> 0.05).

Contrary to our expectations, bark tended to have higher
water content in sites with lower mean temperatures (with mean
temperature of the coldest quarter, r = —0.82, rp;c = —0.79, P <
0.05), and this content was not associated with precipitation
(Table 2). Also in disagreement with our predictions, wood
tended to have more water in conditions of higher precipitation
(with precipitation in the warmest quarter and wettest month,
r=>0.71, P < 0.05; rpc = 0.66, P > 0.05), and less water in
warmer weather (with maximum temperature of the warmest
month, r =-0.77, P < 0.05; rp;c = —0.64, P > 0.05).

Bark quantity vs. quality in bark contribution to mechanics
and water storage—Bark traits reflecting bark quantity, such as
bark thickness and % area, were closely associated with one
another (r=0.81, P < 0.001, Table 3), and also with 1, ,,, a trait
also reflecting the amount of bark from a mechanical perspec-
tiVC (V]bark_BT = 088, r[bark-Bark%area = 0.44, P < 0.001). The quan'
tity of bark was negatively associated with bark mechanical
quallty (rEbark_BT = _0.70, Flg. 3, aIld YEbark-Tbark — _0.59, P <
0.001).

Across species, bark achieved a higher contribution to branch
stiffness more through changes in bark quality than bark quan-

tity. Across species, stiffness (quality) was more closely corre-
lated with higher Young’s modulus (rgyuu.apmc = 0.26, P >
0.05) than with the amount (thickness) of bark or its moment of
area (r%BMc_BT = 014, Yo,BMC-Ibark — 0.24, P > 0.05, Table 3). IIl
contrast to this across-species pattern, along the ontogeny of a
branch, bark’s contribution to stiffness depended more on bark
quantity and not quality. The amount of bark (quantity) changed
along branches, with bark thickness increasing and bark % area
decreasing toward the older portions of the branch. Based on
data for all species, bark thickness and distance from the tip
were positively associated (r = 0.47, P < 0.001), whereas bark
% area decreased with distance from the tip (» = —0.60, P <
0.001). These trends were stronger within species, with correla-
tions ranging from 0.61 to 0.85 for bark thickness and —0.57 to
—0.83 for bark % area (Table 4). The only exceptions were B.
instabilis, the lianescent species, and B. longipes, a small spe-
cies of very dry tropical forest, which showed no directional
change in bark % area along branches. In contrast with bark
quantity (thickness), bark Young’s modulus (quality) did not
show an ontogenetic increase with distance from the tip, with
the exception of three of the stiffer-branched species (Table 4).
In the case of water content (the quality trait reflecting water
holding capacities of bark tissue), species had divergent behav-
iors. Bark water content did not covary with distance in most
species; in three species, the water content decreased, whereas
in another species this content increased (Table 4). In a majority
of species, in both mechanics and water storage, ontogeneti-
cally the quantity of bark produced higher contributions than
variation in bark quality.

Regarding the predicted mechanics—storage trade-off in bark,
we found that more water per unit of dry tissue did not seem to
affect E,y (r = 0.18, P > 0.05). In fact, the water content of
bark did not show any significant association with other bark
traits. The mechanics—storage trade-off was observed in wood
(Table 3). Although wood water content was associated posi-
tively with E, .4 across species (r = 0.30, P > 0.05), within
species these traits had a negative association (correlations per
species not shown).
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Bark vs. wood contributions to branch stiffness—The si-
maruba clade had a very significant investment in bark as in-
dicated by the large percentages of cross-sectional area
occupied by this tissue. Percentage bark area ranged across
species mean values from 30% to 52% at the base of branches
100-140 cm long (Table 1). This percentage decreased with
distance (r = —0.60, P < 0.001, Table 4), indicating that al-
though bark thickened as branches aged (7g1pisiance = 0-47, P
< 0.001), less bark was produced relative to wood. Figure 4
illustrates the two general ontogenetic trends in percentage
areas of bark, wood, and pith observed in the clade. The first

trend is exemplified by B. cinerea, a species of very dry sites
with abundant bark representing 40-60% of transectional
area along the first 3 m of branches (Fig. 4A). In this species,
bark was the most abundant tissue up to 80 cm from the
tip (Table 4). In contrast, thinner-barked rainforest species
B. simaruba had more drastic ontogenetic changes in per-
centage tissue areas. Up to 40 cm from the tip, bark was the
most abundant tissue, decreasing to 20% at 3 m from the tip
(Fig. 4C). Although pith was abundant in the first 20 cm
from the tip in all species, its relative area decreased quickly
thereafter.
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TasLE 3. Pearson correlations between bark and wood traits based on segments between 100 and 140 cm from the tip.

Variable BT %BA BHWA Epune Eorut E\ood JA Lood %BMC? %BWC
%BA 0.81 %%

% WA —0.77%%* —0.99%#

Epanc —0.70%%* —0.66%** 0.61 %%

Eruet —0.60%#* —0.62%%* 0.56% %% 0.66%#*

E o0 -0.30* -0.32%* 0.27* 0.36%* 0.88%*

Lo 0.88 % 0.44%%* —0.40%%* —0.59% %% —0.45%* -0.25

Lyood® 0.61 %% 0.04 0.01 -0.40%* -0.24 -0.14 0.9 1%

%BMC? 0.14 0.24 -0.25 0.26* —0.38%* —0.51%%* 0.05 -0.04

%BWC 0.15 0.06 -0.10 0.18 0.02 0.03 0.15 0.11 0.14

%WWC -0.26 -0.27 0.19 0.47* 0.39%* 0.30* -0.12 0.01 0.03 0.24

Notes: Abbreviations as in Table 1;
variables.
2Log,,-transformed.

Regarding mechanical traits, we found that both the rigidity
of bark and wood at the tissue level, as reflected by Young’s
modulus E and their relative contributions to branch stiffness,
as reflected by the proportion that each tissue contributed to
total segment flexural stiffness EI, changed with ontogeny.
Young’s modulus for wood was greater in older segments
(based on all data, rgyood-pistance = 0-41, P < 0.001; within spe-
cies, 0.34 < reyood-Distance < 0.76, P < 0.05). In contrast, bark did
not become stiffer with ontogeny, with the exception of three
species (Table 4, Fig. 5A). In turn, the mechanical contribution
of bark to branch stiffness usually decreased with ontogeny (r =
-0.46, P < 0.001, Table 4), with wood quickly taking over the
support of branches with stem age. The contribution of bark
was larger than that of wood in just the first few centimeters of
branches (up to 10 cm from the tip, Table 4), after which wood
took over as the main contributor to branch stiffness. However,
this does not mean that the mechanical contribution of bark was
negligible later in ontogeny. For example, in B. cinerea, the
contribution of bark was 40% in younger branches to 15% in
older segments 3 m from the tip (Fig. 4B). In B. simaruba, the
contribution of bark started at 30%, decreasing to around 10%
in older segments (Fig. 4D). In the lianescent B. instabilis, per-
centage bark area and mechanical contribution varied widely
(Fig. 4E, F). Mechanical contribution in this species ranged from
10% to 60%, with a mean of 27% and no steady decrease
with ontogeny.

As was the case with mechanical traits, the content of water
in bark tended to increase with distance from the tip when all
species were pooled (r = 0.25, P < 0.05), but contrasting trends
were observed across species. Water content did not change in
four species (Fig. 5B), decreased in three species, and tended to
increase in one. Similarly divergent trends were also observed
in the water content of wood (Table 4).

Bark traits covaried with some wood traits (Table 3). E, 4
was positively associated with E|,.4, meaning that species with
more flexible wood also had more flexible bark (r = 0.36, P <
0.01). Water content of bark and wood tended to be correlated,
but not significantly (r = 0.24, P > 0.05). In contrast, bark and
wood covaried strongly in their second moment of area (/, » =
0.91, P <0.001) and in their % areas (r = -0.99, P < 0.001).

DISCUSSION

Our results highlight the complementary nature of the com-
munity- and clade-based approaches to study the significance

##% P < 0.001; **P < 0.01; *P < 0.05; N = 47-68 segments depending on trait, due to missing data in some

of bark functional diversity. Community-based approaches
have tended to highlight the variable nature of bark and, in gen-
eral, seem to indicate that environment only weakly predicts
important bark functional variables (Paine et al., 2010; Rosell
et al., 2014). These perspectives highlight the diversity of bark
functional strategies that can coexist in any single locality
(Gignoux et al., 1997; Dantas and Pausas, 2013). The clade-
based approach taken here, in contrast, reveals bark variation
that is predicted very well by environmental variables, with
stiffer bark appearing to be favored in the tall species of moister
sites, and bark water storage being favored in drier habitats
(Table 2, Fig. 2). We first discuss these coarse-scale, across-
environment associations before turning to our developmental
analyses.

Across the simaruba clade, the associations between bark
traits and climate seemed congruent with the importance of
bark as a site of water storage (Srivastava, 1964; Borchert,
1994; Scholz et al., 2007; Gillison, 2013). With both raw data
and PICs, the absolute amount and the percentage of bark was
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Fig. 3. Correlation between Young’s modulus of bark (E,,,) and the

amount of bark as reflected by bark thickness. *** P < 0.001.
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TasLE 4. Pearson correlations between distance to the tip and bark and wood traits (log;-transformed) to evaluate the ontogenetic change in these traits,
and the distance from the tip of the branch where the percentage areas and mechanical contributions of bark and wood were the same (area and

mechanical inversion points).

Area inversion Mech. inversion

Taxon N BT %BA Yo WA E,ox E et E,ooa %BMC  %BWC %WWC point point

All Bursera spp. 250-363 0.47%¥* —0.60%**  (.73%%*  (.24%**  (Q.57+%%*  041%*¥*% —0.46%*+*  0.25%%% —0.08 — —

B. arborea 16-37 0.85%%* —0.73%%*  (.79%**  (.52%* 0.68%#*  0.40%* —-0.04 -0.28 —0.70%** 39.8 No crossing

B. attenuata 40-50  0.74%*% —0.69%**  0.84%**  (.53%F*  (85%**  0.76%**F —0.62%*F*F —0.38% 0.34% 67.7 1.6

B. cinerea 47-52  0.78*** —Q.57***  (0.82%**  0.04 0.54%%%  0.34* —0.46%*%  0.61%** —0.37** 77.7 0.6

B. grandifolia 9-14 0.61* —0.72%* 0.81#**%  —0.27 0.4 0.12 -0.61* 0.43 —0.98%*#* 157.2 10.4

B. instabilis 27-38 0.79%** 0.19 -0.06 -0.16 -0.25 -0.16 0.05 0.22 0.06 No crossing No crossing

B. longipes 29-35 0.81%** —-0.24 0.38% 0.01 0.3 0.37%* -0.35* 0.05 —0.66%#* 110.5 74

B. roseana 41-49  0.76*%** —0.80***  0.83**%* (.16 0.74%*%  0.61%*%* —0.58%**% —0.34*  -0.1 55.8 7.4

B. simaruba 41-48 0.72%** —0.83%**  (0.89%**  (.35% 0.76%%*%  0.56%** —0.63*** —0.40%* -0.22 40.3 0.4

B. standleyana 37-40 0.61%*%* —0.69%**  (0.78*** —-0.16 0.69%**  (0.55%** —(0.62%** — — 11.5 1.2
Notes: Abbreviations as in Table 1; *** P < (0.001; **P < 0.01; *P < 0.05.

negatively associated with moisture availability, as reflected  tropical dry forests completely lack species with

not only by precipitation variables but also those indicating sea-
sonality (Table 2). For example, annual temperature oscillation
is much higher in the seasonally dry, hot, tropical forests, as
opposed to lowland rainforests, which have more even temper-
atures and rainfall throughout the year (Appendix S1). The ob-
served bark—environment correlations suggest that, compared
with those of wetter areas, the species of drier areas with more
seasonal precipitation had thicker bark and also a higher invest-
ment in bark as compared with wood (Fig. 2A,B). The species
of dry areas store conspicuous amounts of water and also starch
both in the abundant living fibers and ray cells in the xylem, as
well as in the bark (Roth, 1981; Gémez-Vazquez and Engleman,
1984). Greater amounts of water-storing bark in dry areas is
congruent with the notion that selection favors greater alloca-
tion to storage in areas with long dry seasons (see Boyce and
Leslie, 2012). We found complementary results with regard to
branch mechanics. The species of tall, moist forest tended to
have stiffer bark tissue (higher Ey,,), though the total mechani-
cal contribution of bark was lower in these species than in dry
forest species with their very thick bark (Table 1, Fig. 4B, D).
The role of other bark functions such as photosynthesis or pro-
tection against nonfire agents in variation in bark amount and
other bark traits remains to be understood for the simaruba
clade and for plants in general (Paine et al., 2010). However,
the patterns recovered here seem congruent with adaptive vari-
ation in water storage and mechanical support along a wet—dry
environmental gradient.

The vegetations inhabited by the simaruba clade and the evo-
lutionary history of this group allowed us to focus on the func-
tions of water storage and mechanical support, factoring out fire
as a relevant selective factor shaping bark traits. Seasonally
dry tropical forests, the vegetation in which most of the spe-
cies of the clade occur, do not experience natural fire (Murphy
and Lugo, 1995; Maas et al., 2002; Pennington et al., 2009;
Rodriguez Trejo, 2008). Although seasonally dry, these forests
lack the grassy understory characterizing seasonal fire-prone en-
vironments such as savannas (Mooney et al., 1995). Furthermore,

fire-adaptive traits such as serotiny or requiring fire for seed
germination. Moreover, they usually include fire-sensitive suc-
culents such as columnar cacti or stem-photosynthetic bottle
trees (Pennington et al., 2009), whose long-lived epidermis
always lack the conspicuous scars they would bear if burned.
As a result of this lack of fire adaptation, anthropogenic fire is
considered a serious threat to tropical dry forests, given the large-
scale damage it can produce (Cantarello et al., 2011; Sanchez-
Azofeifa and Portillo-Quintero, 2011). The evolutionary history
of Bursera unequivocally suggests that radiation of its species
occurred within seasonally dry tropical forests, very similar to
the ones the species of the clade inhabit today (De-Nova et al.,
2012). The species in the genus have not been able to invade
fire-prone habitats, but some of them have invaded wetter envi-
ronments (e.g., B. simaruba and B. standleyana) and deserts
(B. microphylla, B. hindsiana), areas that also do not experience
natural fire on evolutionarily relevant intervals. The studied
clade offers an excellent system to begin unraveling the asso-
ciations between bark traits and environmental conditions distinct
from fire. Our clade-based approach also allows for detection
of ontogenetic differences of functional significance between
species.

Ontogenetic studies confirmed that bark amount is a crucial
aspect influencing bark performance across species, including
not only mechanics but also storage. In six species, Ej, re-
mained constant along the length of branches, even as E,4 and
I, increased (Fig. 5A, Table 4). The trend for constant Ey
indicates that, although the absolute contribution of bark to
branch mechanical support increased with ontogeny, it did so
mainly via quantity—the addition of more bark—and not qual-
ity (increase in E,,). In the other three species, Ey,4 did in-
crease along the branch length (Table 4). These were all tall wet
forest species, which leads us to our cross-species comparisons.
Across species, the mechanical contribution of bark was slightly
more associated with bark quality than quantity (Table 3). Stiffer
barks appear to be associated with moister habitats, where
the trees are larger and mechanical support needs presumably

—

Fig. 4. Ontogenetic change in tissue amount and bark and wood contribution to branch stiffness. (A) Change in the percentage area of bark, wood, and
pith, and in (B) the mechanical contribution of bark and wood along the branches of Bursera cinerea, a stem succulent of dry sites; change in (C) percentage
area of bark and (D) mechanical contributions of the rainforest species B. simaruba; change in (E) percentage area of bark and (F) mechanical contributions
of linescent B. instabilis. Linear regressions based on log,,-transformed variables were fitted to each tissue and are plotted on untransformed axes.
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Ontogenetic change in bark traits. (A) Change in mechanical traits of bark and wood in Bursera roseana. Wood becomes stiffer with distance

from the tip, but bark does not change significantly and has a much lower Young’s modulus than wood throughout the branch. (B) Lack of change in bark

water content in B. longipes.

greater. With regard to bark water storage, bark water content
increased in some species, decreased in others, and was con-
stant along the branch in still others. Our results depict a situa-
tion in which both tissue quality and quantity vary. There are
predictable increases in bark rigidity with increasing moisture
and stature across species, but within species, along the branch
the increase in bark contribution to mechanical support is largely
due to more bark rather than bark of increasing rigidity.

Even though the mechanical properties of bark tissue vary
relatively little in ontogeny, the relative mechanical contribu-
tion of bark to the total mechanical stiffness of a branch varies
drastically, because the relative proportions of bark vs. wood
vary from the stem tip to the base. Bark has a much lower
Young’s modulus than wood does (see Table 1; Onoda et al.,
2010; Paine et al., 2010), so as secondary growth ensues and
wood cross-sectional area increases, the proportional contribution
of the wood to branch mechanical support increases and sur-
passes bark, even when [, is still greater than [, How-
ever, the vital terminal organs of trees—leaves, flowers, and
fruits—are likely generally supported, at least in the terminal
1-10 cm, mainly by bark. Even though it is surpassed in im-
portance by wood after this point, its contribution can still be
very important. In some species, bark relative contribution to
branch mechanical support is 40% at 3 m from the branch tip.
We were not able to measure rupture resistance of bark with our
field-testing device. However, bark is known to resist tension
and torsion well (Romero, 2013). For this reason, it would be
expected that, in addition to contributing to the bending resis-
tance of branches, bark would have an important contribution
to the resistance to rupture. Bark is almost never considered an
important mechanical tissue (Niklas, 1999), but our results un-
derscore the ecological importance of bark in forest dynamics
(Romero, 2013). They also highlight the role of bark ontoge-
netic changes potentially associated with habit diversification.

The inclusion of a lianescent species, B. instabilis, pointed
to potential structural and developmental differences between
self- and non-self-supporting plants (Speck and Rowe, 2001). In
contrast to the divergent behavior of B. instabilis, the branches
of the hemiepiphyte B. standleyana were entirely in line with
the behavior of the other species with self-supporting branches.
Bursera standleyana has long lianescent roots that reach to the

forest floor, but stiff, self-supporting branches (Rosell et al.,
2010). In the self-supporting species of the simaruba clade, the
distance from the branch tip predicted percentage bark area and
relative contribution of bark to mechanical support very well
(Fig. 4C, D). In contrast, along the long and flexible stems of B.
instabilis, distance from the branch tip was a poor predictor of
these aspects (Table 4, Fig. 4E, F). In self-supporting plants, the
base of a tall stem will be subject to greater moments (the ten-
dency to produce rotation about an axis, proportional to the load
applied and the distance between the load and the axis) than a
small one, and the loads on the bark will be proportionately
larger (Gere and Timoshenko, 1999). As a result, selection
should favor greater mechanical stiffness and resistance to
breakage in both wood and bark. The greater moments at the
base of longer stems explain why stem length predicts mechani-
cal properties so well in self-supporting plants (Rosell and
Olson, 2007). However, non-self-supporting plants rest on other
plants. As a result, neither distance from the branch tip nor
branch diameter predicts the moments to which the branches
are subjected in B. instabilis. This lack of clear mechanical
change with distance from the tip is coupled with marked fluc-
tuation in the relative amount of bark and wood along the branch
(Fig. 4E). To our knowledge, this is the first time that the me-
chanical contribution of bark has been assessed in a non-self-
supporting plant. It has been shown that ontogenetic changes in
whole stem E are closely associated with diversification in plant
habit (Speck and Rowe, 2001; Rowe et al., 2004). Given that bark
tends to be very abundant in lianas and other non-self-supporting
habits, and thus has a strong effect in whole stem E, the role of
bark in plant habit diversification deserves further examination
(see Rosell et al., 2012 for the role of E,..q)-

Functional studies of bark also highlight that the emergent
mechanical behavior and the storage capacity of a stem is the
result of the interaction between bark and wood and that neither
of these tissues ever functions alone (Niklas, 1999). Natural se-
lection should act on the mechanical and storage performance
of stems as a whole, making understanding the coordination of
bark and wood essential (Rosell and Olson, 2007). Congruent
with this prediction, we found tissue quality to covary between
bark and wood in terms of the Young’s modulus of the tissue;
the water storage capacity of the bark also showed correlation
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in the expected direction with wood water storage but was not
significant (Table 3). It has been previously shown that traits
affecting these two functions such as density and water content
per unit of dry tissue are closely associated between bark and
wood (Poorter et al., 2013; Rosell et al., 2014). An unexpected re-
sult of the present study was the absence of a storage—mechanics
trade-off within bark as reflected by nonsignificant covariation
between E,,, and bark water content (r = 0.18, P > 0.05). This
trade-off has been previously observed across species in bark
(Rosell et al., 2014) and wood (Pratt et al., 2007; Poorter et al.,
2010), and even in the wood of the simaruba clade (Rosell et al.,
2012). It is possible that the range of %BWC and E,,; across the
species studied was insufficient to detect the trade-off but that
it would emerge with wider sampling.

Finally, our results raise the issue of the causes of variation
in bark thickness. In the simaruba clade, both branch mechani-
cal support and water storage increased with tissue amount. As
aresult, selection favoring increased bark contribution to branch
mechanical support, as well as to bark water storage, would
lead to increased bark thickness. For example, the highest bark
transectional areas and the lowest Young’s modulus for wood
in the simaruba clade branches were found in the dryland spe-
cies. These species grow in tropical dry forests that have rela-
tively low rainfall (as low as 679 mm annual ppt), falling in just
4 mo of the year, leaving the landscape hot and dry the rest of the
time. In addition to increasing water storage, selection could in-
crease bark amount in these species by favoring an increase in
mechanical support of low stiffness-wooded branches, especially
in terminal portions. In general, variation in bark thickness has
mainly been explained as an adaptive response to fire, and in-
deed, in tropical savannas, frequent fire seems to be a major se-
lective factor favoring thick bark (Lawes et al., 2013). That
mechanics and storage are likely important drivers of bark thick-
ness in the fire-free habitats of the simaruba clade suggests that
these factors might be also important even in highly seasonal fire-
prone habitats. This idea underscores the multitasking nature of
bark, with functions such as pathogen and fire protection as well
as photosynthesis, water and photosynthate storage, and mechan-
ical support, all representing likely targets of natural selection. A
challenge for future studies of bark diversity across habitats is
therefore to tie together this multiplicity.

Conclusion—Our study shows the complementarity of the
clade- and community-based approaches for studying bark di-
versity. Taken together, these approaches suggest that the diver-
sity within communities potentially reflects adaptive differences
within the structural plans of each lineage. Bark structural plans,
understood as the relative arrangements of tissue types and typ-
ical developmental patterns, tend to vary relatively little within
clades (Roth, 1981). At any given site, variation in bark mor-
phology likely represents to an extent the qualitative and poten-
tially synapomorphic features of the various major lineages that
make up the community (e.g., the abundant phloem fibers of
Malvaceae; Crivellaro and Schweingruber, 2013). However,
though these “plans” often vary relatively little in their qualitative
features, their quantitative features are subject to marked varia-
tion, as is illustrated by the simaruba clade. In this group, vari-
ation seems of plausible functional significance, especially
variation in bark thickness in the context of water storage and
mechanical support. The fact that multiple factors may be in-
volved in the response of bark thickness to natural selection
means that attempts to explain bark thickness as a sole response
to fire are almost certainly overlooking crucial bark functions.
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There is no solution for this but to study multiple bark attributes
simultaneously, within clades as well as across communities, to
be able to disentangle the often parallel vectors of selection act-
ing on bark as a multitasking structure.
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Taxon—Collection locality, Voucher specimen, and abbreviation for herbarium where the voucher was deposited.

B. arborea—Chamela, Jalisco, Mexico, Rosell 16, MEXU; B. attenuata—Tepic,
Nayarit, Mexico, R. Medina 3412, MEXU; B. cinerea—Jayacatlan, Oaxaca,
Mexico, Rosell 50, MEXU; B. grandifolia— Atlacholoaya, Morelos, Mexico,
Rosell 5, MEXU; B. instabilis—Chamela, Jalisco, Mexico, Rosell 11,

MEXU; B. longipes—Xalitla, Guerrero, Mexico, Cervantes 5, MEXU;
B. roseana—Rio Cupatitzio, Michoacdn, Mexico, Rosell 25, MEXU;
B. simaruba—Ios Tuxtlas, Veracruz, Mexico, Rosell 44, MEXU; B.
standleyana—La Cangreja, San José, Costa Rica, J.F. Morales 1944, MO.




