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Abstract Although produced by meristems that are con-
tinuous along the stem length, marked differences in bark
morphology and in microenvironment would suggest that
main stem and twig bark might differ ecologically. Here,
we examined: (1) how closely associated main stem and
twig bark traits were, (2) how these associations varied
across sites, and (3) used these associations to infer func-
tional and ecological differences between twig and main
stem bark. We measured density, water content, photo-
synthesis presence/absence, total, outer, inner, and relative
thicknesses of main stem and twig bark from 85 species
of angiosperms from six sites of contrasting precipitation,
temperature, and fire regimes. Density and water content
did not differ between main stems and twigs across spe-
cies and sites. Species with thicker twig bark had dispro-
portionately thicker main stem bark in most sites, but the
slope and degree of association varied. Disproportionately
thicker main stem bark for a given twig bark thickness in
most fire-prone sites suggested stem protection near the
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ground. The savanna had the opposite trend, suggesting
that selection also favors twig protection in these fire-prone
habitats. A weak main stem-twig bark thickness associa-
tion was observed in non fire-prone sites. The near-ubiquity
of photosynthesis in twigs highlighted its likely ecological
importance; variation in this activity was predicted by outer
bark thickness in main stems. It seems that the ecology of
twig bark can be generalized to main stem bark, but not for
functions depending on the amount of bark, such as protec-
tion, storage, or photosynthesis.

Keywords Allometry - Bark density - Bark
photosynthesis - Bark thickness - Trait ecology

Introduction

Bark, the region including all tissues from the cambium to
the outside of the stem (Romero 2013), performs multiple
functions and represents an often massive C investment for
plants. Although the meristems that produce bark are con-
tinuous from the stem tip to the base (Roth 1981), marked
morphological differences can be observed between the
bark of main stems and twigs on the same plant (Fig. 1).
It is not clear to what extent divergent morphologies might
reflect functional and ecological differences in twig and
main stem bark. In general, all barks protect stems from
herbivores, pathogens, fire, and desiccation (Dantas and
Pausas 2013; Lawes et al. 2011; Romero et al. 2009), store
water, starch, and other compounds (Scholz et al. 2007,
Srivastava 1964), provide stem mechanical support (Nik-
las 1999), and can also photosynthesize (Pfanz et al. 2002).
But given that twigs and main stems are subject to differ-
ent microenvironments, e.g., temperature, exposure to light,
fire regime, etc. (Patifio et al. 2009), differences in bark
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Fig. 1 Structure and diversity of bark. a Cross-section of bark show-
ing its inner, mostly living, and outer, mostly dead, portions. Inner
bark is composed of the secondary phloem, the photosynthate-trans-
locating tissue, and the cortex, a primary and mostly parenchymatic
tissue. In turn, outer bark can include a single periderm or a collec-
tion of periderms known collectively as “rhytidome.” A periderm is
made up of three layers: the phelloderm, a usually thin layer of living
tissue; the phellogen, also known as “cork cambium;” and the phel-
lem, a layer of dead cells of varying thickness. Contrasting twig bark

functional traits might be expected between twigs and main
stems. Here, we compared bark traits in main stems and
twigs across species from six ecologically contrasting sites
to infer functional and ecological differences in the bark of
these two maximally distant above ground levels of a plant.

To infer ecological differences in the bark of main stems
and twigs, we examined how closely bark traits between
these two levels were associated with one another. High
degrees of association would imply functional similar-
ity between main stem and twig bark, or at least that twig
bark trait values can be used to extrapolate those of main
stem bark. On the contrary, low associations or unrelated
bark traits would suggest that main stem and twig bark
traits diverge, likely because of different functional needs
and thus different ecological contexts. In this case, twig
bark trait values could not be used to extrapolate main
stem bark ones. This rationale was applied to bark density,
a trait linked with protection and mechanics (Niklas 1999;
Romero et al. 2009; Rosell et al. 2014), and water content,
a trait reflecting storage (Domec and Gartner 2002). Bark
anatomy changes markedly with ontogeny [e.g., thicken-
ing of cell walls, accumulation of crushed phloem (Roth
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of b Exocarpus cupressiformis and ¢ Eucalyptus tenuiramis. Main
stem bark diversity in our sampling included d the thick, red, papery
bark of Persoonia linearis, e the thick and fire-resistant corky bark of
Alstonia actinophylla, f the smooth, photosynthetic and water-storing
bark with papery phellem of Bursera instabilis, g the thick and hard
bark of Exocarpus cupressiformis (compare with twig bark in b),
and h the peeling bark with a basal “sock” of Eucalyptus tenuiramis
(compare with twig bark in ¢). Scale b-¢ = 1 cm, d-h = 10 cm

1981)], so bark density would be expected to be associated
in a proportional and positive way across species but higher
in main stems than in twigs. If these ontogenetic changes
affecting main stem bark structure are too extreme, main
stem and twig bark density and water content could be
uncoupled, reflecting strong ecological divergence. Com-
parisons were based on bark from 85 species of angio-
sperms from a broad phylogenetic range and from six
contrasting sites, including tropical rain and dry forests,
temperate woodlands, a xerophytic scrub, and a savanna
(Table 1). Comparisons were performed on raw data and
also taking into account phylogenetic relationships between
species.

In addition to density and water content, we examined
total bark thickness, by far the best studied trait in bark
ecological studies (Paine et al. 2010). Thickness has a key
role in fire protection, mechanical support, and water stor-
age (Lawes et al. 2011; Midgley et al. 2010; Niklas 1999;
Rosell et al. 2014; Scholz et al. 2007). Despite its func-
tional significance, the patterns and causes of variation
in bark thickness are unclear (Paine et al. 2010). Within
individuals, main stems must have thicker bark than twigs
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Table 1 Vegetation, latitude (Lat.) and longitude (long.), mean annual precipitation (MAP), temperature (MAT), interval between natural fires,
propensity to crown fire and number of species at each of the six localities

MAP (mm) MAT (°C) Fire interval (years) Crown fire* Species no.

Locality Vegetation Lat., long.
Bothwell, Australia Cool temperate wood- 42.4°S, 147°E
land
Chamela-Cuixmala Seasonally dry tropical ~ 19.5°N, 105.1°W
Reserve, Mexico forest

Yengo National Park, 32.8°S, 150.9°E

Australia

Temperate woodland

Pedregal de San Angel 19.3°N, 99.2°W

Reserve, Mexico

Xerophytic shrubland

Howard Springs Nature ~ Savanna 12.5°S, 131.1°E

Park, Australia

Daintree National Park, 16.1°S, 145.5°E

Australia

Tropical rainforest

547 10 5-20 Facultative 7
748 24.9 None registered None 15
802 16.6 5-20 Facultative 15
870 15.5 20-100 Facultative 13
1714 27.8 2-5 None 17
3500 25.1 >100 None 18

Fire variables for Australian sites follow Murphy et al. (2013), and for Mexican sites literature and personal communication

2 When crown fire occurred under extreme weather conditions it was coded as facultative

because of a longer history of bark accumulation (Hoff-
mann and Solbrig 2003; Pinard et al. 1999; Poorter et al.
2014; Uhl and Kauffman 1990). However, it is unclear
whether main stem bark thickness is proportional to that
in twigs, disproportional but still associated, or uncoupled.
Disproportionately thicker bark in main stems could reflect
the need for higher protection, for example in fire-prone
environments, where heat tends to be most intense near the
ground (Pausas 2014). Protection from other agents may
also be more important in main stems than in twigs given
that trunk damage would cause greater growth setback than
twig damage (Butler et al. 2012). We compared main stem
and twig absolute bark thickness, and also relative thick-
ness standardizing by stem size. The many functional roles
of bark thickness make it a crucial trait in understanding
whether bark differs functionally and ecologically along
stems.

Most studies of the ecological significance of bark thick-
ness have focused on total thickness (but see Graves et al.
2014; Rosell et al. 2014). However, bark has an inner living
portion, and an outer portion composed of dead cells (Evert
and Eichhorn 2006; Fig. 1a). Derived from different lateral
meristems, these regions vary widely in their total and rela-
tive amounts across species (Roth 1981). Outer bark seems
associated with protection against fire (Graves et al. 2014),
and mechanical support (Romero 2013), whereas stor-
age is likely dependent on the amount of inner, living bark
(Rosell and Olson 2014). For this reason, variation in the
relative amount of the two regions likely results in trade-
offs between bark functions (Rosell et al. 2014). Observing
that twigs and main stems differ in their relative amounts of
inner and outer bark would suggest that certain functions
are emphasized at the expense of others in different parts
of the plant. These differences could provide information

regarding ecological divergence that would remain hidden
by focusing on total thickness only.

Finally, the presence of photosynthetic bark in main
stems and twigs was compared. Recycling the CO, from
stem respiration (Teskey et al. 2008), bark photosynthesis
has been found to contribute up to 11 % of the C in twig
wood (Cernusak and Hutley 2011), and as much as 50 %
of plant C gain during periods of water stress (Franco-Viz-
caino et al. 1990). Stem photosynthesis is limited by thick-
ening of the outer bark, which acts as a light barrier (Pfanz
et al. 2002; Saveyn et al. 2010). Therefore, photosynthesis
would be expected to be more common in twigs, in which
outer bark is thinner than in main stems. In addition to this
main stem-twig comparison, we examined the association
between photosynthetic bark and other functional traits.
For example, because of its presumably greater metabolic
activity, photosynthetic bark might require higher water
content in its living tissues than non-photosynthetic bark.
The ability of these traits to predict photosynthetic activity
in main trunks was also tested. Exploring the traits associ-
ated with photosynthesis will contribute to understanding
the ecology and physiology of this widespread bark role
(Pfanz 2008).

Examining bark functional traits in a wide range of
species and environments, we addressed the following
questions:

1. Are functional traits in twig and main stem bark asso-
ciated across species?

2. How do these main stem-twig bark trait associations
change across sites?

3. What do main stem-twig bark trait associations tell us
about bark functional differences, and thus ecological
divergence, between these extreme portions of stems?

@ Springer



1036

Oecologia (2015) 178:1033-1043

We show that although bark density and water content
are statistically indistinguishable between main stems and
twigs across species, the main stem-twig bark thickness
association varies notably with site, suggesting responses
to varying environmental selective pressures.

Materials and methods
Localities and sampling

We collected 85 species from six localities in Australia and
Mexico, providing a very wide range of precipitation, tem-
perature, and fire regimes (Table 1). Sampling also covered
an ample phylogenetic span, including 40 families and 20
orders of angiosperms (Electronic Supplementary Mate-
rial, Table S1, Fig. S1), and a wide range of bark morpholo-
gies (Fig. 1b—h). We sampled bark from the bases of main
trunks, and from sun-exposed twigs 1 m from the tip. We
sampled five individuals per species, except in the rainfor-
est, where three replicates were collected. We chose the
largest individuals, which were assumed to represent the
adult stage. Collections within species were quite homoge-
neous with 75 % of the sampled species having 15 cm or
less variation in main stem diameter between individuals.
Bark from twigs had mature characteristics (i.e., had outer
bark) for virtually all species.

Bark density and water content

We measured density (g cm™>) as dry weight/fresh volume
for the total bark and also the inner living bark alone. We
also calculated water content (%) for total and inner bark as
(fresh weight—dry weight)/dry weight. For total bark meas-
urements of main stems, we cut blocks approximately 1 cm
high and wide, with variable depth according to bark thick-
ness. For inner bark measurements, we cut a replicate block
and removed the outer bark. For total bark measurements
of twigs, blocks of total bark were 1 cm high, 0.5 cm wide,
with depth equal to bark thickness. Additional blocks were
sampled and the outer bark removed for inner bark meas-
urements. We used the water displacement method with an
analytical balance to measure fresh volume and dried sam-
ples at 100 °C for 4 days to measure dry weight (William-
son and Wiemann 2010).

Thickness of total, outer, and inner bark

We measured the thicknesses of total, inner, and outer bark
on main stems and twigs. We defined outer bark as the por-
tion made up of phellem or rhytidome, and inner bark as the
living portion made up of secondary phloem, cortex, and
phelloderm (Fig. 1a). For main stems, we measured these
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thicknesses using digital calipers at the point of maximum
total thickness. We used tissue aspect, color, and moisture
in cross-section to divide inner from outer bark, with the
aid of a hand lens when needed. For twigs, we measured
total bark thickness directly on samples, and outer and inner
bark thickness on thin sections using light microscopy. One
twig sample per species was processed anatomically for
this purpose. We fixed samples upon collection in 70 %
aqueous ethanol, and processed them for light microscopy
following Carlquist (1982), staining sections with safranin
and alcian blue (Ruzin 1999). We photographed sections
and measured outer and inner bark thickness at three differ-
ent points per sample using ImageJ (Schneider et al. 2012).
Sections were not available for six species (see Table S1).
We calculated relative main stem bark thickness (%) as
bark thickness/main stem radius x 100. The same formula
was applied for relative bark thickness in twigs.

Photosynthetic activity in bark

We assessed the presence of photosynthetic bark in main
stems and twigs by scraping off the rhytidome or phellem
to uncover a green phelloderm (Fig. 1a). We tabulated the
presence of photosynthetic bark in twigs and main stems to
examine to what degree photosynthetic twigs predicted pho-
tosynthetic main stems. We tested for differences in traits
between photosynthetic and non-photosynthetic bark using ¢
or Wilcox tests. We used the traits that differed significantly
(i.e., total bark water content and total and outer bark thick-
ness; Table S2) to predict the presence of bark photosynthe-
sis in main stems fitting a logistic regression (Rosell et al.
2007). In preliminary logistic models, we tested the signifi-
cance of these predictors through Wald tests, and evaluated
their contribution to the model comparing models with and
without each predictor through likelihood ratio tests (Klein-
baum and Klein 2010). The final logistic model for main
stems included outer bark thickness as the only significant
predictor (see “Results”). We examined the global fit of this
final model through the Akaike information criterion (AIC)
and the Hosmer and Lemeshow test as implemented in the R
package MKmisc (Kohl 2012), and plotted the model with
the R package popbio (Stubben and Milligan 2007). We
used the regression coefficient associated with outer bark
thickness to calculate the decrease in the log odds of observ-
ing photosynthetic bark per unit of bark thickness increase.
Log-transforming outer thickness resulted in a better model
fit. Base 2 was used for this log transformation, so that the
odds ratio of observing photosynthetic main stem bark (cal-
culated by exponentiation of the estimated coefficient of
outer thickness) could be associated with a twofold increase
in outer bark thickness. We could not fit a logistic model for
twigs given the low number of non-photosynthetic twigs in
our sample (see “Results”).
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Main stem-twig bark associations across species

We calculated functional trait means per species to assess
main stem-twig associations. When traits were associated
(as indicated by R?), we examined whether the scaling rela-
tionship was constant (isometry, scaling slope = 1 on log -
transformed traits; Electronic Supplementary Material, Fig
S2a, b). When isometry was observed, we further tested
whether the intercept was zero, suggesting that main stem
and twig traits were indistinguishable from a statistical
point of view (Fig. S2a), or differed from zero, suggesting
trait proportionality (Fig. S2b). Isometry with a zero inter-
cept would imply that main stem and twig bark are func-
tionally and ecologically similar regarding a particular trait,
and that main stem trait values can be straightforwardly
extrapolated from twig sampling and vice versa. While still
suggesting association, proportionality in main stem-twig
trait values (isometry with non-zero intercept) would imply
that accumulated ontogenetic changes in main stem bark
might cause ecological and functional differences from
twig bark.

A third scaling possibility is allometry, a scenario in
which change in one variable produces disproportionate
change in the other (scaling slope = 1; Fig. S2c). Allometry
can occur with slopes >1, suggesting that main stem bark
traits increase disproportionately in value as twig bark trait
values increase, or with slopes <1, with the disproportion-
ate increase occurring in twigs (Fig. S2c). A fourth scenario
implies a lack of trait association, and thus decoupling in
function and ecology between main stems and twigs (Fig.
S2d). To examine trait association, we fit standardized
major axis regressions (SMA) (Warton et al. 2006) using
the R package smatr (Warton et al. 2012). Main stem and
twig traits were respectively designated y and x variables.
Data were log;, transformed to linearize relationships and
meet statistical assumptions.

To take into account phylogenetic relationships in our
inferences, we refitted SMA regressions based on phyloge-
netically independent contrasts (PICs) (Felsenstein 1985).
We built a phylogeny using the Angiosperm Phylogeny
Group backbone and literature for particular groups (Fig.
S1). We used the bladj command in Phylocom version 4.2
(Webb et al. 2008) to assign branch lengths with the diver-
gence times of Wikstrom et al. (2001). We calculated PICs
using the R package ape (Paradis et al. 2004) and refitted
SMA regressions forcing a zero origin. All analyses were
performed in R version 3.0.2 (R Development Core Team
2013).

Main stem-twig bark associations across sites

After assessing the general main stem-twig bark scaling
relationships across species, we examined whether these

relationships changed across sites. We fitted SMA regres-
sions with site as a categorical independent variable and
tested for the significance of a twig bark x site term, which
would suggest different main stem-twig scaling (slopes)
across sites. When the interaction term was not significant,
we tested whether intercepts differed between sites.

Results

Stems varied from small shrubs (<1 cm in diameter) to large
trunks (>70 cm in diameter). Twigs varied from 0.7 to 3 cm
in diameter. Main stems were surrounded by bark 0.4 mm
thick in shrubby species to more than 5 cm in Eucalyptus
crebra, which represented 1-41 % of the main stem radius.
Twig bark thickness varied from 0.3 to 5.3 mm, which rep-
resented 8—42 % of the twig radius. Outer bark in main
stems varied widely in thickness, from a few cell layers to
more than 4 cm thick. At the level of twigs, accumulation
of outer bark was more limited. However, variation in this
outer layer was still considerable, ranging from a few cells
to more than 3 mm thick. Inner bark thickness ranged from
0.3 mm to 3 cm in main stems, and from 0.2 mm to more
than 4 mm in twigs (Table 2).

Main stem-twig bark associations across species

Bark traits reflecting density and water content in main
stems tended to have the same values as in twigs. Density
and water content of main stem and twig bark were very
closely associated (R2 > 0.57, P < 0.001; Table 3), scal-
ing with slopes indistinguishable from unity (isometry;
Electronic Supplemental Material, Fig. S2a), and intercepts
not differing from zero (Table 3; Fig. 2), hence the inter-
pretation of equivalent values. Both density and water con-
tent varied widely across species, with very similar ranges
between twigs and main stems. Regarding water content,

Table 2 Median and range of traits measured in bark of twigs and
main stems

Twig Main stem

Total bark density (g cm™)  0.45 (0.17-0.86)  0.46 (0.16-0.83)
Inner bark density (g cm™)  0.50(0.17-0.86)  0.48 (0.12-0.78)
Total bark water content (%) 130.3 (39.0-514.4) 121.1 (43.0-568.2)
Inner bark water content (%) 140.8 (39.0-514.4) 145.4 (55.0-861.7)
Total bark thickness (mm) 0.97 (0.28-5.28)  6.98 (0.35-52.94)
0.16 (0.02-3.24)  1.12(0.04-41.75)
1.14 (0.24-4.23)  4.45(0.25-29.88)
16.7 (8.2-42.7) 10.8 (1.1-40.8)
1.26 (0.69-2.96) 15.07 (0.77-72.57)

1.06 (0.64-1.99) 13.27 (0.69-70.61)

Outer bark thickness (mm)
Inner bark thickness (mm)

Relative bark thickness (%)
Stem diameter (cm)

Wood diameter (cm)

@ Springer
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Table 3 Standardized major axis (SMA) regressions of main stem bark traits on twig traits (log,, transformed) and type of scaling relationship
(Electronic Supplementary Material, Fig. S2)

Trait R? Slope (95 % CI) Intercept (95 % CI) Relationship
in Fig. S2
Total bark density 0.63 [0.41] 0.98 (0.86, 1.12) [0.93 (0.79, 1.10)] —0.003 (—0.05, 0.05) a
Inner bark density 0.57 [0.45] 1.13 (0.98, 1.30) [1.05 (0.90, 1.24)] 0.02 (—0.04, 0.08) a
Total bark water content 0.60 [0.47] 1.00 (0.87, 1.15) [0.98 (0.84, 1.15)] —0.02 (—0.32,0.28) a
Inner bark water content 0.59 [0.49] 1.02 (0.89, 1.18) [0.93 (0.80, 1.09)] 0.001 (—0.31, 0.31) a
Total bark thickness 0.43[0.45] 1.45(1.23,1.71) [1.25 (1.07, 1.47)] 0.75 (0.68, 0.82) c
Outer bark thickness 0.42[0.43] 1.53 (1.29, 1.82) [1.61 (1.35, 1.91)] 1.12 (0.89, 1.35) c
Inner bark thickness 0.37 [0.38] 1.46 (1.22,1.75) [1.11 (0.93, 1.33)] 0.58 (0.50, 0.66) c
Relative total bark thickness® 0.16 [0.19] 1.96 (1.60, 2.38) [1.68 (1.37, 2.05)] —1.40 (—1.90, —0.92) c

In brackets SMA regressions based on phylogenetically independent contrasts, in parentheses confidence intervals (CIs)

All coefficients of determination (R?) significant at P < 0.01

 Standardized by stem radius

N

Main stem total bark density (gcm™) N

0.2 0.3

0.4 05 0.7 0.9

Twig total bark density (gcm™)

O cool temperate woodland [ ] .

500 o tropical dry forest /
< O temperate woodland |
o = xerophytic shrubland Q
) A savanna L4
; A tropical rainforest
=<
o -
S 200 .
<
=
]
=
£
o 100 s
5]
£ 5
T R°=0.6
=

50+ A

1
50 100 200 500

Twig total bark WC (%)

Fig. 2 Covariation of a density (calculated as dry weight/fresh volume) and b water content [calculated as (fresh weight—dry weight)/dry weight
x 100] between main stem and twig bark. Dotted line represents 1:1 relationship

main stem inner bark tended to have higher and more vari-
able values than whole bark across species (Table 2). Traits
of inner bark had very similar correlations and slopes to
whole bark traits. Results were very similar based on PICs
(Table 3).

In contrast with density and water content, the vari-
ous thickness traits scaled allometrically between main
stems and twigs. Total, outer, and inner bark thicknesses
of main stems were closely associated with those of twigs
(0.37 < R? < 0.43; Table 3), indicating that species with
thicker bark in main stems also had thicker bark in twigs.
However, this relationship was not proportional (isomet-
ric). The main stem-twig scaling slope for bark thickness
was >1 (1.45-1.53 based on raw data, and 1.11-1.61 based
on PICs; Table 3), meaning that moving from thinner to
thicker twig bark across species, main stem bark increased
disproportionately in thickness (Fig. S2c). The same was
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observed for outer and inner bark (Table 3). In contrast with
raw thicknesses, relative bark thickness was less strongly
correlated between twigs and main stems across species
(R*> = 0.17). Very similar results were recovered for SMA
regressions based on PICs (Table 3).

Regarding photosynthetic activity, about half of the
species (45 %) had photosynthetic bark on main stems
and almost all did on twigs (94 %). No species photosyn-
thesized on main stems without also doing so on twigs,
implying that photosynthesis in young stems can be lost
but is not acquired later in ontogeny. Photosynthetic barks
in twigs did not differ in any trait from the five non-pho-
tosynthetic ones (Electronic Supplementary Material,
Table S2). This lack of differences and the small number
of non-photosynthetic twig barks precluded us from fitting
a logistic regression to model photosynthetic activity in
twigs.
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Fig. 3 Probability of observing photosynthetic bark on main stems
based on outer bark thickness (mm; plotted in log, scale). Solid line
represents the fitted logistic model. Histograms for the occurrence
of photosynthetic (upper) and non-photosynthetic bark (lower) also
shown for different thickness of outer bark

In contrast with twigs, main stem photosynthesis was
associated with other functional traits and could be pre-
dicted well by a logistic model. Photosynthetic barks in
main stems tended to have thinner total (P < 0.01) and
outer bark (P < 0.001), and higher water content (P < 0.01;
Electronic Supplemental Material, Table S2). However,
outer bark thickness was the only significant trait in the
final logistic regression predicting photosynthetic bark. For
example, when included along with outer bark thickness as
a predictor in a preliminary model, water content was not
significant (P = 0.11), and the likelihood ratio test pointed
to the model without water content as better (x2 1 =329,
P = 0.07). The fit was improved when outer bark thickness
was log, transformed (AIC = 87.54 and 95.43 for the mod-
els with transformed and untransformed predictor, respec-
tively), and the model fitted the data well (Hosmer and
Lemeshow test statistic = 6.90, 8 df, P = 0.55). Outer bark
thickness had a coefficient of —0.704 (P < 0.001), so the
odds ratio of observing photosynthetic bark decreased 50 %
when the thickness of outer bark was doubled (Fig. 3).

Main stem-twig bark associations across sites

Main stem-twig bark associations for bark density and
water content did not differ across sites. No significant
differences in slopes or intercepts were detected when the
term “site” was added to the SMA regressions (Electronic
Supplementary Material, Table S3).

In contrast, all thickness traits (total, outer, inner, and
relative bark) scaled differently across sites. The asso-
ciation between twig and main stem total bark thick-
ness increased slightly when site was included in mod-
els (R* = 0.48 with site vs. 0.43 without site; Table 4).

Although relatively modest, this site effect modified
slopes (significant twig bark thickness x site term), which
ranged from 0.81 to 3.35 (Table 4, first column; Fig. 4a).
All sites had slopes >1 (Electronic Supplemental Material,
Fig. S2c¢), except for the savanna. The shallow slope of the
savanna indicated disproportionately higher allocation to
twig bark for increasingly thicker main stem bark. Despite
a good global fit, the fire-free dry and rainforests, and the
fire-prone xerophytic shrubland had wide intra-community
scatter and non-significant correlations (Table 4). In these
sites, main stem bark thickness was uncoupled from twig
bark thickness. The models predicting outer and inner
bark thickness in main stems based on twig values and site
yielded very similar results to that for total bark thickness
(Table 4, second and third column).

Relative bark thickness scaled in a similar way across
sites. Species with thicker main stem bark for a given
diameter also had thicker twig bark for a given diameter
(R? = 0.50). Sites had a common scaling slope of 1.83,
indicating disproportionate increases in relative thickness
in main stems when compared with twigs (Table 4, fourth
column). Despite the good global fit (R* = 0.50), there was
high dispersion within sites, with only the cool temperate
woodland and the xerophytic shrubland having significant
correlations (Table 4). Sites differed in intercept indicating
that the increase in relative thickness in main stems when
compared with twigs was higher in some sites (Electronic
Supplemental Material, Fig. S2b). The temperate and the
cool woodlands, two sites subject to fire, had the highest
intercepts, and thus proportionately higher allocation to
main stems. In contrast, the fire-free tropical dry and rain-
forests, and the frequently burned savanna, had the lowest
intercepts, but also high dispersion and non-significant cor-
relations within site (Table 4; Fig. 4b).

Discussion
Main stem-twig bark associations across species

Main stem and twig bark were expected to vary in density
and water content, because of the marked changes that bark
undergoes throughout ontogeny (Junikka 1994). These
changes include the maturation of thin-walled parenchyma
cells into thick-walled sclereids, accumulation of crushed
phloem, and often the loss of cortex as consecutive phel-
logens produce outer bark (see Fig. 1a; Roth 1981; Sriv-
astava 1964). Any of these processes might be expected
to raise the density of main stem bark via the accumula-
tion of dense wall material and the elimination of empty
space. Though density and water content varied markedly
across species, within each species twig and main stem val-
ues were statistically indistinguishable, i.e., across species

@ Springer



1040

Oecologia (2015) 178:1033-1043

Table 4 SMA regressions to examine main stem-twig bark thickness scaling across sites

Trait Total bark thickness Outer bark thickness Inner bark thickness Relative bark thickness
(BT) (OBT) (IBT) (RBT)
Model Main stem BT ~ twig BT Main stem OBT ~ twig Main stem IBT ~ twig IBT Main stem RBT ~ twig
X site OBT x site X site RBT + site
Global R? adi 0.48%%#%* 0.52%%*:* 0.39%%:* 0.50%*:*

Cool temperate woodland

Tropical dry forest

Temperate woodland

Xerophytic shrubland

Savanna

Rainforest

3.35(1.72, 6.53)
0.87 (0.56, 1.18)
0.61%%*
1.51 (0.91, 2.51)
0.74 (0.56, 0.92)
0.22 NS
2.02 (1.49, 2.72)
0.92 (0.75, 1.09)
0.74%%
1.83 (1.05, 3.19)
0.61 (0.26, 0.97)
0.23 NS
0.81 (0.56, 1.15)
0.81 (0.68, 0.95)
0.57#%%
1.79 (1.11, 2.90)
0.96 (0.78, 1.14)
0.11 NS

2.15 (0.82, 5.64)
1.28 (—0.71, 3.27)
0.04 NS

1.50 (0.85, 2.63)
0.94 (0.19, 1.68)
0.02 NS

1.68 (1.15, 2.44)
1.13 (0.55, 1.72)
0.59%**
2.51(1.02, 6.19)
1.87 (=0.58, 4.31)
0.20 NS

0.57 (0.39, 0.83)
0.98 (0.85, 1.10)
0.50%*

1.61 (0.98, 2.64)
1.47 (0.59, 2.36)
0.06 NS

1.96 (0.85, 4.52)
0.60 (0.15, 1.04)
0.34 NS

1.98 (1.23, 3.19)
0.52 (0.32, 0.73)
0.32%

1.89 (1.27, 2.80)
0.72 (0.49, 0.95)
0.54%%

1.53 (0.69, 3.38)
0.32 (=0.23, 0.86)
0.41 NS

0.73 (0.53, 1.00)
0.61 (0.52, 0.69)
0.66%%*

1.91 (1.19, 3.06)
0.84 (0.67, 1.02)
0.15 NS

1.83 (1.48,2.28)
—1.00 (—1.64, —0.36)
0.64%

1.83 (1.48, 2.28)
—1.44 (—1.99, —0.89)
0.02 NS

1.83 (1.48, 2.28)
—0.88 (—1.43, —0.34)
0.01 NS

1.83 (1.48,2.28)
—1.20 (=1.74, —0.67)
0.38*

1.83 (1.48, 2.28)
—1.43 (=2.03, —0.82)
0.14 NS

1.83 (1.48,2.28)
—1.40 (—1.87, —0.92)
0.07 NS

For each cell, the slope, the intercept, and the within-site R? are shown, with 95 % CIs in parentheses. All continuous variables log,, transformed
NS Not significant
* P<0.05, ** P<0.01, *** P <0.001

Fig. 4 Covariation of a total (a)
(mm) and b relative bark thick- 50 o
ness (%) between main stem
and twigs. Different lines were
fitted per site using standardized
major axis regression (Table 4).
Dotted line represents 1:1
relationship
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these traits scaled isometrically with non-zero intercepts
(Figs. 2; S2a). Like wood density (Chave et al. 2009), bark
density is likely a key trait that is involved in many bark
functions such as mechanics, storage, and defense (Romero
et al. 2009; Rosell et al. 2014). That this summarizing trait
was found to be equivalent between twigs and main stems
may suggest that other traits, such as certain bark tissue

mechanical properties or C storage per unit of dry biomass,
could be very similar if not equivalent along stems.

The strong main stem-twig bark density association pro-
vides evidence for functional coordination along stems.
Wood density is strongly associated between main stems
and branches (Swenson and Enquist 2008). In turn, bark
and wood density are strongly correlated (Poorter et al.
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2014; Rosell et al. 2014). These sets of correlations in com-
bination with our results would suggest an overall coordi-
nation between main stem and branch traits and between
wood and bark traits. This coordination would also imply
the inclusion of bark in the spectra of variation that have
been described for wood (Chave et al. 2009; Reich 2014).

As for density, differences were expected for main stem
and twig bark thickness because of bark accumulation
and difference in functional needs. However, we observed
that twig and main stem bark were associated, with spe-
cies having disproportionately thicker main stem bark than
twig bark (Figs. 4a, S2c). Outer and inner bark thickness
had similar main stem-twig scaling as total bark (Table 3).
High variation in inner and outer bark amounts is observed
across species. However, within an individual, the two lat-
eral meristems producing outer and inner bark (the phello-
gen and the vascular cambium; Fig. 1a), seem to produce
associated and predictable amounts of bark between main
stem and twigs.

Bark photosynthesis also changed markedly between
main stems and twigs, and as expected, was limited by
outer bark thickness. Although photosynthetic barks had
higher water content (Table S3), the logistic model pre-
dicted main stem photosynthesis quite well based solely
on outer bark thickness. Outer bark thickness as a limita-
tion for photosynthesis has been discussed (Gibson 1983;
Pfanz et al. 2002; Wittmann and Pfanz 2008), but the thick-
ness thresholds impeding this activity were unknown. We
observed that the probability of photosynthetic activity
decreased rapidly with the increase in outer bark thickness.
For outer bark of 1 mm, this probability was just 50 %.
Practically no bark was photosynthetic with more than
4 mm of outer bark (Fig. 3). We treated photosynthesis as
a presence/absence trait, but quantifying bark chlorophyll
could indicate whether photosynthetic ability changes con-
tinuously with outer bark thickness and thus photon flux.
However it is analyzed, though, our data showing that as
outer bark becomes thicker photosynthesis is quickly lost
suggests that the advantages associated with even a thin
outer bark are able to offset the C gain by photosynthetic
activity. This C gain-protection trade-off was also mani-
fest across communities. The savanna, the site with the
most frequent fires, had the lowest percentage of species
with main stem bark photosynthesis (18 %), which was
congruent with thick protective outer bark (Graves et al.
2014). In contrast, the non fire-prone tropical dry forest
and the fire-prone cool temperate woodland had the high-
est percentages (~70 %). That the fire-prone woodland had
such a large percentage of photosynthetic species could be
the result of a bias toward a reseeding or basal resprout-
ing strategy (Clarke et al. 2013) of the mostly shrubby or
small-statured tree species in this community. Because
these species are released from selective pressures favoring

stem persistence, they would be free to bear thin outer bark,
permitting photosynthesis.

Main stem-twig bark associations across sites

As expected, the relationship between twig and main
stem bark thickness (scaling slopes) varied across locali-
ties, likely reflecting differing ecological contexts
(Fig. 4). Although site affected scaling, the bulk of main
stem thickness variation was explained by twig thick-
ness, and the inclusion of site increased R* only slightly
(from 0.43 to 0.48). The relatively minor role of site is con-
gruent with the high variation in bark thickness observed
within sites (Paine et al. 2010; Poorter et al. 2014) and
the coexistence of different ecological strategies usually
observed within plant communities regarding bark and
many other traits (Dantas and Pausas 2013; Wright et al.
2004).

In practically all communities, species with thicker
twig bark had disproportionately thicker total bark in main
stems (slopes >1; Table 4). This disproportionately higher
allocation to main stem bark was expected for fire-prone
sites, but not for non-fire prone systems. Slopes >1 were
actually observed in dry and rain forests, which are not
subjected to fire (Table 1). However, the non-significant
correlations within these two sites complicated slope inter-
pretation, but highlighted that non fire-prone sites could
tend to have uncoupled main stem-twig bark thickness scal-
ing, and perhaps lower functional coordination between
these two levels. The savanna was the only site with a
slope <1, i.e., disproportionately higher allocation to twig
bark. This observation could be interpreted as the result
of bark loss on main stems given the very frequent ground
fires fueled by the tall grassy understory of our monsoonal
savanna (Cernusak et al. 2006; Pausas 2014). These fires
could erode the trunk outer bark, thus leading to dispropor-
tionately thicker total twig bark. However, this scenario is
rejected by our data, which showed higher net allocation
also to the inner bark of savanna twigs (Table 4), a stem
portion that does not usually burn. However, fire still seems
to have a potential role in reducing outer bark thickness.
The main stem-twig thickness slope was lower for the outer
(0.57) than for the inner bark (0.73) in the savanna trees
(Table 4), a difference that was consistent with greater ero-
sion of outer bark in trunks.

The explanation for the contrasting scaling of the
savanna remains unclear, but fire could still be involved.
Protection against fire has been the main explanation for
thick bark at the level of both main stems and twigs (Pau-
sas 2014). It could be argued that the twigs of the shrubs
and small trees that represent half of our sampling (Elec-
tronic Supplementary Material, Table S1) could have
thick bark because of ground fire exposure, and that these
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short-statured species could be lowering the main stem-
twig bark thickness slope for the whole savanna. However,
the trend for thick-barked twigs is also observed in large-
statured trees (Fig. 4a), suggesting that even the twigs of
larger plants could be exposed to extreme temperatures
caused by ground fires. Quantification of the twig-trunk
bark relationship in additional savannas will define whether
disproportionately thicker twig bark is a characteristic of
these habitats.

Relative bark thickness showed somewhat different scal-
ing trends than raw thickness. In contrast with raw thick-
ness, the R? of the main stem-twig bark relative thickness
association increased considerably when taking site into
account (from 0.17 to 0.50). This large contribution of site
was likely observed because, despite high intra-site disper-
sion, sites occupied different regions in the main stem-twig
relative thickness plot. The rainforest had a combination of
low relative bark thickness values for both main stems and
twigs, whereas the savanna had the highest values for both
variables (Fig. 4b). Another fire-prone site, the temperate
woodland, had high values for main stem relative thick-
ness, but not for twigs. Within sites, relative thickness was
in general non-significantly or weakly associated between
main stems and twigs (Table 4). This observation suggests
that relative allocation to bark in comparison with wood
tended to be uncoupled between main stems and twigs.
However, this uncoupling in relative allocation does not
necessarily mean functional or ecological differences for
bark of these two stem levels.

Main stem-twig bark associations and the inference
of bark functional and ecological divergence

Despite conspicuous differences in bark external morphol-
ogy and factors such as fire affecting canopies and main
stems differently, the bark traits analyzed here were statisti-
cally indistinguishable or changed more or less predictably
in most sites between twigs and main stems. These results
have positive implications for bark studies. For example,
ecologists can sample twig bark and extrapolate its den-
sity and water content to main stem bark across species.
Likewise, twig bark thickness can be used to estimate main
stem bark thickness, at least in fire-prone habitats. Despite
the possibility of deriving bark trait values from one level
to the other, the ecology of bark is likely to differ along
stems. For example, bark thickness scaled disproportion-
ately in main stems when compared to twigs. This scaling
would strongly affect functions that depend on total bark
amount, such as bark mechanics (Paine et al. 2010; Rosell
and Olson 2014), on inner bark, such as water and starch
storage, or on outer bark, such as fire protection, and as
shown here, the presence of photosynthetic inner bark. Our
results indicate that main stem bark is, from an ecological

@ Springer

point of view, much more than simply a thicker version of
twig bark.
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