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Summary

� Wood properties influence the leaf life span (LL) of tree crowns. As lignin is an important

component of wood and the water transport system, we investigated its relationship with

embolism resistance and the LL of several tree species in a seasonally dry tropical ecosystem.
� We determined total lignin and the monomer contents of guaiacyl (G) and syringyl (S) and

related them to wood traits and xylem vulnerability to embolism (Ψ50) for the most common

species of the Brazilian semiarid, locally known as Caatinga.
� Leaf life span was negatively related to Ψ50 and positively related to S : G, which was nega-

tively related to Ψ50. This means that greater S : G increases LL by reducing Ψ50. Lignin con-

tent was not correlated with any variable.
� We found two apparently unrelated axes of drought resistance. One axis, associated with

lignin monomeric composition, increases LL in the dry season as a result of lower xylem

embolism vulnerability. The other, associated with wood density and stem water content,

helps leafless trees to withstand drought and allows them to resprout at the end of the dry

season. The monomeric composition of lignin (S : G) is therefore an important functional

wood attribute affecting several key functional aspects of tropical tree species in a semiarid cli-

mate.

Introduction

Wood attributes are recognized as key functional traits because
they are involved in multiple vital functions of trees, such as
water transport, carbohydrate storage, tree biomechanics, leaf
phenology, and growth (Chave et al., 2009; Poorter et al., 2010;
Markesteijn et al., 2011). The most abundant compounds of
wood are three structural polymers: cellulose, hemicellulose and
lignin (Stephen et al., 1987). Lignin is found in the secondary
walls of particular types of cells, especially conduits and fibers
(Fromm et al., 2003; Awad et al., 2012), but it also occurs in ray
parenchyma cells (Fergus & Goring, 1970). Lignin is involved in
many functions, including mechanical support and water con-
duction (Baucher et al., 1998). In fact, both mechanical support
and long-distance water transport in trees are only possible
because of the evolution of lignin (Boyce et al., 2004; Espi~neira
et al., 2011). Lignin deposition in cell walls increases rigidity and
impermeability to water and, consequently, it can alter water
conduction, mechanical support and protection against
pathogens (Pilate et al., 2012). Lignin increases the rigidity of the

cell wall as a result of its hydrophobic features, keeping cellulose
microfibrils dry and more resistant (Niklas, 1992). The rigidity
and relative impermeability of cell walls create some resistance to
high-tension water transport without the occurrence of conduit
implosion (Hacke et al., 2006).

Lignin is mainly composed of three monolignol monomers
(Boerjan et al., 2003; Morreel et al., 2010): p-hydroxyphenyl (H),
guaiacyl (G), and syringyl (S). The monolignols are hydroxicy-
namoilic alcohols (p-coumaryl, coniferyl and sinapyl), that is,
phenylpropanoids with C3–C6 chains that differ from each other
only by the degree of methoxylation (Baucher et al., 1998). The
lignin monomeric composition varies among species (Zhao et al.,
2010), tissue type, and response to environmental stress (Camp-
bell & Sederoff, 1996). Syringyl is mostly deposited in fiber
walls, whereas guaiacyl is largely deposited in the conduit walls
(Saito et al., 2012).

Low lignin content is related to higher vulnerability to
embolism in both transgenic plants (Voelker et al., 2011; Awad
et al., 2012) and native species (Pereira et al., 2017). Because high
tension occurs within the xylem conduits during water transport,
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air from surrounding tissues may enter the conduits and induce
embolism formation, interrupting the water column and the
water supply to the leaves (Zimmerman, 1983). Therefore,
embolism resistance is an important trait in understanding life-
history strategies, such as drought resistance and leaf retention
time in seasonally dry ecosystems (Choat et al., 2005). A few
studies have shown that plant fitness and water transport effi-
ciency are related to lignin traits (Coleman et al., 2008; Voelker
et al., 2011). Although lignin is related to embolism resistance,
the mechanisms by which lignin directly or indirectly limits
embolism are still unknown (Pereira et al., 2017).

Plants in seasonally dry environments show a range of leaf life
spans (LLs; Sobrado, 1997; Tyree et al., 2003; Oliveira et al.,
2015), from early deciduous species that remain in leaf for 3–
6 months a year to late deciduous species (mean LL 7–
10 months) and evergreen species that remain in leaf throughout
the year (Oliveira et al., 2015). At one end of the spectrum, ever-
green species are assumed to withstand water tension in the
xylem, maintaining gas exchange during the dry season; at the
other end, early deciduous species have traits that confer efficient
water transport in the rainy season and avoid drought by reduc-
ing their metabolic activity during the dry season (Engelbrecht &
Kursar, 2003; Tyree et al., 2003). Therefore, hydraulic properties
vary across phenological groups and correspond to a tradeoff
between efficiency and safety (Hacke et al., 2006). While much
research has focused on species differences in wood characteristics
determining hydraulic resistance, such as the anatomy of xylem
conduits and pit membranes (Hacke et al., 2001; Choat et al.,
2005; Jansen et al., 2009), less is known about how chemical
wood traits, such as lignin content and monomeric composition,
are related to drought resistance strategies, such as hydraulic resis-
tance to embolism and LL.

Here, we investigate the hypothesis that lignin content and
composition determine drought resistance in tree species in a sea-
sonally dry tropical forest. From this hypothesis, we make the fol-
lowing predictions: the total content and the monomeric
composition of lignin are directly related to LL; the total content
and the monomeric composition of lignin influence xylem
embolism resistance; both the total lignin content and its
monomeric composition are related to the wood traits that con-
trol LL (wood density, stem water saturation, and stem water
potential in the dry season).

Materials and Methods

Study area

The semiarid tropical zone of northeastern Brazil extends over an
area of 800 000 km2 and is characterized by highly unpredictable
rainfall concentrated in a single period of 3–5 months yr–1. The
average annual rainfall is 775 mm, with a variation coefficient of
30% (MINTER, 1984). The prevailing vegetation is the largest
South American stretch of the Seasonally Dry Tropical Forest,
locally called Caatinga, which covers c. 70% of the Brazilian
northeastern region, generally below 650 m of altitude (Moro
et al., 2014, 2016).

The regional climate of the studied area is BSh semiarid with
rainfall concentrated in summer–autumn and drought around
winter–spring, according to the K€oppen-Geiger classification sys-
tem (Peel et al., 2007). Precipitation is often unpredictable, con-
centrated in time and scattered in space, and temperatures are
high throughout the year, yielding twice as much evapotranspira-
tion as precipitation (Nimer, 1989). The rainy season usually
occurs between February and May (summer–autumn), the total
average annual rainfall is 694 mm, and the average annual tem-
perature is 28.7°C. Soils are shallow, with little water retention
capacity. The region topography is flat with an average altitude of
75 m (Souza et al., 2015).

Species studied and variables measured

Samples were collected in May 2014, during the rainy season.
Total precipitation in that year was 494 mm (below the normal
average), and the average temperature was 29.8°C. We sampled
22 tree species (Table 1) in the Curu Valley Experimental Farm
(3°470S–39°160W), Pentecoste municipality, Cear�a state, north-
eastern Brazil. The sampling area and the species are exactly the
same as those used by Oliveira et al. (2015). These authors mea-
sured wood density (WD, g cm�3), stem water saturation
(QWsat, %), stem water potential in the dry season (Ψdry season,
MPa) according to the method of Borchert (1994), and LL (LL,
months) according to the method of Fournier (1974) in adult
individuals with stem diameter at ground level ≥ 3 cm and height
≥ 1 m following Rodal et al. (1992). In 2012, the year in which
Oliveira et al. (2015) collected their data, the annual precipitation
was 416 mm (below the normal average).

We measured xylem embolism vulnerability (Ψ50, MPa), total
lignin content (lg mg�1 dry mass (DM)) and its monomeric
composition (syringyl (S) and guaiacyl (G) in lmol g�1 DM)
and calculated the S : G ratio (see later) for trees of the selected
species. We assumed that these variables together could provide
information on drought resistance (expressed by LL) resulting
from both xylem traits (total lignin content, S, G, S : G, and Ψ50)
and wood traits (WD, QWsat, and Ψdry season). The 22 species
selected represent a wide range of LLs and leaf habit groups (from
early deciduous to evergreen) and represent 73% of the species
composition of the community. In addition, these species are
among those with the highest occurrence rates in the Caatinga
domain (Moro et al., 2014). As our data were collected in exactly
the same plots, from the same individuals and in a year with simi-
lar annual precipitation (below average) as those collected by
Oliveira et al. (2015), we do not believe the difference in time of
collection represents a significant bias in our results.

Plant material preparation for lignin extraction

For each species, we selected three adult plants with stem diame-
ter at ground level ≥ 3 cm (range of 3–20 cm) and height ≥ 1 m,
following Rodal et al. (1992). From each individual tree studied,
we collected a 10 cm segment from the apex of three mature
branches and immediately froze them in liquid N2. Samples were
then taken to laboratory and stored in a freezer at �70°C.
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Afterwards, each segment was macerated and lyophilized. Then,
a 100 mg sample of the lyophilized material was washed three
times with 1.5 ml of 80% ethanol to remove noncovalently
bound compounds, followed by one wash with deionized water
(see Day et al., 2005). Finally, the washed sample was centrifuged
at 12 000 g force for 15 min, and the precipitate was oven-dried
overnight at 65°C. The dried precipitate was used for the lignin
content analysis with thioglycolic acid and for lignin extraction
by thioacidolysis.

Lignin measurements

Total lignin content To determine the total lignin content, we
followed the procedure described by Barber & Ride (1988), in
which the application of thioglycolic acid leads to the formation
of benzyl-alcohol thioesthers, chemical groups typically found in
lignin (Hatfield & Fukushima, 2005). We determined the lignin
concentration using a spectrophotometer (AJX-1900; Micronal,

S~ao Paulo, Brazil). The extracted lignin had its absorbance read
at 280 nm, and its concentration was determined relative to the
alkali lignin standard 2-hydroxypropyl ether (Sigma-Aldrich).
Lignin values were expressed in lg mg�1 DM of stem tissue.

Lignin monomeric composition The monomeric composition
of lignin was evaluated by extraction of thioacidolysis. This
method extracts the lignin by degrading it through the selective
degradation of the b-O-4 bonds and allows the monomers
involved in these bonds to be specifically quantified. As the b-O-
4 bond is the predominant type of bond under normal condi-
tions for a number of species (Xiao et al., 2011; Sun et al., 2012)
it is good for use in analysis. The thioacidolysis was performed
according to Lapierre et al. (1995), and the final product
(trimethylsilyl derivatives from the monomers guaiacyl and
syringyl) was analyzed by GC-MS. Trimethylsilyl derivatives
from the monomers guaiacyl and syringyl were analyzed accord-
ing to M€usel et al. (1997). We used a GC coupled with a mass

Table 1 Tree species used in each leaf habit group and their mean values of leaf life span (LL, months), wood density (WD, g cm�3), stem water saturation
(QWsat, %), stem water potential in the dry season (Ψdry season, MPa), lignin content (lignin, lgmg�1 dry mass (DM)), syringyl (S, lmol g�1 DM), guaiacyl
(G, lmol g�1 DM), S : G ratio, and xylem vulnerability (Ψ50, MPa)

Species Family
Leaf habit
groups1 LL1 WD1 QWsat

1 Ψdry season
1 Lignin S G S : G Ψ50

(1) Ziziphus joazeiroMart. Rhamnaceae Evergreen 12 0.55 85 �2.7 132.94 36.92 34.58 1.1 �3.35
(2) Cynophalla flexuosa (L.) J. Presl Capparaceae Evergreen 12 0.56 79 �2.4 27.62 67.31 62.71 1.11 �2.68
(3) Piptadenia viridiflora
(Kunth) Benth.

Fabaceae Evergreen 12 0.59 69 �3.2 34.7 141.86 139.11 1.08 �3.45

(4) Libidibia ferrea (Mar. ex Tul.)
L.P. Queiroz

Fabaceae Late deciduous 10 0.65 55 �3.3 29.35 55.03 65.22 0.86 �3.17

(5) Ximenia americana L. Olacaceae Late deciduous 10 0.58 74 �7 135.83 27.41 48.54 0.93 —
(6) Anadenanthera colubrina
(Griseb.) Altschul

Fabaceae Late deciduous 9 0.61 64 �7.3 94.11 64.23 83.41 0.8 �4.22

(7) Combretum leprosumMart. Combretaceae Late deciduous 7 0.55 83 �4.5 35.06 126.07 175.4 0.72 �4.18
(8) Piptadenia stipulacea
(Benth.) Ducke

Fabaceae Late deciduous 7 0.57 76 �5.5 98.65 60.28 94.97 0.63 �2.17

(9) Aspidosperma pyrifoliumMart. Apocynaceae Late deciduous 7 0.65 55 �6.5 112.55 50.68 55.39 0.95 �2.52
(10) Poincianella bracteosa (Tul.)
L.P. Queiroz

Fabaceae Early deciduous 6 0.65 54 �5.4 70.74 30.94 51.79 0.61 —

(11) Lafoensia pacari St. Hil. Lythraceae Early deciduous 5 0.62 62 �7.1 37.89 156.73 209.97 0.77 �3.63
(12) Amburana cearensis (Allem~ao)
A.C. Sm.

Fabaceae Early deciduous 5 0.46 118 �1.2 57.53 94.14 113.3 0.83 �2.42

(13) Bauhinia cheilantha
(Bong.) D. Dietr.

Fabaceae Early deciduous 5 0.67 50 �8 90.01 60.78 96.82 0.61 —

(14) Cordia oncocalyx Allem~ao Boraginaceae Early deciduous 5 0.55 83 �7.5 60.1 23.7 57.74 0.41 �1.65
(15) Helicteres heptandra L.B. Sm. Malvaceae Early deciduous 4 0.57 75 �8.3 5.88 48.66 86.71 0.56 —
(16) Commiphora leptophloeos
(Mart.) J.B. Gillett

Burseraceae Early deciduous 4 0.30 236 �1.5 26.81 37.03 69.16 0.53 —

(17) Sebastiania macrocarpa

M€ull. Arg.
Euphorbiaceae Early deciduous 4 0.62 61 �6.8 17.48 79.45 99.30 0.83 —

(18) Cordia trichotoma (Vell.)
Arr�ab. ex Steud.

Boraginaceae Early deciduous 4 0.55 82 �8 35.88 120.99 189.04 0.65 —

(19) Croton blanchetianus Baill. Euphorbiaceae Early deciduous 4 0.62 61 �8.3 46.84 13.86 25.82 0.46 �0.13
(20)Mimosa caesalpiniifolia Benth. Fabaceae Early deciduous 4 0.65 54 �8.2 123.05 21.18 36.67 0.55 �1.49
(21) Cochlospermum vitifolium

(Willd.) Spreng.
Bixaceae Early deciduous 3 0.20 416 �1.2 5.81 43.14 47.68 0.52 �1.19

(22)Manihot carthaginensis

(M€ull. Arg.) Allem~ao
Euphorbiaceae Early deciduous 3 0.34 195 �1.1 33.35 27.55 201.88 0.38 �1.40

1

Data from Oliveira et al. (2015).
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detector (Shimadzu GCMS-QP 2010, Tokyo, Japan) equipped
with a Split (Shimadzu auto-injector AOC-2i, Tokyo, Japan) a,
with an electron ionization source operating at an ionization
energy of 70 eV. G and S lignin monomers, analyzed with their
trimethylsilyl derivatives, were identified by comparing their
retention times and mass fragmentation spectra with those
obtained from standard compounds of coniferyl and sinapyl alco-
hols (Sigma-Aldrich). They were then compared withreference
spectra previously described in the literature (Rolando et al.,
1992). To construct the calibration curves, we referred to the
external calibration method and used commercial (Sigma-
Aldrich) standards of lignin monomers.

Xylem vulnerability to embolism

We estimated the water potential inducing a loss of 50% (Ψ50) of
xylem hydraulic conductivity using the pneumatic method
(Pereira et al., 2016). The pneumatic apparatus consists of a vac-
uum gauge connected to a system of tubes and valves that allow
vacuum tension to be applied to the base of a cut branch with a
syringe. The vacuum tension is applied for 2.5 min, and part of
the air contained inside the branch is extracted (air discharged,
AD), reducing the tension inside the tubes. The ideal gas equa-
tion allows the calculation of AD. The minimum AD content is
obtained from hydrated branches, and the maximum AD is from
dehydrated branches. The difference between maximum and
minimum AD allows the percentage of discharged air (PAD) to
be calculated, which acts as a proxy for percentage loss of conduc-
tivity. The relationship between PAD and xylem water potential
(Ψx) was fitted to a logistic function (Pereira et al., 2016). We
estimated Ψx by measuring the water potential of leaves of eight
branch segments from each of the three individuals collected per
species. Before estimating Ψx, each collected branch with leaves
was kept in a dark plastic bag for 1 h to allow the water potential
to equilibrate between the stem and leaf xylem. Then, we mea-
sured the leaf water potential with a pressure chamber (Model
3005F01; Soilmoisture, Santa Barbara, CA, USA). Leaf cuts were
sealed with a PVC-based glue. We could only measure hydraulic
vulnerability curves in 15 of the 22 species selected, because of
latex exudation in some species. Despite this, we were able to per-
form xylem vulnerability measurements in evergreen, early and
late deciduous species.

Data analysis

For all traits, we calculated mean species trait values. We used Stu-
dent’s t-test to test for differences between average values of G and
S. To detect collinearity among variables, we performed pairwise
linear correlation analyses of xylem vulnerability (Ψ50), lignin
content (total lignin content), lignin composition (S, G, and S : G
ratio), wood traits (QWsat, Ψdry season, and WD), and LL. We used
Pearson correlation coefficients when variables were normally dis-
tributed (Shapiro–Wilk test), and Spearman’s rank correlation
coefficient when their distribution departed from normal. We per-
formed a multiple regression analysis with noncollinear variables,
which were considered the factor variables, to investigate the

influence of each variable on LL (the response variable). To elimi-
nate collinear variables, we removed one variable of each pair with
r ≥ 0.7 (Dormann et al., 2013). Once the full model was selected,
we applied a backward procedure to achieve the minimal model.
We tested for normality of residuals with the Shapiro test and for
homoscedasticity with the Fligner-Killeen test. We performed two
sets of multiple regression analyses: one with all 22 species, and
the other with the subset of 15 species for which data on xylem
vulnerability (Ψ50) were available. All statistical analyses were per-
formed in R (R Development Core Team, 2011) considering
P < 0.05 to indicate statistical significance.

Finally, we performed two principal components analyses
(PCA) to investigate whether species with different LLs constituted
distinct groups and to depict a whole picture of the relationships
between species and all variables. One PCA was performed for all
22 species, and the other for the subset of 15 species with values of
Ψ50. In these analyses, we ordered the species as objects according
to the noncollinear variables as descriptors, which were previously
standardized through rank adjustment. All variables showed linear
relationships among them (results not shown; see examples in
Fig. 1). We transformed the cross-product matrix into a Pearson
correlation matrix. The analyses were performed with PC-Ord 6.0
using the default settings and the biplot output.

Results

Wood chemical traits varied significantly across the 22 co-
occurring species (Table 1): lignin content of the branch apices
varied 23-fold (5.81–135.83 lg mg�1), G content varied
eightfold (25.82–209.97 lg mg�1), S content varied 11-fold
(13.86–156.73 lg mg�1), and S : G ratio varied threefold

(a)

(b)

Fig. 1 Relationship between xylem vulnerability (Ψ50) (a) and leaf life span
(LL) (b) and syringyl : guaiacyl ratio (S : G) of different tree species from a
Brazilian seasonally dry forest. Leaf habit groups: EG, evergreen; LD, late
deciduous; ED, early deciduous. Significance: *, P < 0.05; ***, P < 0.001.
Numbers refer to the species in Table 1.
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(0.38–1.11 lg mg�1). In general, the set of species had a higher
amount of G than of S (t =�2.1542 P < 0.05) (Table 1). Xylem
vulnerability to embolism (Ψ50) varied from �1.05MPa in
Cochlospermum vitifolium, an early deciduous species, to
�4.94MPa in Anadenanthera colubrina, a late deciduous tree
species (Table 1).

Total lignin content was not correlated with any variable
(Table 2), indicating that total lignin content is not a good pre-
dictor of hydraulic functioning for semiarid tree species. G con-
tent was positively correlated solely with S content (Table 2),
meaning that the content of one monomer tended to increase as
the content of the other increased. S content was negatively corre-
lated with Ψ50 (Table 2). The S : G ratio was positively correlated
with LL and negatively with Ψ50 (Table 2; Fig. 1). This means
that the higher the S content and the S : G ratio, the lower the
Ψ50 and longer the LL (Figs 2, 3). All species with S : G > 0.83
were late deciduous (7–10 months of LL) or evergreen (LL lasting
12 months), and all species with S : G < 0.63 were early decidu-
ous (LL from 3 to 6 months), whereas species with S : G between
0.63 and 0.83 could be early deciduous, late deciduous or ever-
green. This suggests the existence of two thresholds, one
(S : G > 0.83) above which species retain their leaves for over
7 months yr–1, the other (S : G < 0.63) below which species
remain leafy for up to 6 months. The relationships between S
content, S : G, Ψ50 and LL were reinforced by the negative corre-
lation of LL with Ψ50, indicating that species with lower Ψ50

could retain their leaves for a longer time (Table 2; Fig. 3). Unex-
pectedly, WD was not related to lignin content or chemical com-
position, nor to Ψ50 (Table 2).

The minimum model yielded by the full multiple regression
analysis (considering all 22 species) retained the S : G ratio as the
only explanatory variable of LL: LL =�1.947 + 11.63 S : G, with
r2 = 0.71, P < 0.001, F = 50.27 (Table 3). S : G was also the only
explanatory variable retained in the minimum model (LL =
�1.574 + 11.52 S : G, with r2 = 0.76, P < 0.001, F = 42.57;
Table 3) when considering the subset of the 15 species with Ψ50

values. Both models showed LL to be directly related to S : G
ratio.

In the PCA analysis of the 15-species subset, the first and sec-
ond components, represented by axes 1 and 2, explained 44.0%
and 30.2% of the total variance, respectively (Fig. 3). The first

axis eigenvalue (3.08) was significantly (P = 0.002) greater than
the mean randomized eigenvalue (2.14). Also, the second axis
eigenvalue (2.12) was significantly (P = 0.002) greater than the
mean randomized eigenvalue (1.58). The overall disposition of
the species over the ordination space described a large arch, char-
acteristic of gradients (Wartenberg et al., 1987), that is, the
species did not constitute distinct groups. The first component
(axis 1; Fig. 3) opposed S : G (score 0.89) to Ψ50 (score �0.89),
confirming the negative correlation between these two variables
(Table 2). The species were ordinated from those with greater
S : G (on the right) to those with more negative Ψ50 (at left),
from the evergreen to the early deciduous species. The second
PCA component (axis 2, Fig. 3) opposed WD (score 0.81) to
Ψdry season (score �0.89), confirming the negative correlation
between these variables (Table 2). The species were ordinated
from the greatest WD values (top) to the most negative Ψdry season

(bottom), from the late deciduous species to the early deciduous
ones. This confirmed the orthogonality between the two sets of
correlated variables shown in Table 2: the S : G set and the WD
set.

When considering all 22 species (Fig. 4), the first and second
PCA components, represented by axes 1 and 2, explained 37.9%
and 31.4% of the variance, respectively (Fig. 4). The first axis
eigenvalue (2.28) was significantly higher (P = 0.009) than the
mean randomized eigenvalue (1.78). The second axis eigenvalue
(1.89) was also significantly greater (P = 0.002) than the mean
randomized eigenvalue (1.37). As in Fig. 3, the overall disposi-
tion of the species described a great arch, indicating that early
deciduous, late deciduous and evergreen species were arranged in
a gradient-like continuum (Fig. 4). Species followed the same
ordination set seen in Fig. 3: evergreen, late deciduous, and early
deciduous species were arranged according to decreasing S : G
values (score �0.91). The first component (axis 1 in Fig. 4) ordi-
nated the species from left to right mainly by the S : G diminu-
tion. As Ψ50 was not included in this analysis, and it was
negatively correlated with S : G (Table 2; Fig. 3), the eigenvectors
of the first PCA component did not show any opposition
(Fig. 4). The second component (axis 2 in Fig. 4) opposed
Ψdry season (score 0.81) to WD (score �0.68), confirming both
the negative correlation between these two variables and the
orthogonality of WD with SG (Table 2).

Table 2 Pairwise correlation coefficients among lignin content, syringyl (S), guaiacyl (G), S : G ratio, wood density (WD), stem water saturation (QWsat),
stem water potential in the dry season (Ψdry season), leaf life span (LL), and xylem vulnerability (Ψ50)

Lignin G S S : G WD1 QWsat
1 Ψdry season

1 LL1

Lignin
G �0.342
S �0.289 0.749***
S : G 0.203 0.04 0.513*
WD1 0.367 �0.167 �0.011 0.219
QWsat

1 �0.344 0.16 0.024 �0.171 �0.994***
Ψdry season

1 �0.299 0.131 0.158 0.22 �0.553* 0.59**
LL1 0.408 �0.115 0.271 0.807*** 0.247 �0.19 0.16
Ψ50 �0.071 �0.468 �0.754** �0.636* �0.205 0.159 0.013 �0.723**

1

Data from Oliveira et al. (2015).
Significant correlations are highlighted in bold: *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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Both PCAs (Figs 3, 4) are consistent in their results and are
congruent with the results obtained by the correlations (Table 2).
Although the PCA results indicate the many variables that could
be linked to drought resistance, the driving variable in leaf reten-
tion time was S : G.

Discussion

Our results show the existence of two independent functional
axes associated with drought resistance in woody species of semi-
arid climate as indicated by two independent sets of correlations

among our variables. One axis is driven by WD, which is nega-
tively related to both the capacity of the stem to store water
(QWsat) and to maintain negative water potential during the dry
season (Ψdry season), as already demonstrated in Oliveira et al.
(2015). The other axis is driven by the S : G ratio, an increase of
which increases LL owing to lower xylem embolism vulnerability
(Ψ50). Neither of these axes is associated with total lignin con-
tent. Although these two axes were revealed to be independent of
one another, the species present a continuum of LL driven by
S : G. Variation of the lignin monomeric composition (S : G)
alone explained 65% (in the case of simple correlation) to 76%
(in the case of multiple regression including Ψ50) of LL.
Together, these results indicate that, although many variables can
influence LL, the most important explanatory variable is S : G.
Therefore, our first and second predictions, which proposed that
the lignin total content and monomeric composition are related
to LL and influence xylem embolism resistance, were partially
confirmed; whereas our third prediction – stating that both the
total lignin content and its monomeric composition are related
to the wood traits that control LL – was completely rejected.

Covariation among wood traits

Wood density was negatively correlated with dry season stem
water potential and stem water saturation (Oliveira et al., 2015)
but not with Ψ50, although many authors have associated WD
with xylem hydraulic properties (Hacke et al., 2001; Preston
et al., 2006; Jacobsen et al., 2007; Chave et al., 2009; Markesteijn
et al., 2011). In agreement with our findings, Awad et al. (2012)
demonstrated, in transgenic lineages of poplars with modified
composition of lignin, that there was no relationship between
xylem’s vulnerability to embolism and the mechanical properties
of wood. Our results also agree with Preston et al. (2006), who
concluded that WD and conduit traits describe two distinct plant
functional axes.

Fig. 2 Lignin composition and wood density
(WD) are the two axes of drought resistance
in the correlation analyses. (a) Guaiacyl (G)
and syringyl (S) contents are positively
interrelated, the xylem vulnerability (Ψ50)
diminishes as the S content increases, and a
higher S : G ratio increases leaf life span (LL).
(b) As WD decreases, the stem water
saturation (QWsat) increases, which allows
the stem to have greater water potential in
the dry season (Ψdry season). Significance:
*, P < 0.05; **, P < 0.01; ***, P < 0.001.

Fig. 3 Principal components analysis (PCA) biplot diagram ordering the
subset of 15 species according to their xylem vulnerability (Ψ50), total
lignin content (lignin), syringyl content (S), syringyl to guaiacyl ratio (S : G),
wood density (WD), stem water potential in the dry season (Ψdry season),
and leaf life span (LL). Numbers correspond to the species in Table 1. Leaf
habit groups: EG, evergreen; LD, late deciduous; ED, early deciduous.
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Wood density alone is not a good indicator of lignin content,
xylem vulnerability or LL for our studied species. WD expresses
the total mass within a given volume of wood (Borchert, 1994).
In fact, Gartner et al. (2004) found a linear positive correlation
between WD and the proportion of cell wall per cross-sectional
area. As lignin is deposited in cell walls and renders them thicker,
a positive relationship between total lignin content and WD
would thus be expected (Pereira et al., 2017). However, our
results did not show any relationship between WD and total
lignin content, but rather a strong relationship between WD and
stem water storage capacity in the dry season. Thus, it seems that,
beyond lignin, a complex set of other characteristics, such as the
relative proportions of cellulose, hemicellulose, extraneous com-
ponents, gas and water content, are responsible for determining
WD (Williamson & Wiemann, 2010), and its association with
xylem vulnerability and LL may be indirect.

Increasing WD results in a decrease of QWsat and Ψdry season

(which became more negative) (Oliveira et al., 2015). Low WD
enables species in dry habitats to store water in their stem and to
flush new leaves at the onset of rain (Borchert et al., 2002; Wolfe
& Kursar, 2015; Wolfe et al., 2016). Indeed, Oliveira et al.
(2015) observed that the species with the lowest WD were the
first to shed leaves in the dry season, that is, they become dor-
mant at the first signs of drought, generally 1 month before the
end of the rains. However, Oliveira et al. (2015) also found that
low-WD species can initiate bud-break before the end of the dry
season probably as a result of high water storage. Bud-break
requires turgor pressure for leaf expansion, which is not possible
during the dry season unless water with a high hydric potential is
stored in the stem. Storing water in the stem may be possible if
plants decouple from the atmosphere by shedding their leaves
before the soil dries too much, that is, early in the dry season. In
fact, Oliveira et al. (2015) found a negative relationship between
Ψdry season and leaf shedding. This combination of early bud-
break with early leaf shedding for low-WD species would decou-
ple WD from LL while coupling WD to timing of phenophases.
This suggests that WD, QWsat and Ψdry season constitute a water-
driven leaf habit axis.

Wood chemical traits driving leaf retention time

We found that LL and Ψ50 were not correlated with total lignin
content. Indeed, we found that total lignin content was not corre-
lated with any variable in this study. Apparently, our results contra-
dict Fan et al. (2006), Coleman et al. (2008), Voelker et al. (2010,
2011), and Awad et al. (2012), who showed that smaller lignin
content implies greater xylem vulnerability, a result recently con-
firmed by Pereira et al. (2017). However, Pereira et al. (2017)
showed that, although smaller lignin content is related to greater
xylem vulnerability, the opposite is not seen, that is, greater lignin
content is not associated with higher embolism resistance. More-
over, Pereira et al. (2017) did not find any significant correlation
between lignin content and xylem vulnerability for angiosperms,
although low lignin content was always related to embolism vulner-
ability. It is not likely that a drought treatment could induce
changes in the lignin content as an adaptive mechanism to tolerate

drought (Wildhagen et al., 2017), albeit the lignin synthesis is
determined by the expression of certain genes and can induce
drought tolerance in transgenic plants (Xu et al., 2017). Despite
the low lignin content being related to embolism vulnerability,
other functional effects of natural variation in lignin content are
not known (Pereira et al., 2017).

Our results showed that LL and Ψ50 were highly responsive to
variation of the lignin monomeric composition. We showed that
S : G determines the length of time trees can maintain leaves in
their canopies during the dry season. Species with longer LL, such
as the late deciduous and evergreen species that we studied, had
more negative Ψ50, corroborating the results of Choat et al.
(2005) and Markesteijn & Poorter (2009), who demonstrated
that embolism resistance is a key plant trait promoting drought
resistance. The highly significant correlation between LL and Ψ50

that we found corroborates the results of Pereira et al. (2017),
who hypothesized that lignin composition may explain the varia-
tion in embolism resistance across species.

Possible mechanisms linking lignin and hydraulic traits

The total lignin content of Caatinga tree species did not show
correlation with its monomeric composition, corroborating the
result obtained by Wallis et al. (1996) for Eucalyptus globulus.
Indeed, the relationship between the total lignin content and its
monomeric composition is still not clear (e.g. Bose et al., 2009).
For instance, Lapierre et al. (1999) found that alterations in the
expression of enzymes involved in the synthesis of the lignin
monomers did not alter the total lignin content because the fre-
quency of the b-O-4 bounds, the most frequent bound between
the monolignols composing the lignin molecule (Baucher et al.,
1998), was not affected. Our results indicate that the proportions
of monomers constituting lignin molecules are an important reg-
ulator of Ψ50 and LL in trees of semiarid climates and that there
is no relationship between total lignin content and LL, wood
traits (WD, QWsat, Ψdry season) or xylem traits (Ψ50, S, G, S : G).

However, we found a strong correlation between LL, Ψ50 and
S : G. This correlation implies that lignin composition, rather
than content, explains the continuum of variation of plant
embolism resistance. Although S and G contents were highly pos-
itively correlated, increasing S alone implied less xylem vulnera-
bility. The fact that S content alone was correlated with less
vulnerability, but not with LL, suggests that it is the combination
of S and G that can confer longer LL.

How exactly the increase of S in relation to G can improve
embolism resistance and extend LL is not yet fully understood. S
is mostly deposited in fiber walls (Voelker et al., 2011; Saito
et al., 2012), although it can also be found in secondary walls of
ray parenchyma (Fergus & Goring, 1970). G is deposited in
larger quantities in the conduit walls (Coleman et al., 2008; Saito
et al., 2012). G-rich lignin is more rigid and hydrophobic than S-
rich lignin (Koehler & Telewski, 2006; Bonawitz & Chapple,
2010), thus conferring rigidity to the conduit walls and allowing
the conduit to withstand the tension of sap ascent (Higuchi,
1990). The conduit inner wall can be thought of as a scattering
of hydrophobic and hydrophilic patches, which is hydrophilic
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when the conduit is full or being refilled and becoming
hydrophobic when the conduit is embolized (McCully et al.,
2014). S presents a free phenolic hydroxyl group, as well as G.
The difference is that the G has one methoxy group in the ring-3
position and the S unit has two methoxy groups in the ring-3,5
positions. In the polymerization, the position of ring 5 is reactive
at G but inactive at S. These characteristics make the S-rich lignin
more hydrophilic and with a highly flexible, less crosslinked
structure, possibly resulting in a greater polymer flexibility
(Pereira et al., 2017). A more hydrophilic S-rich lignin, if present
in the pit membrane, may increase the pressure needed for air-
seeding to occur as it increases the contact angle in the pore
meniscus (Pereira et al., 2017). However, the conduit cell wall is
not the only place of lignin deposition in the xylem.

Fergus & Goring (1970), Coleman et al. (2008) and Zheng
et al. (2016) have detected the presence of S-rich lignin in the
secondary wall of ray parenchyma cells. In seasonal climates,
among other functions, the radial parenchyma stores resources
and distributes them at the onset of the growing season (Larish
et al., 2012). Besides the radial parenchyma, axial parenchyma
may also be present, and ‘the living parenchyma cells contribute
lignin precursors to vessel elements after their death. However,
the mechanism by which the monolignols are transported from
living parenchyma cells to the secondary walls of dead vessel ele-
ments is unknown’ (Aloni, 2013). Lignification seems to be inde-
pendent of cell type and cell wall sublayer, the p-hydroxyphenyl
monolignol being deposited first, followed by G, and finally S,
which is the last monolignol to be deposited in the cell wall
(Terashima & Fukushima, 1989; Rencoret et al., 2011). Lignin
composition differs between the axial and radial systems, where
the S : G ratio is higher in the radial parenchyma than in the axial
fibers of the wood (Zheng et al., 2016). The S : G ratio increases
in sapwood towards heartwood in the radial parenchyma, while

Table 3 Multiple regression models considering leaf life span as the
response variable, and the noncollinear factor variables – stem water
saturation (QWsat), stem water potential in the dry season (Ψdry season),
total lignin content (lignin), syringyl to guaiacyl ratio (S : G) – for all 22
species and for a subset of 15 species for which values of xylem
vulnerability (Ψ50) were available (the number of factor variables in each
model is indicated by n)

n r² F AICc P-value

Variables – 22 species
S : G 1 0.715 50.267 89.95 < 0.001
Lignin + S : G 2 0.733 26.059 91.576 < 0.001
S : G +QWsat 2 0.722 24.616 92.488 < 0.001
S : G +Ψdry season 2 0.717 24.045 92.859 < 0.001
S : G +QWsat +Ψdry season 3 0.742 17.239 94.221 < 0.001
Lignin + S : G +Ψdry season 3 0.741 17.19 94.268 < 0.001
Lignin + S : G +QWsat 3 0.734 16.567 94.867 < 0.001
Lignin + S : G +QWsat +
Ψdry season

4 0.761 13.549 96.353 < 0.001

QWsat +Ψdry season 2 0.431 7.19 108.217 0.005
Lignin +QWsat +
Ψdry season

3 0.494 5.863 109.015 0.006

QWsat 1 0.133 3.076 114.447 0.095
Lignin 1 0.115 2.608 114.899 0.122
Lignin +Ψdry season 2 0.22 2.678 115.151 0.095
Lignin +QWsat 2 0.179 2.066 116.285 0.154

Ψdry season 1 0.044 0.926 116.599 0.347
Variables – 15 species
S : G 1 0.766 42.57 63.498 < 0.001
S : G +QWsat 2 0.783 21.65 66.184 < 0.001
S : G +Ψ50 2 0.773 20.383 66.893 < 0.001
S : G +Ψdry season 2 0.768 19.871 67.187 < 0.001
Lignin + S : G 2 0.766 19.649 67.316 < 0.001
S : G +QWsat +Ψdry season 3 0.788 13.667 70.473 < 0.001
Lignin + S : G +QWsat 3 0.787 13.511 70.609 < 0.001
S : G +QWsat +Ψ50 3 0.786 13.495 70.623 < 0.001
S : G +Ψdry season +Ψ50 3 0.774 12.537 71.485 < 0.001
Lignin + S : G +Ψ50 3 0.773 12.458 71.558 < 0.001
Lignin + S : G +Ψdry season 3 0.769 12.18 71.818 < 0.001
S : G +QWsat +
Ψdry season +Ψ50

4 0.792 9.51 76.066 0.002

Lignin + S : G +QWsat +
Ψdry season

4 0.79 9.4 76.206 0.002

Lignin + S : G +QWsat +Ψ50 4 0.789 9.352 76.264 0.002
Lignin + S : G +
Ψdry season +Ψ50

4 0.774 8.558 77.350 0.003

Ψ50 1 0.41 9.033 77.375 0.01
QWsat +Ψdry season 2 0.468 5.287 79.629 0.023
QWsat +Ψ50 2 0.455 5.018 79.991 0.026
QWsat +Ψdry season +Ψ50 3 0.589 5.248 80.448 0.017

Ψdry season +Ψ50 2 0.432 4.561 80.626 0.034
Lignin +Ψ50 2 0.419 4.323 80.967 0.039
QWsat 1 0.188 3.012 82.163 0.106
Lignin + S : G +QWsat +
Ψdry season +Ψ50

5 0.793 6.885 83.499 0.007

Lignin +QWsat +Ψdry season 3 0.474 3.309 84.126 0.061
Lignin +Ψdry season +Ψ50 3 0.463 3.166 84.436 0.068
Lignin +QWsat +Ψ50 3 0.455 3.067 84.657 0.073

Ψdry season 1 0.039 0.53 84.689 0.479
Lignin 1 0.023 0.302 84.944 0.592
Lignin +QWsat 2 0.191 1.415 85.93 0.281
Lignin +QWsat +
Ψdry season +Ψ50

4 0.595 3.673 86.048 0.043

Lignin +Ψdry season 2 0.108 0.724 87.397 0.505

AICc, corrected Akaike information criterion.

Fig. 4 Principal components analysis (PCA) biplot diagram ordering all 22
species according to their total lignin content (lignin), syringyl content (S),
syringyl to guaiacyl ratio (S : G), wood density (WD), stem water potential
in the dry season (Ψdry season), and leaf life span (LL). Numbers correspond
to the species in Table 1. Leaf habit groups: EG, evergreen; LD, late
deciduous; ED, early deciduous.
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in the wood axial fibers the lignin composition does not differ
between the sapwood and the heartwood (Zheng et al., 2016).
Indeed, xylem ray and axial parenchyma and/or phloem have a
vital role in the regulation and maintenance of xylem water con-
ductance (Nardini et al., 2011), but how exactly they work
together deserves further research.

Therefore, xylem water transport not only depends on the con-
duit’s characteristics, but it is also the outcome of synergistic,
intricate processes performed by different structures at different
organizational levels. For instance, a highly impermeable leaf
cuticle, such as that of Ziziphus joazeiro (Oliveira et al., 2003), or
the ability to absorb water from dew, such that of Combretum
leprosum (Pina et al., 2016), can contribute to a longer LL. Also,
tree height, mass and growth rate, conduit tapering, vessel pack-
ing and the ratio of sapwood to heartwood influence xylem trans-
port, and variation in one or more traits is compensated by
variation in other traits (Sperry et al., 2012). Regarding our
results, the fact that S content alone was correlated with less vul-
nerability, but not with LL, and the finding of a lower and an
upper S : G threshold for LL and of two different axes related to
drought resistance all advocate for the high complexity underpin-
ning xylem transport. In spite of this complexity, S : G variation
alone could explain most of the variation of LL through dimin-
ishing xylem embolism vulnerability, thus inferring that lignin
chemical composition has a more important functional role in
embolism resistance than previously thought.

Conclusion

Studies of lignin chemistry variation and its relation to hydraulic
traits and plant performance in ecological systems are virtually
absent in the scientific literature. Our study provides a novel per-
spective on the interplay between wood chemical traits and plant
hydraulic function. We found that lignin monomeric composi-
tion rather than total lignin content drives dry-season LL and
resistance to xylem embolism among tree species in a semiarid
environment. On the other hand, neither total lignin content nor
its monomeric composition were related to wood density and
dry-season stem water saturation and stem water potential.

Our results clearly show the existence of two axes of trait varia-
tion. One axis allows trees to keep their leaves for a longer time in
the dry season by investing in the composition of lignin, which
continuously varies among species. In this group, the increase in
the S : G ratio results in lower xylem vulnerability and longer foliar
retention in the dry season. The other axis allows the leafless tree to
withstand drought by storing water in the stem and shedding leaves
before the end of the rainy season, so as to keep higher stem water
potential during the dry season and flush new leaves very early, still
at end of the dry season. How these two axes are related to one
another and how the mechanism relating S : G ratio to xylem
embolism vulnerability works deserve further investigation.
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