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Competition between immediate neighbors has been regarded as one of the most important forces of nat-
ural selection that shapes the species composition, diversity and evolution of plant traits within a com-
munity. Here, I examined wood density (WD) variation in populations of two tree species, where
individuals have contrasting access to resources. In five Nothofagus betuloides and Nothofagus pumilio
even-aged, mixed second-growth forests in Patagonia (Chile), I sampled pairs of dominant (full access
to resources) and the nearest-to-it suppressed individuals (constrained access to resources), with the fol-
lowing main objective: to assess whether WD is a good predictor of the competitive ability of individuals
in tree populations. To accomplish this objective, I quantified, at the individual level, sapwood (WDsap)
and heartwood densities (WDheart), sapwood proportion (Sapp), growth rates (BAI10) and growth effi-
ciency (GE). Given that sapwood and heartwood differ in functionality, I used WDst, a standardized
way of computing WD that considers both wood type proportions in the stem. In order to determine
the relationship between growth rate (BAI10, a proxy of competitive ability) and WD at the intraspecific
level, I analyzed the effect of contrasting access to resources (dominant versus suppressed individuals)
and WD fitting mixed-effects correlation models (LMM). WDst showed very low variation (<6% of CV),
and WDst did not differ between dominant and suppressed individuals for both species, nor did Sapp.
Dominant individuals of both species had significantly higher BAI10 and GE values than suppressed indi-
viduals. I found a non-significant correlation between BAI10 and WDst. Independently of tree species and
access to resources, WDheart was significantly higher than WDsap. In conclusion, my results are unequiv-
ocal in that WD is a poor predictor of competitive ability among individuals of the same species and thus
interspecific trends found in the growth–WD relationship are not paralleled at the intraspecific level.

� 2016 Elsevier B.V. All rights reserved.
1. Introduction

Competition between immediate neighbors has been regarded
as the most important force of natural selection that shapes the
species composition, diversity and evolution of plant traits within
plant communities (Tilman, 1982; Silvertown and Charlesworth,
2001). In high-density plant populations, and in the absence of
manifested stressors (e.g. fire, insect outbreaks, drought), self-
thinning is a dynamic process caused by competition to pre-
empt limited resources that ultimately result in a predictable
decrease of density with time (i.e. mortality). Nowhere is this more
evident than in forests, where competition for light has profound
effects on tree performance leading to mortality and declines in
density (Coomes and Grubb, 2000; Freckleton and Watkinson,
2001). According to Oliver’s model of forest stand dynamics
(1981), the stem exclusion stage occurs when all growing space is
occupied and competition is the highest. At this stage, competition
leads trees to markedly differentiate in crown or social classes,
where some trees have full access to resources (particularly light),
and consequently grow disproportionally larger (dominant indi-
viduals) taking growing space from others (suppressed individuals)
and forcing them to growmore slowly and ultimately to die (asym-
metric competition sensu Weiner, 1990). In these tree populations,
the effect of conspecific neighbor density on growth is strongest
because they should represent the highest niche overlap (Fajardo
and McIntire, 2011).

Wood density (WD) is a relevant plant functional trait that is
under strong selective pressure as it is important to the survival
and growth of a species in its environment (Falster, 2006; King
et al., 2006; Preston et al., 2006). WD reflects the balance between
solid material (i.e. cell wall, parenchyma) and void (i.e. lumen of
conductive elements) of the xylem tissue. As such, WD is a
carbon-investment trait resulting from a trade-off involving con-
struction costs (Swenson and Enquist, 2007). The trade-off is
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Fig. 1. Depiction of an even-aged, post-fire Nothofagus pumilio forest in the
Coyhaique Reserve (45�330S, 71�590W, 700 m a.s.l.), Chile. The trees of this forest
are on average 55 years old, with mean diameter at breast height (DBH, 1.35) for
dominant trees of 24.5 cm and for suppressed trees of 12 cm. Although the stem
density is high (3000 trees ha�1), tree mortality is occurring pervasively (see some
dead trees with thin stems without bark).
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defined by the impossibility of filling the same volume with cell
wall material and cell lumen (Carlquist, 1975; Méndez-Alonzo
et al., 2012). In the wood economics spectrum (WES, Chave et al.,
2009), species having wide conduits and low WD also have high
growth rates (resource-acquisitive extreme of the spectrum),
whereas species having narrow conduits and high WD also have
low growth rates (resource-conservative extreme of the spectrum)
(e.g. King et al., 2005, 2006; Chave et al., 2006, 2009). In this line,
there is sufficient support to state that WD scales negatively with
leaf gas exchange and water balance, and therefore growth (e.g.
Santiago et al., 2004; Pratt et al., 2007; Scholz et al., 2007;
Meinzer et al., 2008); WD may mediate a growth–mortality
trade-off in tree species (Wright et al., 2010). In a global-
comparison study, Chave et al. (2009) found strong negative
correlations between WD and both growth rates and mortality:
species with higher WD grow slower and live longer. In contrast
to the previous general trends, Kunstler et al. (2012) tested the
competitive-trait hierarchy hypothesis—initially based on the
competitive-ability hierarchy hypothesis (Mayfield and Levine,
2010)—and found that neighboring species with higher WD values
than target species had greater competitive effects than species
with lower WD. This implies that competitive species (presumably
species with high growth rates) were the ones having high WD.
However, whether these global patterns are mirrored within spe-
cies have been poorly explored. All of the mechanistic hypotheses
proposed to explain global patterns of WD variation across species
should in principle apply within species as well (Fajardo, in press).
And yet, empirical evidence suggests that WD is a very conserva-
tive trait across large-scale environmental gradients, i.e. it shows
very low variation at the intraspecific level (Chave et al., 2009;
Fajardo and Piper, 2011; Zhang et al., 2011).

If there is any leeway for WD to vary at the intraspecific level,
this should occur within the stand where trees with different
access to resources (i.e. different social status) exhibit markedly
different growth rates and sapwood-to-heartwood proportions.
Sapwood in stems corresponds to the younger, outermost water-
conductive area in the trunk, and it is in direct connection with
both the leaves and younger roots (Bresinsky et al., 2013). The
more foliage a tree can bear and the more vigorous its growth,
the larger the sapwood area is required (the Huber value, Tyree
and Ewers, 1991; Olson et al., 2009). Dominant trees in a forest
stand with a better access to light should exhibit a higher
sapwood-to-heartwood proportion than co-dominant and sup-
pressed trees, which have less access to resources. Given that in
some tropical forests WD was found to increase with distance from
the pith (e.g. Wiemann and Williamson, 1989a, 1989b; Parolin,
2002; but see Hietz et al., 2013), i.e. sapwood density is lower than
heartwood density, then dominant trees should show on average
lower WD than less dominant tree social classes. The magnitude
of these potential differences in WD at the stand level has not been
quantified yet.

With most studies of wood traits focusing on the comparative
level—where the assumption of the trait-based approach for plant
ecology is that trait variation between species should be higher
than within species (McGill et al., 2006)—the exploration of
intraspecific trait variation (ITV) at the population level due to
plant–plant interaction processes has remained largely unexam-
ined. The aim of this study was to quantify the intraspecific varia-
tion in WD of tree populations that are under strong competition,
and to determine if the predicted negative relationship between
growth rate and WD found at interspecific levels also exists at
the intraspecific level. In particular, I pursued to assess whether
WD is a good predictor of the competitive ability of individuals
in tree populations. To accomplish these objectives, I also
examined other complementary wood-related traits like
sapwood-to-heartwood proportion, growth rates and growth
efficiency. I determined sapwood and heartwood densities as both
tissues have different functions in the stem, and apparently differ
in densities (Wiemann and Williamson, 1989a,b; Parolin, 2002;
Nock et al., 2009; Hietz et al., 2013). Here I developed a simple
methodology to obtain a standardized measure of WD per individ-
ual that considers sapwood and heartwood proportions in the stem
cross-sectional area. In this respect, most studies, albeit assuming
that sapwood and heartwoodmay not differ in their densities, have
just considered an unspecified WD value for an individual or spe-
cies. In particular, if heartwood density is higher than sapwood
density (Wiemann and Williamson, 1989a,b; Parolin, 2002), then
I would expect that dominant individuals should have lower WD
than suppressed individuals because dominant individuals have a
higher sapwood-to-heartwood ratio than suppressed individuals.
On the contrary, if heartwood density is lower than sapwood den-
sity because higher structural support is needed as trees age (Nock
et al., 2009; Hietz et al., 2013), the expectation is that dominant
trees will have higher WD than suppressed individuals, supporting
the finding of Kunstler et al. (2012).
2. Methods

2.1. Site and species description

The study was conducted in the Coyhaique Reserve (45�330S,
71�590W, 700 m a.s.l.), in the Coyhaique Province of the Aysén
Region, Chile. The annual precipitation in this area is on average
890 mm (Coyhaique Reserve weather station, Dirección General
de Aguas, 2004–2013, 400 m a.s.l.); the warmest month’s mean
temperature is 14.2 �C, with a potential evapotranspiration of
584 mm (Luebert and Pliscoff, 2006). In this particular reserve area,
a large-scale human-induced fire in 1950 burned some 600 ha of
old-growth Nothofagus pumilio – Nothofagus betuloides forest. Rem-
nant patches of old-growth N. pumilio, and to a lesser extent N.
betuloides, forests served as a seed source for regeneration on the
burnt landscape, which occurred primarily around the margins of
burned areas. Within decades, natural regeneration of N. pumilio
and N. betuloides resulted in dense second-growth forests (Fig. 1)
around the margins of the burned areas (Fajardo and McIntire,
2010; Fajardo and Gundale, 2015). This sequence of fire followed
by formation of second-growth Nothofagus forests is pervasive in
the region. Nothofagus betuloides (Mirb.) Oerst and Nothofagus
pumilio (Poepp. & Endl.) Krasser (Nothofagaceae) are two broadleaf,
light-demanding and seed-masting tree species that extend
through a wide latitudinal and altitudinal range in the southern
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Andes of Chile and Argentina (Fajardo et al., 2013). While N. betu-
loides is an evergreen species, N. pumilio is a winter deciduous spe-
cies. Both species commonly co-occur. The dominant understory
species in these second-growth Nothofagus forests include Acaena
ovalifolia (Asteraceae), Berberis serratodentata (Berberidaceae),
Empetrum rubrum (Ericaceae), Fuchsia megellanica (Onagraceae),
and Ribes magellanicum (Saxifragaceae).
2.2. Field sampling

I selected 5 different second-growth N. pumilio–N. betuloides
mixed forests within the Coyhaique Reserve that were on average
55 years old (Table 1). The density of trees >10 cm DBH of these
forests was of ca. 1400 trees ha�1, with a basal area of ca.
40 m2 ha�1 (Fajardo and McIntire, 2010). The selected forests were
located at least 100 m from any edge, to chiefly avoid the presence
of multi-stemmed trees that are frequent at the edge of these
second-growth forests (Fajardo and McIntire, 2010; Fajardo et al.,
2016). During two consecutive summer periods (2014 and 2015),
for each forest a list of 30 sampling point coordinates was created
using a random walk design with a random start point, where
bearing directions (constrained to 180�) and distances (constrained
from 10 to 30 m) were randomly generated using a spread sheet
program. At each of these sampling locations, the closest dominant
individual and closest-to-it suppressed individual of the same spe-
cies were selected. The criterion of selection was based on species
identity, diameter at breast height (DBH, 1.35 m) and crown
dimensions; for the dominant individual it had to be the largest
DBH and crown in the vicinity of the sampling point, whereas for
the closest-to-it suppressed individual of the same species it had
to be the smallest DBH and crown dimension. Additionally, both
classes of trees must have had a direct spatial relationship (no
other individual tree in between) with superimposed crowns, in
order to assure that the difference in dimensions was the result
of mutual competition. To satisfy this criterion was not difficult
given that the forests are in their stem exclusion development
stage and tree social classes are readily identifiable (Fig. 1). When
the criterion was not satisfied, the sampling point was discarded.
Distance between dominant and suppressed individuals was in
the range of 2–4 m. For each individual, I collected at least two
cores that were extracted perpendicular to the bark. The first core
that was intended for WD determination was extracted at ca.
50 cm height using a 12 mm increment bore (Haglöf, Långsele,
Sweden). Although samples for WD are typically obtained at breast
height (1.35 m), I had to sample at lower tree height because of
potential negative consequences in timber quality. This core cov-
ered both sapwood and heartwood; the distinction between both
types of wood is easy to make for Nothofagus species in the field,
Table 1
Mean (±1SE) tree age, diameter at breast height (DBH in cm, 1.35 m), sapwood basal area
heartwood densities (WDheart, in g cm�3), standardized wood density (WDst, in g cm�3),
unitless) for dominant and suppressed individuals of Nothofagus betuloides and N. pumilio

N. betuloides

Dominant Suppressed

n 33 33
Age 52.485 (0.745) 50.394 (0.595
DBH 31.767 (1.121) 14.421 (0.474
Saparea 403.959 (32.362) 90.596 (7.204
Sapp 0.605 (0.027) 0.578 (0.025
WDsap 0.457 (0.003) 0.469 (0.005
WDheart 0.481 (0.006) 0.474 (0.006
WDst 0.466 (0.004) 0.470 (0.004
BAI10 147.151 (15.217) 19.153 (2.134
GE 0.365 (0.019) 0.250 (0.032
where heartwood is distinctly darker than sapwood, thus no spe-
cial chemical product (e.g. bromecresol green) was necessary for
this purpose. In any case, I marked in the field the frontier between
both types of wood with a pen. These thick cores were placed in
plastic bags, labeled and stored in a cooler for transportation. A
second to-the-pith long core was extracted at less than 30 cm
height using a 5.15 mm increment bore (Haglöf, Långsele, Sweden).
This second core was intended for growth rate, tree age and sap-
wood length determination. When trees were thicker than 20 cm
DBH, two of these to-the-pith cores were extracted in order to
get best estimates of growth rates and sapwood extension (see
below Tree growth determination). I measured for each individual
DBH with a diameter tape, bark length for both core heights using
a bark gauge, and the distance between dominant and suppressed
individuals using a handheld laser range finder (Impulse; Laser
Technology, Centennial, CO, USA).

2.3. Wood density determination

In the laboratory, thick 12 mm cores were first cut at the
sapwood-to-heartwood frontier using a chisel and a rubber mallet.
Fresh volume for each core was determined by submerging the
wood into a glass beaker on a scale. The mass difference caused
by the sample, which equals the volume of water displaced by
the sample, was recorded and converted to volume based on the
density of water as 1.0 g cm�3 at standard temperature and pres-
sure. The sample was then placed to dry in a forced-air oven (Mem-
mert GmbH, Schwabach, Germany) at 70 �C for 72 h and the dry
mass was subsequently measured. Wood density was then calcu-
lated as the oven-dry mass per green volume. Thus, I obtained an
estimate of sapwood and heartwood densities for each individual.

2.4. Tree growth determination

Thin 5.15 mm cores were prepared following standard den-
drochronological techniques (Stokes and Smiley, 1996): cores were
dried, mounted and glued firmly in grooved wooden sticks, and
sanded with successively finer grades of sandpaper until optimal
surface resolution allowed annual rings to be distinguish under
magnification (10�). Following visual cross-dating, inside-bark
bole radius, sapwood length and tree ring width were measured
to the nearest 0.001 mm using a microscope mounted on a den-
drochronometer with a Velmex sliding stage (Bloomfield, NY,
USA). Calendar dates were assigned to rings according to the
southern hemisphere tree-ring dating convention that assigns an
annual ring to the calendar year in which the annual formation
begins (Schulman, 1956). Only cores that either passed through
the stem pith or close by (arc of innermost rings was visible) were
(Saparea in cm2), sapwood basal area proportion (Sapp in cm2), sapwood (WDsap) and
basal area increment of the last 10 years (BAI10, in cm2), and growth efficiency (GE,
growing in a second-growth forest in the Coyhaique Reserve, Chile.

N. pumilio

Dominant Suppressed

84 84
) 52.262 (0.475) 50.536 (0.691)
) 24.494 (0.453) 12.000 (0.241)
) 264.284 (11.479) 61.316 (3.416)
) 0.568 (0.014) 0.576 (0.023)
) 0.464 (0.003) 0.462 (0.002)
) 0.478 (0.003) 0.475 (0.003)
) 0.470 (0.002) 0.467 (0.002)
) 122.699 (6.513) 11.473 (1.116)
) 0.464 (0.013) 0.201 (0.018)



Table 2
Results from linear mixed-effects model (LMM) analyses of basal area increment of
the last 10 years (BAI10 in cm2), growth efficiency (GE, unitless), sapwood basal area
proportion (Sapp in cm2), standardized wood density (WDst, in g cm�3), sapwood
(WDsap) and heartwood densities (WDsap, in g cm�3) as a function of tree social status
(dominant versus suppressed), species (N. betuloides and N. pumilio) and the
interaction between both. Results include Akaike Information Criterion for a small
sample size (AICc), log-Likelihood (logLik), Likelihood Ratio Test estimates (v2), and
their respective inference (P-value). The sampling was conducted in second-growth,
post-fire forests of N. betuloides and N. pumilio forests in the Coyhaique Reserve
(45�330S, 71�590W, 700 m a.s.l.), Chile. Likelihood Ratio Tests (LRT) were used to test
fixed effects of tree social status, species, and the interaction term.

df AICc logLik v2 P-value

log(BAI10)
�1 4 811.93 �825.75
Status 5 451.80 �220.90 362.12 <0.001
Species 5 810.93 �400.47 2.99 0.084
Status + Species 6 447.96 �217.98
Status ⁄ Species 7 442.24 �214.12 7.72 0.006

log(GE10)
�1 4 487.16 �239.58
Status 5 357.51 �173.75 131.65 <0.001
Species 5 489.00 �239.50 0.16 0.686
Status + Species 6 359.34 �173.67
Status ⁄ Species 7 352.05 �169.03 9.28 0.002

log(sapwood proportion)
�1 4 102.95 �47.47
Status 5 104.56 �47.28 0.36 0.531
Species 5 103.94 �46.97 1.01 0.316
Status + Species 6 105.55 �46.77
Status ⁄ Species 7 107.46 �46.73 0.09 0.765

log(WDst)
�1 4 �752.72 380.36
Status 5 �751.11 380.55 0.39 0.533
Species 5 �750.80 380.40 0.08 0.781
Status + Species 6 �749.19 380.59
Status ⁄ Species 7 �748.79 381.40 1.61 0.205

log(WDsap)
�1 4 �721.45 364.73
Status 5 �719.64 364.82 0.19 0.660
Species 5 �719.46 364.73 0.01 0.924
Status + Species 6 �717.63 364.83
Status ⁄ Species 7 �720.22 367.11 4.56 0.033

log(WDheart)
�1 4 �630.09 319.04
Status 5 �629.56 319.78 1.48 0.224
Species 5 �628.09 319.05 0.01 0.947
Status + Species 6 �627.57 319.78
Status ⁄ Species 7 �625.69 319.84 0.12 0.729
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retained. Among these, I followed procedures described by Duncan
(1989) to estimate the number of missing rings in cores that
missed the pith of the tree. No correction was applied for time
required to grow to coring height. Approximate tree age was esti-
mated by counting all tree rings. Sapwood basal area (BAsap) and
10-year basal area increment (BAI10) were then computed as:

BAsap ¼ p R2
1 � R2

heartwood

� �
;

BAI10 ¼ p R2
1 � R2

2

� �
;

where R1 is the radius of the stem, Rheartwood is the radius of the
stem corresponding to heartwood, and R2 is the radius of the stem
without the 10 outermost years. The radius of the stem, R1, was
computed by considering diameter at coring height, bark depth
and the distance between pith and last year ring in the core. When
trees were larger than 20 cm DBH, R1, Rheartwood and R2 were aver-
aged using the two to-the-pith cores in order to be more precise;
i.e. the necessary assumption of perfect concentric circles for BAsap

and BA10 is less reliable with higher diameters in broadleaved spe-
cies, such as Nothofagus, than in conifer species (Fajardo and
McIntire, 2012). Using BAI10, I also computed growth efficiency
(GE), a useful physiologically-based index of tree vigor. Growth effi-
ciency is the individual tree’s stem wood increment per unit leaf
area (Waring, 1983; Coyea and Margolis, 1994). GE reflects the
average capacity of a tree crown to assimilate carbon, assuming that
allocation to stem wood occurs as a lower priority than allocations
to defensive compounds and starch storage (Waring and Running,
1998). GE has also been used to measure intensity of competition
among individual trees (Mitchell et al., 1983). In its calculation, sap-
wood area is commonly used as a surrogate for leaf area, based on
established allometry relationships between these two variables
(Seymour and Kenefic, 2002). In computing GE, I divided BAI10 by
the current sapwood basal area (BAsap). Sapwood basal area propor-
tion was computed as BAsap divided by total BA. All basal area mea-
sures were expressed in cm2. Finally, in this study I introduce a
simple measure of standardized WD, which considers sapwood
and heartwood densities and the proportion of both types of wood
in the stem cross-section:

WDst ¼ WDsap � Sapp þWDheart �Heartp;

where WDst is the standardized WD, WDsap is sapwood density,
Sapp is the sapwood proportion in the cross-section stem area,
WDheart is heartwood density and Heartp is the heartwood propor-
tion in the cross-section stem area; Heartp is 1 � Sapp.

2.5. Statistical analysis

Wood density and growth variables were all log10 transformed
before analysis. First, to quantify intraspecific variation in WD, I
computed coefficients of variation (CV) for social status and spe-
cies. Individual-level DBH, Sapp, WDst, WDsap, WDheart, BAI10, and
GE were analyzed using linear mixed-effects regression models
(LMM), with random effects for second-growth forests (5) and
sample locations (22–25) nested in forests and fixed effects for tree
social position (dominant versus suppressed) and species (N. betu-
loides and N. pumilio). I tested the fixed effects of tree social status,
species, and their interactions using Likelihood Ratio Tests (LRT) on
nested models fitted using maximum likelihood (Zuur et al., 2009).
Third, I tested the relationship between growth (BAI10) and WD
within each social status and species fitting LMM regressions.
Lastly, in order to test whether heartwood and sapwood densities
differ, I fitted another linear mixed-effects regression model where
WD was the dependent variable with random effects for individual
trees (nested within forest) and fixed effects for wood type
(heartwood, sapwood), tree social position and species as a fixed
factors. All analyses were performed in R (R Development Core
Team, 2013).
3. Results

In total, I measured stemWDand growth rates in 66N. betuloides
and 168 N. pumilio, half of them being dominant and the other half
being suppressed individual trees. I found that dominant individual
trees were on average twofold thicker in diameter (DBH) than sup-
pressed individuals for both species (Tables 1 and 2). As expected,
dominant individuals showed significantly higher Saparea, BAI10
and GE than suppressed ones (Fig. 2, Table 2). N. betuloides individ-
uals sampled for this study had higher average DBH than N. pumilio
individuals (v2 = 8.54, P = 0.004). In general, species did not have a
significant effect on Saparea, BAI10 and GE nor in Sapp, WDst, WDsap,
WDheart. However, I found a significant species by status interaction
effect on GE: N. pumilio individuals’ had slightly higher GE than N.
betuloides, with 0.464 cm2 of growth increment per cm2 of sapwood
(a proxy for foliage area) versus 0.365 cm2 cm�2 (Tables 1 and 2).
Also, the difference between dominant and suppressed individuals



Fig. 2. Mean values (±CI) of basal area increment of the last 10 years (BAI10 in cm2), growth efficiency (GE, unitless), sapwood basal area proportion, and standardized wood
density (WDst, in g cm�3) as a function of tree social status (dominant versus suppressed) of Nothofagus betuloides and N. pumilio growing in second-growth, post-fire forests
in Coyhaique Reserve (45�330S, 71�590W, 700 m a.s.l.), Chile. Different letters stand for significant differences (P < 0.05).

A. Fajardo / Forest Ecology and Management 372 (2016) 217–225 221
for BAI10 and GE was higher for N. betuloides than for N. pumilio,
although the interaction term was not significant (Table 2).

The total intraspecific variation for WDst was low for both dom-
inant (N. betuloides, CV = 4.918%; N. pumilio, CV = 4.617%) and sup-
pressed (N. betuloides, CV = 5.255; N. pumilio CV = 4.63) individuals.
Dominant individuals did not differ significantly from suppressed
individuals in Sapp, WDst, WDsap, WDheart (Table 2, Fig. 2), although
WDst was slightly lower for dominant individuals (0.466 g cm�3,
SE = 0.004) when compared to suppressed individuals in N. betu-
loides (0.470 g cm�3, SE = 0.002, Tables 1 and 2). In addition, I found
no relation (P > 0.05) between BAI10 (a proxy for tree growth rate)
and WDst, when social status and species were considered sepa-
rately (Fig. 3): N. betuloides dominant (v2 = 0.004, P = 0.952,
b = �0.001) and suppressed (v2 = 2.129, P = 0.145, b = 0.021) indi-
viduals and N. pumilio dominant (v2 = 0.579, P = 0.447, b = 0.001)
and suppressed (v2 = 0.029, P = 0.864, b = �0.001) individuals
(Fig. 3). For both species and social classes, WDheart (mean = 0.477,
SE = 0.002) was always significantly higher than WDsap

(mean = 0.463, SE = 0.002, v2 = 33.40, P < 0.001, Fig. 4). Finally,
WDst did not differ significantly from non-standardized WD
(P > 0.05).

4. Discussion

4.1. Growth is not related to wood density at the intraspecific level

In this study I have shown that conspecific trees growing in
close proximity and exhibiting the strongest competition effects
(significantly different growth rates) did not differ in wood densi-
ties. In particular, sapwood and heartwood density and, most
importantly, standardized WD (the one including both sapwood
and heartwood densities and proportions in the trunk cross-
section) did not differ between dominant and suppressed individ-
uals in any of the two species under scrutiny. This result was fur-
ther corroborated when correlations were assessed for each social
status and species (Fig. 3). This is contrary to what has been found
at the interspecific level, where growth rates are negatively corre-
lated to WD (Enquist et al., 1999; e.g. Muller-Landau, 2004; King
et al., 2005; Chave et al., 2009; but see Kunstler et al., 2012). It
seems then that WD, a key trait in carbon cycling, that varies pre-
dictably across large-scale environmental gradients (Chave et al.,
2006, 2009; Preston et al., 2006) or successional stages (Smith
and Tumey, 1982; Falster and Westoby, 2005), does not change
much at the within-species level when competition (negative bio-
tic interaction) is the most important processes occurring in the
forest stand. Thus, conspecific individuals strongly differing in
their access to light do not differ in the wood attribute measured.

Similar WD between dominant and suppressed individuals
implies that dominant trees with higher hydraulic demands—
because of their social position in the canopy—may not have a
disproportionally higher density of conductive elements or higher
vessel diameters than suppressed individuals (Preston et al., 2006;
Poorter et al., 2010); although some recent studies have found that
hydraulic efficiency defined by vessel traits (e.g. vessel fraction
and vessel size) is decoupled from WD (e.g. Zanne et al., 2010),
especially because WD variation is largely driven by fiber traits



Fig. 3. Relationships between wood densities (g cm�3) and growth rates (BAI10, basal area increment of the last 10 years in cm2 10 years�1) for dominant and suppressed
individuals of Nothofagus betuloides and N. pumilio growing in second-growth, post-fire forests in Coyhaique Reserve (45�330S, 71�590W, 700 m a.s.l.), Chile.

Fig. 4. Mean values (± CI) of heartwood and sapwood densities (g cm�3) for dominant and suppressed individuals of Nothofagus betuloides and N. pumilio growing in second-
growth, post-fire forests in Coyhaique Reserve (45�330S, 71�590W, 700 m a.s.l.), Chile. Different letters stand for significant differences (P < 0.05) between heartwood and
sapwood densities.
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(Ziemińska et al., 2013; Fortunel et al., 2014). In addition, although
it was not measured, it can be fairly assumed that dominant indi-
viduals have higher foliar area than suppressed individuals but this
is not mirrored in a higher sapwood proportion for the former
when compared to the latter. According to Zanne et al. (2010) there
are three ways how angiosperms adjust their wood anatomy to
satisfy increasing hydraulic demands associated to higher growth
rates: (1) increasing the fraction of sapwood occupied by vessel
lumens, (2) increasing the frequency of higher diameter vessels,
and (3) increasing the sapwood area. Dominant individuals in the
current study may face higher hydraulic demands by increasing
their sapwood area, given that options 1 and 2 unavoidably imply
a reduction of WD, which was not the case. Thus, higher growth
rates in dominant individuals are translated in an augment of
wood volume without a decreasing of WD.

Contrary to global interspecific patterns (Muller-Landau, 2004;
Preston et al., 2006; Chave et al., 2009; Kunstler et al., 2012), I
found that at the intraspecific level growth is unrelated to WD. This
result is in agreement with other few key studies conducted at the
intraspecific level. For example, Delzon et al. (2011), working in
Pinus ponderosa, found that old individuals with low growth rates
than younger ones, did not show any difference in sapwood and
heartwood densities. Likewise, Koch and Fins (2000) did not find
any correlation between growth and WD in P. ponderosa. In a
review, Zobel and van Buijtenen (1989) showed that there was
no relationship between growth and WD in 35 species, a negative
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relationship in 11 species, and a positive relationship in 4 species.
Russo et al. (2010) and Fan et al. (2012) did not find a negative rela-
tionship between WD and growth either when working with
woody species of New Zealand and with 40 Asian tropical tree spe-
cies, respectively.

Disregarding tree social status, WDst variation in both popula-
tions was very low (CV = 4.61–5.26%). WD has been considered,
especially by foresters, as a genetically conserved trait, which has
been extensively used in tree breeding programs (Zobel and van
Buijtenen, 1989). Intraspecific variation in trait values is in some
cases substantial, especially among populations, and particularly
over large-scale environmental gradients (Albert et al., 2010;
Fajardo and Piper, 2011; Violle et al., 2012), however, many studies
have also found that intraspecific wood variation (e.g. WD) is
rather lower than other functional trait’s variation, e.g. leaf
(Fajardo and Piper, 2011; Siefert et al., 2015). This may be the rea-
son why some studies have found a general decoupling between
leaf and wood functional traits (Baraloto et al., 2010; Méndez-
Alonzo et al., 2012; Jackson et al., 2013), whichmay mean that they
are under the control of different-scale processes. Lastly, the rather
low variation in WD within species observed here implies that nat-
ural selection would not act on WD but, perhaps, in other coe-
volved traits.

4.2. Hardwood versus sapwood density

Hietz et al. (2013) working with more than 300 tree species in a
Neotropical forest found a radial increase in WD, especially in
young individuals of pioneer species. They explain this trend
claiming that young trees growing in gap, high-light conditions
‘‘face a high selective pressure to quickly grow in height or else
they would be out-competed by faster growers”, for which they
refer to the work of Woodcock and Shier (2002). This would make
trees to have light wood in early life stages but as trees age denser
wood would confer them higher mechanical stability. Although
this explanation is very straightforward, it is not clear if it also
works when mature trees, with heartwood, are considered. I found
the opposite trend: heartwood density was significantly higher
than sapwood density for both social status and species. This trend
has also been found by others (Wiemann andWilliamson, 1989a,b;
Parolin, 2002). Here the alternative explanation is simply that
according to the physiological function of heartwood, the deposi-
tion of extractives and reserves in vessel’ lumens—tylosis
(Bresinsky et al., 2013)—will increase the weight and hence the
WD. Although Hietz et al. (2013) affirm that a radial decline in
WD—i.e. sapwood density being lower than heartwood density—
is less common than an increase, the truth is that there are just
few studies comparing density of both wood types with rather con-
trasting results. Therefore, I think we are still far from being con-
clusive on this subject. Perhaps, a global comparison would
elucidate more general patterns.

4.3. Standardized wood density

In most cases, WD is measured without consideration about
sapwood and heartwood, knowing that both wood tissues differ
in functionality and, more importantly, in WD magnitude. For
example, in Cornelissen et al. (2003), A handbook of protocols for
standardised and easy measurement of plant functional traits world-
wide, there is no mention about sapwood and heartwood distinc-
tion. Williamson and Wiemann (2010) state that wood samples
taken from near the bark can misrepresent the WD (wood specific
gravity in their case) of the whole cross-sectional area. Pérez-
Harguindeguy et al. (2013) state that for WD determination a
representative sample must include a proportional representation of
the complete stem. Although Pérez-Harguindeguy et al. (2013)
mention that sapwood and heartwood represent WD of the main
trunk, they do not explicitly advocate for their inclusion in the esti-
mation of WD. My point here is that in most cases WD has been
estimated in order to represent an individual’s or species’ WD,
but what actually has been represented is the WD of a, at the best,
standardized portion of the tree’s stem, i.e. sapwood. For compar-
ison purposes, future wood trait sampling protocols should advo-
cate extracting wood samples coming from the sapwood only
and recognize it therein, otherwise extracting wood samples that
include heartwood, which will imply to additionally compute sap-
wood and heartwood proportions in the cross-sectional area to
arrive to a standardized and more representative WD estimate. A
similar approach was advocated earlier by Muller-Landau (2004),
where the principle is basically the same; weighting the WD for
each segment from a core by the cross-sectional area of the trunk
it represents. The current method of computing WD by considering
the sapwood-to-heartwood proportion would work best when sap-
wood and heartwood can be clearly distinguished on a core, and
when species being compared differ significantly in their
sapwood-to-heartwood proportion (e.g. P. ponderosa versus Pseu-
dotsuga menziesii).

5. Conclusions

The promise of the trait-based approach for plant ecology is that
through the analysis of the distribution of trait values within and
among communities we will gain insights into the ecological pro-
cesses constraining the species assembly (Adler et al., 2013;
Shipley et al., 2016). Here I have found that individuals of two sym-
patric tree species that are strongly self-limiting—i.e. experiencing
strong intraspecific competition—show a high wood trait similar-
ity. Thus, WD proved to be a poor predictor of competitive ability
among individuals of the same species. This conclusion also points
to refrain from considering that across species trends in the
growth–WD relationship could emerge as the aggregate of parallel
intraspecific patterns.
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