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Introduction

Species coexistence and spatial turnover
across environmental gradients have been
reported as important mechanisms for pro-
moting the high tree species diversity ob-
served in forest ecosystems (Kraft et al.
2008, Oliveira et al. 2014). These processes
can be partially explained by ecological
niche partitioning by species as a conse-
quence of biotic and abiotic filters. In turn,
the spatial occurrences of species are me-
diated by the ecological and phenotypic
traits of the tree species (Ackerly & Corn-

Plant functional traits have been recognized as important factors related to
the ecological strategies of species in forest ecosystems. We examined the re-
lationships between functional traits and both tree species performance and
environmental conditions in a subtropical forest in Brazil. Over four years
(2008-2012), we investigated how demographic rates were related to func-
tional traits (wood density, leaf area and tree height) of 20 species sampled
within 50 plots of 10 x 20 m, which had previously evaluated as to environ-
mental conditions. Non-metric multidimensional scaling was used to order the
species by their functional traits. The demographic rates were fit a posteriori
to the ordination, with significant rates (p < 0.05) plotted as vectors. The rela-
tionships between environmental conditions and the community-weighted
means (CWMs) of trait values were verified using redundancy analysis. CWM
wood density was positively correlated with soil pH. CWM leaf area and CWM
maximum tree height were both negatively correlated with altitude and posi-
tively correlated with soil magnesium (Mg) content. The taller species with
lower wood density, which occupied the forest canopy, had a greater diameter
increment and lower recruitment than did the shortest species with higher
wood density. The shorter species with higher wood density, which occupied
the understory, had greater recruitment and a greater increase in abundance
than did the taller/lower-wood-density species. Our study (i) revealed changes
in the forest related to the light environment, with an increase in the relative
participation of shade-tolerant species with higher wood densities, and (ii)
detected small-scale spatial variation in community traits as a response to
variations in soil chemical properties and topography.
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well 2007), which result in different species
performances according to the environ-
mental conditions (Lebrija-Trejos et al.
2010). Thus, the fitness of different organ-
isms in their environment reflects the
adaptive values and life strategies of the
species, and affects the demographic rates
and spatial variation of traits in communi-
ties (Reich et al. 2003, Poorter et al. 2008,
Chave et al. 2009). In general, species with
forms and functions that maximize net car-
bon balance and growth in a given environ-
ment will typically succeed in that environ-
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ment (Reich et al. 2003).

Many studies have demonstrated the
existence of a growth-mortality trade-off
among species in closed canopy tropical
forests (Wright et al. 2003, 2010, Poorter &
Bongers 2006, Poorter et al. 2008), which
has mainly been associated with the re-
sponses of different life strategies of spe-
cies to the environmental heterogeneity of
light (Poorter et al. 2006, Wright et al.
2010). For shaded forest understory spe-
cies, the investment in wood density and
long-lived, well-protected leaves repre-
sents an important strategy for mechanical
resistance to stem damage and the avoid-
ance of biomass loss, thereby increasing
survivability (Poorter & Bongers 2006). In
contrast, gaps and earlier successional for-
est patches are dominated by light-de-
manding species that invest in short-lived
and physiologically active leaves, which re-
sults in a rapid growth and thus an in-
creased access to light (Poorter & Bongers
2006, Poorter et al. 2008).

Differences in species performance may
represent a product of ecological filtering
that reflects the species’ fitness to their
existing environment. Therefore, linkages
among community functional traits and
environmental conditions are expected.
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These patterns have been observed at dif-
ferent spatial scales as a function of cli-
matic variables, topography, altitude, soil
and disturbances (Mdller et al. 2007, Kyle &
Leishman 2009, Kooyman et al. 2010).
Whereas acquisitive traits, such as rapid
growth and soft wood density, are com-
monly found in environments providing
greater resource availability (e.g., canopy
gaps and nutrient-rich soils), conservative
traits, such as slow growth and hard wood
density, are usually observed in low-re-
source environments (e.g., shaded under-
stories, low-fertility soils — Baker et al.
2003, Apaza-Quevedo et al. 2015). Thus,
knowledge of these patterns contributes
to the understanding of the breadth of
tree species niches in forest ecosystems.

Studies that evaluate how variations in
plant functional traits affect species perfor-
mance and how functional traits are influ-
enced by environmental conditions are
important for understanding forest ecosys-
tem ecology. In the present study, we
aimed to investigate the relationships be-
tween functional traits and tree species
performance, and between community
traits and environmental gradients in a sub-
tropical evergreen forest in Brazil. Our
objective was to determine how the demo-
graphic rates of tree species are mediated
by their functional traits and how commu-
nity traits vary spatially in response to envi-
ronmental heterogeneity. We tested the
hypothesis that in the study forest, the
ecological strategies of species differ
under different light and edaphic environ-
ments, with species with acquisitive traits
succeeding under high-resource conditions
(e.g., canopies and nutrient-rich soils) and
species with conservative traits thriving in
low-resource environments (understorey
and low-fertility sites).

Materials and methods

The present study was conducted in a
fragment of subtropical evergreen forest,
classified as Araucaria Forest, with an ap-
proximate area of 103.06 ha and an alti-
tude ranging from 990 to 1000 m a.s.l. It is
located at latitude 27° 51" 19.20” S and longi-
tude 50° 10" 33.39” W in the municipality of
Lages, Santa Catarina, Brazil. The mean
precipitation and annual temperature for
the region (1970-2010) are 1682.80 mm and
15.9 °C, respectively (Higuchi et al. 2012).

The 20 most abundant woody species, re-
presenting 69.9 and 83.1% of the commu-
nity abundance and basal area, respec-
tively, were sampled over 1 ha in 50 plots
of 10x20 m. The environmental conditions
of the plots (chemical and physical proper-
ties of the soil and topography) had been
evaluated as part of the research conduct-
ed by Higuchi et al. (2012). The richest bo-
tanical families in the study area are Myr-
taceae (22 species), Lauraceae (7) Aquifoli-
aceae (5), Asteraceae (5), Fabaceae (5) and
Salicaceae (5 — Higuchi et al. 2012). For the
sampled species, the functional traits
(wood density, leaf area and maximum
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height) were determined. The demograph-
ic rates (recruitment, mortality, basal area
gain, basal area loss, basal area increment
of survival, net change and turnover) were
recorded for four years (2008-2012) by Sa-
lami et al. (2014), based on Lieberman et al.
(1985), Korning & Balslev (1994), Sheil &
May (1996) and Oliveira-Filho et al. (2007)
as follows (egn. 1to eqn. 8):
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where Mort is the annual mortality rate,
Recr is the annual recruitment rate, Loss is
the annual basal area loss rate, Gain is the
annual basal area gain rate, ¢ is the time
interval between inventories, N, is the ini-
tial number of trees, M, is the final number
of surviving trees after ¢, m is the number
of dead trees, r is the number of recruited
trees, AB, is the initial basal area, 4B is the
final basal area after ¢, AB, is the basal area
of dead trees, 4B, is the basal area loss
(diametric reduction and partial loss of
stems), 4B, is the basal area of recruited
trees, ABg is the basal area gain (tree
growth), Nchg is the tree annual net
change, Abchg is the basal area net change,
Nturn is the tree turnover, and Abturn is the
basal area turnover.

The determination of wood density data
and leaf area was performed according to
Pérez-Harguindeguy et al. (2013). A total of
10 individuals per species were sampled
(overall 200 samples) using an increment
borer with a diameter of 5.15 mm. In the
laboratory, these samples remained im-
mersed in water to obtain a constant wet
weight. The volumes were obtained by the
water-displacement method (Archimedes’
principle). The samples were then dried in
an oven for 72 hours until stabilization of
the dry mass, and the dry weight was de-
termined using an analytical scale. The
wood density values were determined as
the ratio between the dry weight and the
volume (g cm?). The leaf area, including
petioles and rachis for compound leaves,
was obtained by sampling 20 leaves from
each individual of each tree species (10

individuals per species). Healthy leaves,
without visible damage by herbivores,
were collected. The leaf samples were
stored in sealed plastic bags to prevent
water loss during transport to the labora-
tory, where the leaves were photographed
and the leaf area was determined using
ImageJ® software (Rasband 2007). The
maximum heights of the tree species was
assessed through field observations and lit-
erature review (Lorenzi 1988, 2000).

Non-metric  multidimensional  scaling
(NMDS) was used to ordinate the species
according to their functional traits. The
demographic rates were fit a posteriori to
the NMDS ordination, with the significant
rates (p < 0.05) plotted as vectors. For
assessing the community functional re-
sponses to the environmental gradient, the
community-weight matrix and redundancy
analysis (CWM-RDA) method was perform-
ed (Kleyer et al. 2012). For this method, the
community-weighted means of trait values
(CWMs) were determined for each plot.
Then, a multivariate forward selection by
permutation of residuals (n = 999), in
which the data were centered and scaled,
was performed to identify significant envi-
ronmental variables in the CWM. Subse-
quently, the relationships among the envi-
ronmental variables and the CWM were
verified using a redundancy analysis (RDA).
All of the analyses were performed using
the R statistical programming environment
(R Development Core Team 2014) with the
“vegan” (Oksanen et al. 2013) and “FD”
(Laliberté & Legendre 2010, Laliberté &
Shipley 2011) packages.

Results

The mean values of maximum height, leaf
size and wood density were 16.55 m, 33.86
cm® and 0.44 g cm?, respectively. The
NMDS ordination indicated the existence
of relationships between species func-
tional traits and their demographic rates (p
< 0.01- Fig. 1). Whereas Axis 1 of the NMDS
ordination reflected a gradient associated
with leaf area, with small-leaved species on
the left and larger-leaved species on the
right, Axis 2 represented a gradient related
to wood density and maximum height. The
species that had greater recruitment and
greater basal area turnover were predomi-
nantly those with lower maximum heights
(< 14 m) and higher wood densities (> 0.60
g cm?), which were located predominantly
towards the top of the ordination plot. The
species with the greatest increases in the
diameter increment had the highest maxi-
mum heights (> 19 m), which occupied the
upper forest canopy and were located
towards the bottom of the ordination. No
relationships were observed between func-
tional traits and mortality rate, basal area
loss, basal area gain or tree turnover. The
size of the leaves also did not influence the
demographic rates of the species.

The forward selection identified three sig-
nificant variables (elevation, soil pH and
soil Mg - p < 0.05) that explained 17.72% of
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Fig. 1- Ordination produced by non-metric mul-
tidimensional scaling (NMDS) of tree species in
a subtropical Araucaria Forest in southern Brazil
as a function of their functional traits, with sig-
nificant demographic rates (p < 0.05) plotted as
vectors. (wd): wood density; (1a): leaf area;
(hmax): maximum height of trees: (Abturn):
basal area turnover; (Nchg): tree annual net
change; (recr): annual recruitment rate; (incr):
survival diametric increment; (Alledu): Allophy-
lus edulis; (Araang): Araucaria angustifolia; (Ban-
tom): Banara tomentosa; (Calcon): Calyptran-
thes concinng; (Casdec): Casearia decandra;
(Casobl): Casearia obliqua; (Cupver): Cupania
vernalis; (Dastom): Dasyphyllum tomentosum;
(Durves): Duranta vestita; (Jacpub): Jacaranda
puberula; (Lamter): Lamanonia ternata; (Lit-
bra): Lithraea brasiliensis; (Matela): Matayba
elaeagnoides; (Myrgui): Myrcia guianensis;
(Myrumb): Myrsine umbellata; (Ocopul): Ocotea
pulchella; (Podlam): Podocarpus lambertii;
(Sapgla): Sapium glandulosum; (Zankle): Zan-
thoxylum kleinii; (Zanrho): Zanthoxylum
rhoifolium.

Trade-offs of functional traits in subtropical forests
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Tab. 1 - Environmental gradients and responses of the community traits of tree species represented by the correlation of each envi-
ronmental variable with the first two axes of the redundancy analysis (RDA) for a subtropical Araucaria Forest in southern Brazil.
The values presented between parentheses after the axis names indicate the percentages of explained variation associated with

each axis.
R Statistics / Mg Elevation
Redundancy Analysis Axis (var. explained) PH (cmol dm?) (m)
Significant environmental gradient Minimum 3.8 0.1 900.7
(p<0.05) Mean 4.8 1.9 1000.5
Maximum 6.3 4.5 1113.4
Response of community traits to gradients Axis 1 (73.15%) 0.31 0.66 -0.57
(Total variation explained = 17.72%) Axis 2 (24.53%) 0.95 0.47 -0.38

Fig. 2 - Ordination obtained by the Redundancy
Analysis (RDA) of community traits as a func-
tion of environmental gradients in a subtropical
Araucaria Forest in southern Brazil. (elev): ele-
vation; (wd): wood density; (ph): soil pH; (Mg):
soil Mg; (la): leaf area; (hmax): maximum
height of trees.
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the variation in the community functional
traits in the RDA (Tab. 1), with the first and
second axis accounting for 73.15% and
24.53% of this total, respectively.

According to the RDA (Fig. 2), the sites
with a higher wood density were associ-
ated with higher values of soil pH, and the
plots with smaller leaves and shorter spe-
cies were associated with lower values of
soil Mg content and higher elevations. In
general, the results (Fig. 1 and Fig. 2) de-
monstrate that the species with higher
wood densities, higher rates of recruit-
ment, and increases in both the numbers
of individuals and basal area turnover rates
occurred predominantly in sites with the
highest pH values, whereas the larger spe-
cies with the highest diameter increments
occurred mainly in the lower elevation sites
with soils with the highest Mg contents.

Discussion

Considering the relationships between
demographic rates and functional traits in
tree species, a clear trade-off was evident
between the allocation of resources for
growth and the allocation for wood den-
sity. The species of larger size and lower
wood density, which occupied the canopy
of the forest, exhibited the highest diame-
ter increments but lower recruitment,
whereas the species of higher wood den-
sity and lower stature, which occurred in
the understory, exhibited higher recruit-
ment, greater increases in abundance and
smaller diameter increments. This trade-off
has been frequently cited for closed cano-
py forests (Wright et al. 2003, 2010, Poor-
ter et al. 2008), and it is a consequence of
the classical model of forest dynamics
(Denslow 1987, Swaine & Whitmore 1988),
in which the dynamics are determined by
the divergent life strategies of species
under different light environments. Where-
as light-demanding, pioneer species, which
colonize gaps and grow rapidly, represent
one extreme of this gradient, shade-toler-
ant species represent the other extreme,
growing slowly under the canopy and pre-
senting elevated survival rates (Wright et
al. 2010).

In @ more stable, low-resource environ-
ment, such as the forest understory, the
investment in wood density represents a
strategy for mechanical resistance to stem
damage, thereby increasing survivability,
whereas the greater diameter increment of
large trees can be explained by greater
access to light (Poorter et al. 2008). Fur-
thermore, as noted by Chave et al. (2009),
the negative relationship between wood
density and growth rate is expected be-
cause a higher wood density is the result of
a greater investment in a smaller volume of
wood per unit of biomass, and dense wood
may result in a lower proportion of con-
duit, thus affecting transpiration, photo-
synthesis and growth.

Although some authors have demon-
strated a strong association between mor-
tality and the life strategies of species
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(Wright et al. 2003, 2010, Poorter &
Bongers 2006, Poorter et al. 2008), this
was not the case in the present study. Our
result might reflect the successional stage
of the forest, where despite their lower
recruitment, the large-sized species with
lower wood densities and greater diamet-
ric increments had not yet reached the se-
nescence phase.

Considering the spatial variation of com-
munity traits, the results indicate the influ-
ence of environmental conditions on these
traits, which suggests the existence of eco-
logical filters (Lebrija-Trejos et al. 2010)
that are crucial for the occurrence of func-
tionally similar species, most likely reflect-
ing the adaptation of the species across en-
vironmental gradients (Reich et al. 2003).
The species with higher maximum heights
and larger leaves were dominant in the
lower-elevation plots with higher values of
soil Mg content, whereas the species with
higher wood densities were predominant
in the more basic soils. These results indi-
cate the existence of small-scale (1 ha) spa-
tial variation of functional traits and life
strategies in the community, which are
promoted by the heterogeneity of soil
chemical properties and topography. The
different life strategies observed for differ-
ent species are suggested to be an impor-
tant mechanism of ecological niche parti-
tioning, which may explain the coexistence
of species over short spatial scales (Kita-
jima & Poorter 2008).

As low soil pH is an important factor limit-
ing nutrient availability to plants, the pat-
tern of higher community wood density in
more basic soils observed in the present
study was unexpected because a greater
nutrient supply generally favors fast-grow-
ing species of lower wood density (Baker
et al. 2003). However, the pattern observ-
ed here indicates that wood density may
be also strongly affected by other ecologi-
cal factors, such as disturbance history,
that can influence the forest light environ-
ment and consequently, the spatial distri-
bution of pioneer species, which usually
have lower wood densities (Ter Steege &
Hammond 2001, Baker et al. 2003, 2004).
Thus, in the present study the existence of
lower wood density at sites with more acid
soils could can be interpreted as the result
of the occurrence of recent disturbances in
this forest sector.

Despite the lack of relationship between
leaf size and demographic rates, this func-
tional trait was negatively correlated with
terrain elevation and positively correlated
with soil Mg content. Small leaves can
increase the boundary-layer conductance
(Gutschick 1999), allowing better control
of water loss (Domingo et al. 1996). Thus, a
small leaf size is usually recognized as a key
adaptation for a greater water stress (Kes-
sler et al. 2007), typically in areas with high
incidence of solar radiation and wind, such
as the upper positions of topographic gra-
dients (Cornelissen et al. 2003). Similarly,
as demonstrated by Fyllas et al. (2009),

leaf functional traits are also influenced by
edaphic gradients, with species with great-
er leaf masses per area succeeding in high-
fertility sites (Fyllas et al. 2009).

Conclusions

We conclude that a trade-off between
the investment in growth and the invest-
ment in wood density led to an increase in
the relative proportion of shade-tolerant
species with higher wood densities in these
forest fragments, thereby suggesting the
predominance of stable, low-light environ-
ments. Furthermore, small-scale spatial va-
riation in the community traits was ob-
served as a response to the variations in
soil chemical properties and topography.
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