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Abstract Most theories of forest biodiversity focus on
the role of seed dispersal and seedling establishment in
forest regeneration. In many ecosystems, however,
sprouting by damaged stems determines which species
occupies a site. Damaged trees can quickly recover from
disturbance and out-compete seedlings. Links among
species’ traits, environmental conditions and sprouting
could offer insight into species’ resilience to changes in
climate, land use, and disturbance. Using data for 25
Neotropical tree species at two sites with contrasting
rainfall and soil, we tested hypotheses on how four
functional traits (seed mass, leaf mass per area, wood
density and nitrogen fixation) influence species’ sprouting
responses to disturbance and how these relationships are
mediated by a tree’s environmental context. Most species
sprouted in response to cutting, and many species’
sprouting rates differed significantly between sites. Indi-
vidual traits showed no direct correlation with sprouting.
However, interactions among traits and site variables did
affect sprouting rates. Many species showed increased
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sprouting in the higher-quality site. Most nitrogen-fixing
species showed the opposite trend, sprouting more fre-
quently where resources are scarce. This study highlights
the use of functional traits as a proxy for life histories,
and demonstrates the importance of environmental effects
on demography.
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Introduction

Sprouting is a dominant means of tropical forest regen-
eration following catastrophic damage (Vandermeer et al.
1995; Van Bloem et al. 2006). However, many theories
of forest biodiversity focus on seed dispersal and species
turnover (Janzen 1970; Connell 1971; Grubb 1977),
overlooking the role of vegetative regrowth following
disturbance. Regrowth from roots or stumps of damaged
trees is a demographic shortcut that allows many species
to regenerate following disturbance more quickly than by
seed (Dietze and Clark 2008). Understanding what types
of trees are likely to sprout is of fundamental importance
to forest ecology. This study aims to better understand
the ecological role of sprouting in tropical forests with
two interrelated goals: (1) placing sprouting in a larger
ecological context of life-history strategies, and (2)
testing the environmental dependence of sprouting rates.

While sprouting rates are known to differ among dif-
ferent types of ecosystems (Vesk and Westoby 2004),
surprisingly little work has been done to quantify the
sprouting ability of individual species under contrasting
climatic conditions. Previous studies of sprouting by trop-
ical forest trees have been largely limited to surveys of
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sprout prevalence and survival in mature forests (e.g.,
Paciorek et al. 2000; Putz and Brokaw 1989). No previous
study that we are aware of has examined sprouting in
contrasting environments for a phylogenetically broad suite
of tropical tree species.

Because traits of direct ecological importance are dif-
ficult to measure (e.g., drought or shade tolerance), we
take a functional trait approach to assessing sprouting
patterns. Functional traits are an accessible proxy for life
history strategies in ecological studies (Ackerly and
Cornwell 2007). They can represent latent ecological
traits of interest, such as shade tolerance or dispersal
ability, that are difficult and time consuming to measure
directly. In this study we focus on four key functional
traits that are proxies for different ecological strategies:
leaf mass per area (LMA), wood density (WD), seed mass
(SM), and nitrogen-fixing ability (NF). LMA is positively
associated with shade tolerance (Westoby et al. 2002).
WD is a good measure of structural damage resistance
(Muller-Landau 2004). SM is inversely related to dis-
persal ability (Augspurger and Franson 1987), and NF is
an obvious advantage in nutrient-poor sites (Wright et al.
2001).

Our study is organized around a set of hypotheses
about how traits, site, and their interactions mediate
sprouting behavior. Central to these hypotheses is the
recognition that sprouting ability has costs. While these
costs apparently derive from maintenance requirements of
dormant buds, they are poorly understood. However, the
fact that not all woody plants are able to sprout suggests
that these costs are real (Vesk and Westoby 2004). We
predict a tradeoff between a fast-growing, far-seeding
lifestyle and persistence via sprouting, analogous to the
colonization—competition tradeoff (Tilman 1994). This
drives the expectation that LMA, SM and WD will all be
positively correlated with species’ sprouting rates.
Alternatively, SM may be negatively correlated with
sprouting due to a seeding/sprouting investment tradeoff,
and sprouting may be less useful in species with dense
wood if they are more damage resistant. We also predict
that environmental conditions will affect sprouting rates;
specifically, that species will consistently sprout better at
the less stressful site. Trait-by-site interactions are
expected to play a further role in sprouting rates. As
noted above, increased LMA, WD and NF are useful
adaptations to various stresses. Thus, we expect these
traits to help offset the cost of maintaining dormant buds
(Vesk and Westoby 2004), and be more positively related
to sprouting rates at the dry site than at the wet site. If
sprouting involves a demographic tradeoff with seeding
(Pate et al. 1990), we expect species adapted to invest in
greater SM to be more negatively affected by stressful
dry conditions.
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Materials and methods
Study sites and data collection

Sprouting data was collected at two sites in central Pan-
ama, Soberania National Park (SNP), and Rio Hato (RH)
(Fig. 1). Both plantations were established by a reforesta-
tion study known as PRORENA (PROyecto de REfores-
tacion con especies NAtivas). The Soberania plantation is
in an area of seasonally dry tropical forest with an annual
rainfall of about 2,100 mm and a yearly dry season aver-
aging 4.1 months (Craven et al. 2007). Rio Hato is much
drier with about 1,100 mm of rain per year and a dry
season lasting 6.7 months on average. Soil nutrient levels
are consistently lower at Rio Hato than at Soberania. A
detailed description of the sites can be found in Craven
et al. (2007).

In 2003, vegetation was cleared from the sites and 25
species of mostly native trees were planted as part of a
reforestation study by PRORENA staff. Each site was
split into three sections, in which three plots of each
species were planted, for a total of 18 plots per species
(see diagram in Fig. 1). In each plot, 20 greenhouse-
germinated seedlings were planted in a 5 x 4 grid with
about 3 m between adjacent plants. Seedlings used at
both sites were germinated from seeds collected from the
same parent trees. Plantations were regularly cleared of
weeds following planting. About 2 years after planting,
all stands were thinned such that all surviving trees in
excess of ten per plot were cut a few cm above ground
level (for a total of J = 450 plots, and N = 3,474 sur-
viving plants). The height of the plants at cutting varied
among species, but was generally between 1 and 5 m,
depending on growth rate. The stumps were left intact
and sprouts were not cut. In February 2007, each cut
stump in the two plantations was visited and scored for
the presence or absence of sprouts. Because the demo-
graphic advantage of sprouting comes from the regrowth
of a tree from a root system that would otherwise die,
the number of sprouts from each stump is less important
than the presence of any sprouts at all, so this was not
counted.

The plantation setting is ideal for this experiment as it
allows all species to be subject to the same treatments in
similar numbers. Sprouting responses in this setting may
differ from a naturally established forest for reasons such
as the relatively high light and low competition in a
plantation. However, there is an inherent tradeoff
between the realism of a forest and the practical
advantages of controlled treatments and large sample
size in a plantation. The cost of our setting is that trees
were cut rather than snapped or knocked down by wind
or other trees, and they may react to this damage
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Fig. 1 Locations within
Panama of the study sites (Rio
Hato and Soberania) and the
layout of the PRORENA
forestry trial plantations used in
this study. Each site was divided
into three sections, each of
which contained 75 plots that
were planted with 20 seedlings
of a single species at a spacing
of ~3 m. About 18 months
following planting, the
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differently than they would in natural forests. Damaged
trees that sprout are typically snapped at the lower trunk,
or have much of their root system tipped out of the
ground (Dietze and Clark 2008). While the -cutting
imposed in our study did not exactly simulate either of
these scenarios, it is qualitatively most like a snapped
stem, since only belowground reserves are available for
reallocation.

Compilation of species’ functional traits

We assimilated data on the leaf mass per area (LMA),
wood density (WD), seed mass (SM), and nitrogen fixing
ability (NF) of the study species from a variety of pub-
lished sources [see the Electronic supplementary material
(ESM), Table Al]. Literature data on LMA were incom-
plete, so some species’ values were measured from leaf
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specimens collected at the study sites. All data were con-
verted into common units for analysis.

Model development and statistical analysis

The data are spread across nested levels (plots and species).
Before we developed a model with covariates, we tested
whether these higher-level groupings were different by
fitting an “unconditional model” (McMahon and Diez
2007). There was significant variance across plots and
across species, so we constructed a generalized linear
mixed model using the lme4 package (version 0.999375-
32) in R (R Core Development Team 2009) to estimate the
sprouting of an individual given a suite of functional trait
variables and the site at which the plots were established
(Rio Hato or Soberania). Site (S) was treated as a binary
covariate and included as a main effect and an interaction
term (an ANCOVA model). We included all functional
traits [seed mass (SM), wood density (WD), leaf mass per
area (LMA), and nitrogen-fixing status (NF)] in a main
effect model and as an interaction term. Model selection
began with all saturated third-order (three-variable) inter-
actions among species-level variables (SM, WD, LMA,
and NF), which were then pruned based on parameter
significance and the deviance information criterion (DIC).

After selecting an optimal model, we sampled each
coefficient 1,000 times from a normal distribution with a
mean and standard error derived from the coefficient esti-
mates (as demonstrated in Gelman and Hill 2007). These
draws were combined with the species random error and
used to create simulated probabilities of sprouting for each
species at each subsequent site (also following Gelman and
Hill 2007). This allowed us to compare how site influenced
the probability of sprouting across all species.

Results

Overall, 55% of stumps had living sprouts in February
2007, about 18 months after the trees were cut. In agree-
ment with our expectations, sprouting probability was
higher at SNP (p < 0.05), although this effect was slight.
Most species showed some difference in their sprouting
rates between the two sites (Fig. 2). The direction of these
differences was species specific, with some species
sprouting more in SNP while others showed the opposite
pattern. Sprouting rates of individual species ranged from
negligible (e.g., Ochroma pyramidale) to nearly 100%
(e.g., Spondias mombin; Fig. 2). No functional traits had a
direct effect on sprouting rate. Nitrogen fixers had a near-
identical sprouting rate (54%) to nonfixers (55%). How-
ever, while most species showed higher sprouting
probabilities in Soberania, nitrogen fixers showed the
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reverse. Non-nitrogen fixers that showed a large difference
between sprouting at the two sites tended to have higher
LMA (Table 1).

The main effects model included all predictor variables.
Only site difference showed strong differences in sprouting
probability (p = 0.039; DIC = 3216; ESM Table A2;
Spiegelhalter et al. 2002). However, when all interaction
terms were included in the model, all trait:site interactions
had p < 0.05. Ultimately, all interaction terms that reduced
DIC were retained in the model (Table 2).

Functional traits were useful indicators of sprouting only
when considered in an environmental context (Table 2;
Fig. 3). Interactions among traits, as well as between traits
and site, were critical when estimating sprouting. Increases
in each continuous trait (LMA, SM and WD) were corre-
lated with increased sprouting in the moister site relative to
the dry site. This is contrary to our expectations for all
traits except LMA. Species that fix nitrogen (NF) sprouted
more readily at the drier site. This indicates a possible link
between the ability to fix nitrogen and response to damage
under nutrient or moisture stress. Other important interac-
tions that did not involve site were relationships between
species traits, like seed mass and nitrogen fixation
(»p < 0.05), and seed mass and wood density (p < 0.1).
Both of these interactions were negative. The negative
interaction between seed mass and nitrogen fixation shows
that plants with large seeds tended to have high sprouting
levels unless they were nitrogen fixers, in which case they
had low levels. Likewise, high wood density was positively
related to sprouting for small-seeded species, and nega-
tively for large seeds.

Discussion

The objective of this study was to look for ecological
correlates and the environmental dependence of sprouting
rates. This was done for a diverse group of 25 Neotropical
tree species. Species’ overall sprouting rates ranged from
almost never to nearly always. The variation among species
was not random. Much of the species-specific pattern in
sprouting can be explained by interactions among different
ecological traits. For example, large seed size correlates
with high sprouting probabilities in non-nitrogen fixers,
with the opposite pattern seen in legumes. Aggregated
across species, sprouting rates were only slightly higher in
a moist, nutrient-rich site than in a very dry, low-nutrient
plantation. However, over a third of the tree species
showed substantial differences in sprouting rates between
the two sites. The direction and magnitude of this effect
varied greatly among species (Fig. 2).

To our knowledge, this is the first study to quantify
sprouting responses in distinct environmental conditions
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for a broad suite of tree species. Previous studies of
environmental effects on woody plant sprouting have
generally looked at a single species or genus, or have
compared different species growing at different sites. For
instance, Kabeya et al. (2003) found that Quercus crisp-
ula seedlings sprouted more in high-light than in shady
environments. In a summary of 12 studies, Everham et al.
(1996) concluded that community-level sprouting rates

were higher following catastrophic disturbance in wetter
sites (but see Busby et al. 2010). However, these studies
did not match species across sites, so it is not possible to
conclude whether wet sites promote more sprouting, or if
wet-site species are better sprouters. In a study of several
species in the genus Piper, Lasso et al. (2009) found that
pioneer species were more likely to sprout in high than in
low light. This is of particular relevance to successional
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Table 1 Summary statistics for a saturated model of sprouting rate
predictors with plot and species-level random effects and second-
level interaction terms

Parameter Coefficient (f)  Standard error p value
Intercept 0.297 0.600

Wood density (WD) 3.035 2.428

Seed mass (SM) 0.197 0.206

Leaf mass/area (LMA) 587.241 462.487

Nitrogen fixation (NF) 0.769 1.105

Site (S) 0.303 0.190

WD:SM —2.045 1.471

WD:LMA 1324.584 2322.823

WD:NF 8.265 6.624

WD:S 3.336 1.278 wE
SM:LMA —84.271 355.897

SM:NF —1.155 0.758

SM:S 0.370 0.113 *E
LMA:NF —566.207 1712.762

LMA:S 934.106 216.357 HoEE
NE:S —1.063 0.508 *
DIC = 3,152

**% p < 0.001

** p < 0.01

*p <0.05

Table 2 Summary statistics for the best model of sprouting rate
predictors, including plot and species-level random effects and sec-
ond-level interaction terms that were used in the results and analysis

Parameter Coefficient ()  Standard error p value
Intercept 0.455 0.400

Wood density (WD) 3.642 2.272

Seed mass (SM) 0.134 0.187

Leaf mass/area (LMA) 341.434 423.496

Nitrogen fixation (NF) 0.505 0.949

Site (S) 0.308 0.190

WD:SM —2.494 1.408

WD:NF 8.944 6.477

WD:S 3.356 1.277 *ok
SM:NF —0.892 0.398 *
SM:S 0.367 0.112 woE
LMA:S 929.701 215.996 ok
NFE:S —1.056 0.507 *
DIC = 3,154

% p < 0.001

** p < 0.01

* p <0.05

.p<0.1

environments, and emphasizes both the importance and
constraints of the consistently high light levels throughout
our study sites.
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Past studies have suggested that shade-intolerant species
may not store sufficient carbohydrate reserves below-
ground to produce viable sprouts (Pate et al. 1990). We
found no evidence of such a limitation. Species’ sprouting
rates had no direct relation to SM, LMA or WD, all of
which are positively related to shade tolerance at different
life stages (Poorter and Markesteijn 2008; Poorter et al.
2008). It is still possible that this storage trade-off does
affect some extremely fast-growing, light-demanding spe-
cies. Indeed, the fastest growing species in this study,
Ochroma pyramidale, almost never sprouted following
cutting.

Although these sites differ strongly in environment and
sprouting patterns, the generalization of our results is
limited by the multiple environmental factors, principally
soil nutrients and rainfall, which differ between our two
study sites. Because the labor-intensive plantation layout
was not replicated at sites with different combinations of
fertility and precipitation, we cannot determine how these
two factors would independently affect sprouting rates of
different functional groups. However, because some of the
plant traits we studied are adapted to either drought or
nutrient limitation, it is possible to infer some likely causes
of the patterns that we observed from basic plant biology
and previous studies. In the following discussion, it is
important to bear in mind that these relationships are
generalizations, not directly tested mechanisms. It is also
important to remember that sprouting is only one of several
important demographic junctures in a tree’s life. This study
cannot detect adaptations that trade off with other demo-
graphic processes. While these patterns are not com-
plete explanations of species’ sprouting behavior, they
still provide valuable insights into tradeoffs involving
sprouting.

Nitrogen fixation

It is tempting to attribute the pattern of N-fixing plants
sprouting more than non-N-fixing plants at the drier,
infertile site to the ability of these species to overcome
nutrient limitation. Previous studies have clearly shown
that the advantage of nitrogen fixation is greatest at the
least favorable (e.g., dry or nutrient-poor) sites (Wright
et al. 2001). This could explain the increased sprouting of
legumes relative to non-legumes at the dry site. However,
it still doesn’t explain why plants of a given species
would do better at the unfavorable site than at the
favorable location. It is possible that pathogens or insect
pests play a role in this pattern, as both of these agents
tend to be drought sensitive (Givnish 1999). If nitrogen-
rich legumes are a tempting target for insects or patho-
gens, the dry conditions at the Rio Hato site may help
these plants resist attack.
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Fig. 3a—c Predicted relationships between three functional traits and
site for stump sprouting of 25 species in two sites. Traits shown are
a leaf mass per area (g/cm?), b log-transformed seed mass (mg), and
¢ wood density (g/cm?). Predictions were generated assuming that all

Leaf mass/area

High leaf mass per area is associated with long-lived, well-
defended leaves, drought tolerance, and slower-growing
plants (Westoby et al. 2002). Within a small area of uni-
form Mediterranean climate, Paula and Pausas (2006)
found that nonresprouting species had a higher LMA and
were more resistant to drought. It is possible that being
freed from drought stress allows high-LMA species to
redirect resources in a way that favors sprouting, consistent
with our finding of high-LMA species having an increasing
advantage in the wet site.

Wood density

Wood density is positively associated with slow growth,
mechanical durability, drought tolerance and fungal
pathogen resistance (Muller-Landau 2004; Poorter and
Markesteijn 2008). Our finding that denser wood is cor-
related with better sprouting at the wet/fertile site relative
to the dry/infertile site may be due to the increasing
prevalence of pathogens at wetter tropical sites (Givnish
1999).

SM

Increased seed mass is correlated with decreased dispersal
distance (Augspurger and Franson 1987). Sprouting is a
demographic alternative to seed production and dispersal in
disturbed environments, so it is reasonable to expect some
sort of tradeoff between these two strategies. Thus, a more
stressful environment may disproportionately affect the
sprouting ability of larger seeded species, explaining our

In(Seed Size)

other variables are at

Wood Density

their means. Data for three functional traits are

indicated along the x-axes, whose limits span the range of observed
values for the 25 species

finding that large-seeded species sprout less at the dry,

infertile site.
This paper has
sprouting rates an

documented environmental influences on
d has shown that functional traits can be

used to coherently group species in terms of their sprouting
responses. While these relationships are complex, they are
not intractable. Our results reiterate the need to think of
forest demography as a high-dimensional process in which
many traits of each species simultaneously interact with

one another and

their environment. Models that can

untangle complicated responses of multiple species at

appropriate scales
dynamics. Future

will elucidate the drivers of community
research into forest response to envi-

ronmental variation should focus on these traits instead of
allowing poorly quantified designations like “shade toler-
ance” to drive analysis.

Acknowledgments
and Emilio Mariscal

We would like to thank Dylan Craven, Jeff Hall
for facilitating field work and access to PRO-

RENA plantations. Jessica Metcalf, James Justus, Peter Vesk and
several anonymous reviewers provided helpful comments. Funding
for SMM was partially provided by HSBC Bank’s Climate Partner-

ship and the Smiths

onian Tropical Research Institute’s Center for

Tropical Forest Science. All work described in this paper complies
with Panamanian law.

References

Ackerly DD, Cornwell WK (2007) A trait-based approach to
community assembly: partitioning of species trait values into

within-  and
10:135-145

among-community components. Ecol Lett

Augspurger CK, Franson SE (1987) Wind dispersal of artificial fruits
varying in mass, area, and morphology. Ecology 68:27-42

@ Springer



Oecologia

Busby PE, Vitousek P, Dirzo R (2010) Prevalence of tree regeneration
by sprouting and seeding along a rainfall gradient in Hawai’i.
Biotropica 42(1):80-86

Connell JH (1971) On the role of natural enemies in preventing
competitive exclusion in some marine animals and in rain forest
trees. In: Den Boer PJ, Gradwell G (eds) Dynamics of
populations. PUDOC, Wageningen, pp 298-312

Craven D, Braden D, Ashton MS, Berlyn GP, Wishnie M, Dent D
(2007) Between and within-site comparisons of structural and
physiological characteristics and foliar nutrient content of 14 tree
species at a wet, fertile site and a dry, infertile site in Panama.
For Ecol Manag 238:335-346

Dietze MC, Clark JS (2008) Changing the gap dynamics paradigm:
vegetative regeneration control on forest response to disturbance.
Ecol Monogr 78:331-347

Everham EM, Myster RW, VandeGenachte E (1996) Effects of light,
moisture, temperature, and litter on the regeneration of five tree
species in the tropical montane wet forest of Puerto Rico. Am J
Bot 83:1063-1068

Gelman A, Hill J (2007) Data analysis using regression and
multilevel/hierarchical models. Cambridge University Press,
Cambridge

Givnish TJ (1999) On the causes of gradients in tropical tree diversity.
J Ecol 87:193-210

Grubb PJ (1977) Control of forest growth and distribution on wet
tropical mountains—with special reference to mineral-nutrition.
Annu Rev Ecol Syst 8:83-107

Janzen DH (1970) Herbivores and the number of tree species in
tropical forests. Am Nat 104:501-528

Kabeya D, Sakai A, Matsui K, Sakai S (2003) Resprouting ability of
Quercus crispula seedlings depends on the vegetation cover of
their microhabitats. J Plant Res 116:207-216

Lasso E, Engelbrecht BMJ, Dalling JW (2009) When sex is not
enough: ecological correlates of resprouting capacity in conge-
neric tropical forest shrubs. Oecologia 161:43-56

McMahon SM, Diez JM (2007) Scales of association: hierarchical
linear models and the measurement of ecological systems. Ecol
Lett 10:437-452

Muller-Landau HC (2004) Interspecific and inter-site variation in
wood specific gravity of tropical trees. Biotropica 36:20-32

Paciorek CJ, Condit R, Hubbell SP, Foster RB (2000) The
demographics of resprouting in tree and shrub species of a
moist tropical forest. J Ecol 88:765-777

@ Springer

Pate JS, Froend RH, Bowen BJ, Hansen A, Kuo J (1990) Seedling
growth and storage characteristics of seeder and resprouter
species of Mediterranean-type ecosystems of SW Australia. Ann
Bot 65:585-601

Paula S, Pausas JG (2006) Leaf traits and resprouting ability in the
Mediterranean basin. Funct Ecol 20:941-947

Poorter L, Markesteijn L (2008) Seedling traits determine drought
tolerance of tropical tree species. Biotropica 40:321-331

Poorter L, Wright SJ, Paz H, Ackerly DD, Condit R, Ibarra-
Manriques G, Harms KE, Licona JC, Martinez-Ramos M, Mazer
SJ, Muller-Landau HC, Pena-Claros M, Webb CO, Wright 1J
(2008) Are functional traits good predictors of demographic
rates? Evidence from five Neotropical forests. Ecology
89:1908-1920

Putz FE, Brokaw NVL (1989) Sprouting of broken trees on Barro-
Colorado-Island, Panama. Ecology 70:508-512

R Core Development Team (2009) R: a language and environment for
statistical computing. R Foundation for Statistical Computing,
Vienna

Spiegelhalter DJ, Best NG, Carlin BR, van der Linde A (2002)
Bayesian measures of model complexity and fit. ] R Stat Soc
Series B Stat Methodol 64:583-616

Tilman D (1994) Competition and biodiversity in spatially structured
habitats. Ecology 75:2-16

Van Bloem SJ, Lugo AE, Murphy PG (2006) Structural response of
Caribbean dry forests to hurricane winds: a case study from
Guanica Forest, Puerto Rico. J Biogeogr 33:517-523

Vandermeer J, Mallona MA, Boucher D, Yih K, Perfecto I (1995)
Three years of ingrowth following catastrophic hurricane
damage on the Caribbean Coast of Nicaragua—evidence in
support of the direct regeneration hypothesis. J Trop Ecol
11:465-471

Vesk PA, Westoby M (2004) Sprouting ability across diverse
disturbances and vegetation types worldwide. J Ecol 92:310-320

Westoby M, Falster DS, Moles AT, Vesk PA, Wright 1J (2002) Plant
ecological strategies: some leading dimensions of variation
between species. Annu Rev Ecol Syst 33:125-159

Wright 1J, Reich PB, Westoby M (2001) Strategy shifts in leaf
physiology, structure and nutrient content between species of
high- and low-rainfall and high- and low-nutrient habitats. Funct
Ecol 15:423-434



	Ecological and environmental factors constrain sprouting ability in tropical trees
	Abstract
	Introduction
	Materials and methods
	Study sites and data collection
	Compilation of species’ functional traits
	Model development and statistical analysis

	Results
	Discussion
	Nitrogen fixation
	Leaf mass/area
	Wood density
	SM

	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


