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During succession, the structure and complexity of vegetation 
increase, modifying environmental conditions and leading to 
shifts in species performance and composition. Successional 

pathways depend on the traits of the individual species, which  

determine their ability to establish, grow, survive and reproduce 
at a site1. Although the study of succession has a long history2, we 
currently lack tests of successional hypotheses across broad bio-
geographic scales because biogeographically distinct areas have  
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Tropical forests are converted at an alarming rate for agricultural use and pastureland, but also regrow naturally through secondary 
succession. For successful forest restoration, it is essential to understand the mechanisms of secondary succession. These mecha-
nisms may vary across forest types, but analyses across broad spatial scales are lacking. Here, we analyse forest recovery using 
1,403 plots that differ in age since agricultural abandonment from 50 sites across the Neotropics. We analyse changes in commu-
nity composition using species-specific stem wood density (WD), which is a key trait for plant growth, survival and forest carbon 
storage. In wet forest, succession proceeds from low towards high community WD (acquisitive towards conservative trait values), 
in line with standard successional theory. However, in dry forest, succession proceeds from high towards low community WD (con-
servative towards acquisitive trait values), probably because high WD reflects drought tolerance in harsh early successional envi-
ronments. Dry season intensity drives WD recovery by influencing the start and trajectory of succession, resulting in convergence 
of the community WD over time as vegetation cover builds up. These ecological insights can be used to improve species selection 
for reforestation. Reforestation species selected to establish a first protective canopy layer should, among other criteria, ideally 
have a similar WD to the early successional communities that dominate under the prevailing macroclimatic conditions.

A full list of affiliations appears at the end of the paper.

Nature Ecology & Evolution | www.nature.com/natecolevol

http://orcid.org/0000-0003-1391-4875
http://orcid.org/0000-0002-8431-6189
http://orcid.org/0000-0002-4018-775X
http://orcid.org/0000-0002-4991-5020
http://orcid.org/0000-0001-6408-6876
http://orcid.org/0000-0001-8245-4062
http://orcid.org/0000-0002-7766-1347
http://orcid.org/0000-0003-3940-833X
http://orcid.org/0000-0001-7491-6837
http://orcid.org/0000-0002-7035-255X
http://orcid.org/0000-0003-4761-9268
http://orcid.org/0000-0002-9559-7131
http://orcid.org/0000-0002-8130-852X
http://orcid.org/0000-0003-3681-1705
http://orcid.org/0000-0002-9475-7674
http://orcid.org/0000-0002-3959-1800
http://orcid.org/0000-0001-6396-8244
http://orcid.org/0000-0002-6241-8803
http://orcid.org/0000-0003-0390-0189
http://orcid.org/0000-0002-6316-2897
http://orcid.org/0000-0001-9434-0126
http://orcid.org/0000-0003-3039-1076
http://orcid.org/0000-0003-2145-5728
http://orcid.org/0000-0002-6505-0098
http://orcid.org/0000-0003-0376-8608
http://orcid.org/0000-0001-5566-7230
http://orcid.org/0000-0002-4996-536X
http://orcid.org/0000-0002-0484-0758
http://orcid.org/0000-0002-2658-7781
http://orcid.org/0000-0003-2778-7803
http://orcid.org/0000-0002-6845-2308
http://orcid.org/0000-0003-4826-3187
http://orcid.org/0000-0003-4260-5676
http://orcid.org/0000-0001-7690-4530
http://www.nature.com/natecolevol


Articles NaTuRe Ecology & EvoluTIon

different taxonomic species compositions. It is difficult to gener-
alize successional patterns based on different species lists, whereas 
such a direct and quantitative comparison across regions can be 
made using species traits. Species traits provide important insights 
not only into the mechanisms of succession and community  
assembly, but also into ecosystem recovery in carbon, water and 
nutrient cycling.

Open space, and light, water and nutrient availability all tend 
to decline over time during forest succession. Successional change 
is therefore thought to be partly governed by trade-offs between 
resource acquisition and conservation3,4. Life history and resource 
use theory predict a spectrum of plant strategies between early and 
late successional species. Early successional species are expected to 
have acquisitive trait values that allow them to acquire resources, 
grow fast and complete their life cycle under high-resource condi-
tions5,6. Late successional species are expected to have conserva-
tive trait values that allow them to conserve limiting resources and 
survive under low-resource conditions4,7. These ideas have been 
confirmed in mesic forests, where succession is driven by changes 
in light availability8–10. Yet, a recent study11 showed that succession 
may be fundamentally different in environments that differ in water 
availability. In wet forests, where there is no seasonal water stress, 
early successional species indeed had acquisitive trait values to 
take advantage of ample light and water resources, but in the low-
resource environment of a dry forest, early successional species had 
conservative trait values such as dense wood and tough leaves to tol-
erate drought and heat and enhance tissue longevity. These prelimi-
nary results from two sites would imply that traditional successional 
theory holds for wet but not dry forests and that we should recon-
sider one of the successional paradigms. However, the question is to 
what extent these results can be generalized. Here, we report recov-
ery in wood density (WD) in a systematic way at a continental scale, 
and assess how recovery is driven by variation in rainfall and soil 
fertility across sites.

We analysed WD recovery at an unprecedented spatial scale, 
using original data from 50 sites, 1,403 plots and >16,000 trees, cov-
ering most of the latitudinal, climatic and soil fertility gradients in 
lowland Neotropical forests. To provide a long-term perspective on 
succession, we used chronosequences (hereafter referred to as ‘sites’) 
where plots that differ in time since agricultural abandonment 
(0–100 years) were compared. We focused on stem WD because 
it is a key trait that shapes plant responses to the environment  

and impacts carbon cycling. WD is a key trait as it is at the nexus 
of many plant functions; low WD facilitates water storage, hydrau-
lic conductivity12, carbon gain and growth13, whereas high WD is 
associated with increased physiological drought tolerance14, biome-
chanical stability15, nutrient retention, defense against herbivores, 
fungi and pathogens16, and increased plant survival. For these rea-
sons, WD is an important component of global plant strategies17 
and the global wood economics spectrum18. Moreover, WD has 
been measured across many sites, making cross-site comparisons 
possible. For each plot, the average (that is, community-weighted 
mean (CWM)) and variation in community WD was calculated 
based on the proportional basal area and WD values of the species. 
For each site, recovery was analysed by regressing community WD 
values against time since land abandonment. The start (interpolated 
value at five years) and direction (slope of the fitted time course) of 
succession were then related to climatic water availability (CWA) 
and cation exchange capacity (CEC) as an indicator of soil fertility.

Results
The CWM WD varied widely across all plots early in succession and 
more narrowly later in succession (Fig. 1a). There is a funnel shape 
because sites differed both in their initial trait values (the inter-
cept) and in their direction of successional change over time (the 
slope). Initial values and slopes were both driven by CWA and, to a 
lesser extent, soil fertility (Table 1). The community WD at 5 years 
(WD5y) varied from 0.32–1.14 g cm−3 across sites (Table 1) cover-
ing nearly the whole natural range in WD, with drier sites having 
significantly higher initial WD values than wetter sites (Table 1 and 
Fig. 2a). The direction and slope of successional change in WD var-
ied across sites, in relation to CWA. Drier sites showed a decrease 
in WD over time and wetter sites showed an increase (Fig. 2b), so 
that overall, WD values converged over time for wet and dry forests 
towards more similar values (Fig. 1a). The same results were found 
after a randomization test (Supplementary Fig. 3), indicating that 
our results still hold, independent of species richness (see Methods).

Discussion
Successional theory predicts that fast-growing acquisitive species 
will be replaced by persistent, conservative species, but here we 
found a variety of patterns. Across all plots, community WD val-
ues differed considerably in early succession and converged later 
in succession (that is, a funnel-shaped relationship is observed). 
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Fig. 1 | Recovery of WD values and WD variation with time since abandonment in Neotropical secondary forest sites. a, CWM WD. b, WD range within 
each community (that is, plot). Each line represents a different site (n = 50). Significant changes (P ≤ 0.05) over time are indicated by continuous lines. 
Non-significant changes are indicated by broken lines. Lines and dots (individual plots; n = 1,403) are colour coded according to forest type: dry forest 
(700–1,500 mm yr−1, green); moist forest (1,500–2,500 mm yr−1, light blue); and wet forest (>2,500 mm yr−1, dark blue). The range is calculated per plot as 
the trait value of the 90th percentile minus the trait value of the 10th percentile of trait values in a plot.
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Some sites showed a significant increase in WD over time, while 
others showed a significant decrease or no net change (Fig. 1a). 
Such contrasting results can contribute to the idea that succession is 
highly unpredictable, stochastic and context dependent19. However, 
we show at the continental scale that this seemingly idiosyncratic 
behaviour is partly caused by opposite patterns in the start (that is, 
initial state) and direction (that is, trajectory) of succession, largely 
due to climate. Species with high WD values increase in abundance 
with time after land abandonment in wet forests, while the reverse 
occurs in drier forests. These opposing patterns have potentially 
large implications for the recovery of forest functioning during nat-
ural regeneration and restoration.

The strong differences in starting values among sites may be 
caused by strong functional constraints imposed by climatic filter-
ing (Fig. 2a). Early in succession, sparse vegetation cover results in 
sun-exposed, hot and (atmospherically) dry conditions during the 
growing season, especially in drier climates. Early successional spe-
cies in dry forests are therefore characterized by dense wood, which 
in this setting is associated with enhanced cavitation resistance and 
tolerance to drought14,20 and fire21. In dry forests, resprouting from 
stumps and roots is an important regeneration mechanism after fire 
and drought disturbance22. WD increases the survival of resprouts, 
and hence the plant, possibly because it increases resistance to fungi 
and pathogens and reduces stem decay23. In wetter climates, high 
rainfall and cloud cover lead to more benign microclimatic condi-
tions. Early successional species in wet forests are therefore charac-
terized by soft wood, which enhances water transport, and therefore 
carbon gain and growth under wet and high-light conditions12. 
Variation in plot WD is large at the start of succession (Fig. 1a), not 
only because of climatic filtering across sites, but also because of large 
trait variation within sites caused by dispersal limitation (colonizing  

species are not a random selection of the regional species pool), 
priority effects (the first incoming species have a head start in the 
developing community) and the resulting high species dominance 
of such first-comers or better-adapted species.

Neotropical communities also differed strikingly in the direc-
tion of trait changes during succession. WD increased over time for 
wetter forests and decreased over time for drier forests (Fig. 2b). In 
other words, it tended to converge later during succession (Fig. 1a). 
In wet forests, light availability in the lower forest strata decreases 
as the forest regrows, dense-wooded, late successional species that 
persist better in the shade become dominant, and community WD 
increases over time8. In dry forests, the situation for early succes-
sional species is characterized by low water availability and high 
heat load11,24,25. As vegetation regrows, the understory becomes 
cooler and more humid25, allowing establishment of late succes-
sional species with softer wood that better compete for light under 
more benign conditions, resulting in a decrease in community WD 
over time (Fig. 1a).

Across sites, the start and direction of succession were driven by 
CWA and, to a lesser extent, CEC (Table 1; for a discussion on CEC, 
see Supplementary Information 1). At these broad biogeographic 
scales, climate seems to be a stronger filter than soils (Table 1)26. 
Alternatively, CEC may have had limited predictive power because 
at many sites soil fertility was inferred from a global database rather 
than measured locally, or because tropical forest communities are 
driven not by CEC and base cations, but rather by nitrogen and 
especially phosphorus27.

For most sites, within-plot variation in WD increased over time 
(Fig. 1b), which may have been caused by: (1) weaker environmen-
tal filtering; (2) larger diversity over time because of competitive 
interactions resulting in limiting similarity; (3) finer partitioning or 

Table 1 | Environmental predictors of community WD and range across Neotropical forest sites

Trait Variable CWA CWA2 CEC R2

β P β P β P

WD 5 years 0.0002 0.251 5.8 × 10−7 0.001 0.0030 0.035 0.58

WD Slope −0.0001 0.178 −1.9 × 10−7 0.001 −0.0013 0.012 0.52

WD range 5 years −0.0007 <0.001 −8.7 × 10−7 <0.001 – – 0.38

WD range Slope 0.0002 0.177 3.4 × 10−7 0.007 – – 0.31

The CWM WD5y and CWM WD change over time (slope), as well as the range in WD5y and the change in range of WD over time (slope), were evaluated for 50 sites. All possible combinations of 
predictors (CWA, its squared value (CWA2) and CEC) were compared, and the best-supported model with the lowest AICc value was selected (Supplementary Table 2). The parameter estimate (β), 
P value and explained variation (R2) are shown. See Supplementary Fig. 2 for bivariate relationships.
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Fig. 2 | CWM WD5y and successional changes in CWM WD as a function of CWA. a, CWM WD5y versus CWA. b, Successional changes in CWM WD 
(slope) versus CWA for 50 Neotropical sites. Black symbols indicate sites with significant slopes. CWA refers to the water deficit during the dry season, 
with zero meaning no water deficit.
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