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Summary

1. A longstanding goal of ecology and conservation biology is to understand the environmen-

tal and biological controls of forest succession. However, the patterns and mechanisms that

guide successional trajectories, especially within tropical forests, remain unclear.

2. We collected leaf functional trait and abiotic data across a 110-year chronosequence within

a tropical dry forest in Costa Rica. Focusing on six key leaf functional traits related to

resource acquisition and competition, along with measures of forest stand structure, we pro-

pose a mechanistic framework to link species composition, community trait distributions and

forest structure. We quantified the community-weighted trait distributions for specific leaf

area, leaf dry matter concentration, leaf phosphorus concentration, leaf carbon to nitrogen

ratio and leaf stable isotopic carbon and nitrogen. We assessed several prominent hypotheses

for how these functional measures shift in response to changing environmental variables (soil

water content, bulk density and pH) across the chronosequence.

3. Increasingly, older forests differed significantly from younger forests in species composition,

above-ground biomass and shifted trait distributions. Early stages of succession were uni-

formly characterized by lower values of community-weighted mean specific leaf area, leaf

stable nitrogen isotope and leaf phosphorus concentration. Leaf dry matter concentration and

leaf carbon to nitrogen ratio were lower during earlier stages of succession, and each trait

reached an optimum during intermediate stages of succession. The leaf carbon isotope ratio

was the only trait to decrease linearly with increasing stand age indicating reduced water use

efficiency in older forests. However, in contrast with expectations, community-weighted trait

variances did not generally change through succession, and when compared to null expecta-

tions were lower than expected.

4. The observed directional shift in community-weighted mean trait values is consistent with the

‘productivity filtering’ hypothesis where a directional shift in water and light availability shifts

physiological strategies from ‘slow’ to ‘fast’. In contrast with expectations arising from niche

based ecology, none of the community trait distributions were over-dispersed. Instead, patterns of

trait dispersion are consistent with the abiotic filtering and/or competitive hierarchy hypotheses.

Key-words: Area de Conservaci�on Guanacaste, chronosequence, competition, Costa Rica,

filtering, functional traits, productivity filtering hypothesis, succession

Introduction

Most of the world’s remaining tropical forests are sec-

ondary forest (Wright 2005). Tropical dry forests (TDFs)*Correspondence author. E-mail: vbuzzard@email.arizona.edu
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are no exception: they currently occupy 42% of all

forested tropical regions throughout the world but today

less than 2% of TDFs remain intact (Janzen 1987; Que-

sada et al. 2009). The conversion of this ecosystem is a

result of a long history of human land use. Without a clear

understanding of the mechanisms driving forest succession,

correctly predicting the successional trajectories for how

communities and ecosystems recover from disturbance

remains difficult (Prach & Walker 2011), especially when

applied to these less studied TDF biomes (Martin, Blossey

& Ellis 2012; but see Becknell & Powers 2014). Indeed,

successional trajectories based on species composition

alone are rarely predictable (Suding, Gross & Houseman

2004; Zhou et al. 2014; Norden et al. 2015), but may be

more predictable at the level of the functional group (Con-

nell & Slatyer 1977; Fukami et al. 2005). More recently, a

trait-based approach has been heralded as being able to

better reveal the mechanisms driving vegetation changes

than measures of species diversity alone (McGill et al.

2006; Violle et al. 2007).

According to the ‘productivity filtering’ hypothesis, or

PFH (Grime 2006), a shift in resources that can support

increased rates of plant growth would favour a shift in the

community mean phenotype during succession. The transi-

tion from vegetation characterized by low productivity to

high productivity is hypothesized to be associated with

shifts in a set of traits that are deeply embedded in the core

physiology of plants (Grime 1997, 2006; D�ıaz et al. 2004;

Wright et al. 2005). Such shifts are hypothesized to ramify

so as to influence the structure and dynamics of the com-

munity and the functioning of the ecosystem (Chapin

1980; Grime 1997). Specifically, the PFH predicts that

along any productivity gradient there will be predictable

and parallel changes in the trait values of component spe-

cies and individuals. The PFH also predicts directional

shifts in the traits of individuals and dominant phenotypes

in communities that drive shifts in ecosystem productivity.

As a result, the PFH predicts a transition in resource

dynamics from physiological strategies associated with

slow growth in low productivity environments to physio-

logical strategies associated with fast growth in more pro-

ductive environments (Grime 2006). Applying the PFH to

succession of TDFs, it predicts a directional shift in strate-

gies across succession. Thus, according to Odum (1969), if

succession can be viewed as essentially a productivity and

biomass gradient, then according to the PFH we would

predict a convergence in plant functional strategies and at

the same time a change in mean functional strategy.

By building on the work of Tilman (1985), Norberg

et al. (2001) and Enquist et al. (2015), we predict that

changes in resource availability during succession would

select for traits associated with different physiological and

life-history strategies along the ‘fast-slow’ trait continuum.

Furthermore, with succession, increased niche differentia-

tion between taxa would also lead to an over-dispersion of

traits in later stages of succession (Uriarte et al. 2010).

Alternatively, recent successional studies support an oppo-

site viewpoint. Several recent studies have not found

increased patterns of trait dispersion in later successional

stages (e.g. Kunstler et al. 2012; Bhaskar, Dawson & Bal-

vanera 2014). An, under-dispersion of traits late in succes-

sion may reflect an alternative model of community

assembly, such as a strong role of increasing competitive

hierarchies (Mayfield & Levine 2010). An increasing role

of competition, via the competitive hierarchy hypothesis,

would yield further reduction of trait variation through

time leading to a convergence of trait composition in the

absence of disturbance. If however, neutral or idiosyn-

cratic dispersal assembly is more important, then trait dis-

persion associated with drift would influence long-term

compositional changes in tropical forests rather than niche

or competitive differences (Hubbell & Foster 1986; Bell

2001). Therefore, patterns of trait dispersion during succes-

sion may be driven by differential influences of biotic and/

or competitive interactions. Depending on stochastic and

dispersal processes, secondary forests may also experience

different or even stochastic successional trajectories that

differ from general successional patterns. It is important to

evaluate the extent to which secondary forests recover eco-

logical function in addition to species composition (Kissing

& Powers 2010).

To assess the various potential drivers of TDF assembly

during succession, we measured environmental conditions,

taxonomic composition and functional trait distributions

of 14 TDF communities differing in stand age within the

Area de Conservaci�on Guanacaste, Costa Rica. We

hypothesized that during succession, community functional

composition will shift according to a ‘fast-slow’ continuum

of ecological and life-history strategies (see Charnov 1991,

1993; Franco & Silvertown 1996). Specifically, we assessed

if functional trait composition directionally shifts from

more xeric ‘slow’ and filtered functional strategies towards

more mesic ‘fast’ and niche-structured strategies. Func-

tional trait dispersion will be more limited during early

succession due to increasing water stress and greater

microclimate variability. Our analyses allow us to

uniquely: (i) characterize how community-wide functional

traits change during TDF succession; (ii) assess how differ-

ent hypothesized drivers of functional trait dispersion

change during TDF succession and (iii) quantify rates of

change of community functional composition during suc-

cession to shed light on the time required for TDF to

recover to a more mature state.

Materials and Methods

STUDY S ITE

We sampled forests across a chronosequence in Sector Santa Rosa

of Area de Conservaci�on Guanacaste (ACG) in northwestern

Costa Rica (10°510N, 85°370W). ACG is primarily comprised of a

mosaic of TDFs – ranging from mesic evergreen to deciduous for-

est to xeric tropical savanna forests. The mean annual temperature

is 25�8 °C (Gillespie, Grijalva & Farris 2000) with a mean annual

precipitation of 1575 mm per year and a pronounced dry season

© 2015 The Authors. Functional Ecology © 2015 British Ecological Society, Functional Ecology, 30, 1006–1013
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with low rainfall from November to April (Powers et al. 2009).

Similar to other TDFs, the region has experienced a variety of

anthropogenic disturbance that have altered and contributed to

the current vegetation present today (Janzen 1988). This region is

of particular interest due to its history of pre-Colombian coloniza-

tion, Spanish colonial logging, and modern era logging, grazing

and fire (Powers et al. 2009). Santa Rosa was designated as a

national park in 1971 and has since become a model of TDF

succession (Janzen 1987).

Since most forests within Sector Santa Rosa have experienced a

combination of disturbance types across a broad time range, forests

cannot be defined by a single mode of disturbance. Instead, stand

age is determined with respect to time since last disturbance. Time

since disturbance provides a common comparative measure for

determining the effects of succession on assembly processes (Gar-

nier et al. 2004). Using a ‘space-for-time’ substitution, we sampled

forests to create a chronosequence that spans 120 years after forest

abandonment. Our sampled sites within the chronosequence were

located in relative close proximity (from 200 m to 10 km) and thus

are an ideal system for comparing the effects of successional trajec-

tories as the effects of dispersal limitation are minimized.

We uniformly sampled fourteen 0�1 ha (20 9 50 m) plots

across a reconstructed chronosequence in 2010. Within each plot

all individuals with stems greater than 2�5 cm in diameter at breast

height (DBH) were identified to species and abundances recorded.

The age of each plot was originally determined using data from

Kalacska et al. (2004), as well as by consulting long-term employ-

ees of ACG who know the local land use history (R. Espinosa

pers. comm.).

ENV IRONMENTAL VAR IABLES

Three soil variables related to vegetative and successional gradients

were quantified. First, soil moisture was measured gravimetrically

by collecting soil cores from the top 10 cm of soil (Powers et al.

2009). Leaf litter, rocks or other major debris were removed prior

to collecting each soil core. Five soil cores were collected randomly

throughout each plot in July 2010. Soil cores were collected from

all sites during a 3 day period during which no rainfall occurred.

Soil cores from each site were aggregated. Soil wet mass was

recorded in the laboratory. Soil samples were dried at 72 °C to a

constant mass and dry mass was then recorded. Second, soil bulk

density was calculated as the mass of the dry soil sample (g) divided

by the core soil volume (Miller & Donahue 1990). Finally, pH was

measured in situ using a soil pH probe (E-INGINST Electron Co.,

Ltd., Qinxiyang Industrial Zone, Fujian, China). Five pH measure-

ments were conducted for each plot and averaged across each plot.

FOREST STRUCTURE

Species richness was defined as the total number of species in a

given location. Tree above-ground biomass was calculated using

the following TDF equation from Brown, Gillespie & Lugo (1989):

AGB ¼ e½�1�996þ 2�32 � lnðDÞ�; eqn 1

where AGB is above-ground biomass per tree (kg) and D

is the diameter at breast height (cm).

LEAF FUNCT IONAL TRA ITS

We quantified several traits associated with the ‘fast-slow’ contin-

uum of ecological and life-history strategies (Westoby 1998; Reich

2014). We focused on several leaf functional traits that capture

short-term and long-term carbon and nutrient economics

(Gloaguen & Touffet 1982; Poorter & Lambers 1991; Donovan &

Ehleringer 1994; Reich, Walters & Ellsworth 1997; Cornelissen

et al. 2003). Five mature, sun exposed, mid-canopy leaves were

collected from five individuals of the most abundant species in

each plot. All leaves were collected at similar heights within the

canopy to minimize variation from canopy height effects on leaf

traits. All leaves were collected and placed in a plastic bag to pre-

serve water status. Detailed descriptions for all leaf trait measure-

ments can be found in Appendix S1 in Supporting Information.

Within each plot, we sampled traits for the more dominant species

(comprised between 45–97% of the total number of individuals

per plot; see Table S1 for details). In total, across all plots, this

represented 3156 sampled leaves from 73 of the 103 species sur-

veyed. For plots with missing trait values, we supplemented up to

25% of those missing trait values by assigning species mean trait

data from individuals sampled in the nearest, most similarly aged

plot and/or in the same area but collected in a previous year to

ensure we assessed at least 75% of the total number of individuals.

Data-analyses were completed two ways; the method presented

here assessed 75–97% of the total number of individuals per spe-

cies collected throughout the different successional stages. The

other method, not shown here, only assessed data sampled within

each plot, comprising between 45–97% of the total number of

individuals per species within each plot. Overall, there was very lit-

tle difference between the results calculated at either scale.

For each leaf we quantified six leaf traits: specific leaf area

(SLA); stable carbon isotope concentration (d13C); total leaf phos-
phorus concentration (LPC); leaf dry matter concentration

(LDMC); leaf carbon to nitrogen molar ratio (C : N) and stable

nitrogen isotope concentration (d15N). SLA is defined as the light

capturing surface area per unit of dry mass (cm2 g�1) and has

been shown to correlate with net photosynthetic capacity, leaf

longevity, relative growth rate and competitive ability (Poorter &

Lambers 1991; Reich, Walters & Ellsworth 1997). In addition,

increasing values of SLA are associated with a shift from slow to

fast growth strategies. SLA has been shown to respond to both

abiotic factors such as gradients of precipitation, temperature,

and soil nutrients (Reich, Walters & Ellsworth 1997; Westoby

1998) as well as biotic factors such as neighbouring height and

density (Navas & Violle 2009). d13C describes the ratio of 13C to
12C within foliar tissue and is positively related to water use effi-

ciency (Donovan & Ehleringer 1994). LPC (total phosphorus per

unit of dry leaf mass; mg g�1) generally indicates high nutritional

quality to consumers in food webs (Cornelissen et al. 2003). LPC

is positively correlated with growth and assimilation rates (Niklas

et al. 2005; Wright et al. 2005). LDMC is calculated as the ratio

of leaf dry mass to leaf fresh mass, reflects the fraction of leaf

matter that is comprised of water and has been proposed as an

indicator of plant growth rate and soil fertility (Garnier et al.

2001; Hodgson et al. 2011). The ratio of carbon to nitrogen

within a leaf (C : N ratio) is a stoichiometric allocation measure

that reflects shifts between carbohydrates and protein in leaf tis-

sue (Gloaguen & Touffet 1982). Stable nitrogen isotope (d15N),

describes the ratio of 15N to 14N within foliar tissue and can pro-

vide information on the differences in nitrogen acquisition and

origin nitrogen and has been shown to be positively correlated

with soil nitrogen concentration (Hyodo et al. 2012) and

positively correlated with nitrogen fixing bacterial associations

(Hobbie & Colpaert 2003).

STAT IST ICAL ANALYSES

To determine the functional responses driving community assem-

bly across the chronosequence, we calculated abundance weighted

community level trait metrics using species abundances in each

plot (Enquist et al. 2015). The community-weighted mean

(CWMjk) and variance (CWVjk) were calculated for each plot k

for each trait j as:

© 2015 The Authors. Functional Ecology © 2015 British Ecological Society, Functional Ecology, 30, 1006–1013
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CWMjk ¼
X

xiktik; eqn 2

CWVjk ¼
X

xik tik � CWMjk

� �2
; eqn 3

where xik is the relative abundance of species i in plot k, tik is the

trait mean of species i in plot k. We plotted the mean and variance

for all traits across succession and compared the AIC scores for

three models: linear, asymptotic (Michaelis-Menten), and quadra-

tic polynomial to determine the best fit. The model with the lowest

AIC score and highest r-squared was used to explain the relation-

ship between time since disturbance and observed community

traits (see Table S2). If the model with the lowest AIC score did

not match the model with the highest r-squared value, the most

parsimonious model was used. We also performed a Principal

Component Analysis (PCA) to test the collinearity between traits

(see Appendix S2 for details). All data computation and statistical

analyses were completed using R (R Core Team 2014).

A null model was used to test whether the observed community

structure of successional communities was different from the

expected null community structure irrespective of age since last

disturbance. We created our null model by pooling all the species

mean trait values for all plots into a regional trait community.

Next, we randomly sampled from that community 1000 times,

without replacement, keeping species richness per site constant

along with the species abundances within the larger pool (Swenson

& Enquist 2009; Kraft & Ackerly 2010). This methodology is

appropriate for two reasons. Firstly, all plots are located in rela-

tive close proximity and, secondly, all plots are contained within

the TDF life-zone. Thus, we can assume that the potential for dis-

persal between plots is relatively high and large dispersal limita-

tion should not influence the results of the null model (e.g. de

Bello 2012). Many studies have shown an increase in species rich-

ness and abundance with succession so it was important to con-

serve both species richness and abundance in the null model for

each site to account for only a shift in the traits and not the total

species or individuals present. We used a two-sided nonparametric

ranked order of the observed community trait values among the

null communities allowing us to calculate when the null and

observed communities significantly differed (P < 0�05).

Results

Across the chronosequence, from early to late succession,

we observed an increase in species richness (r2 = 0�72, P-
value = 0�001) and above-ground biomass (r2 = 0�48, P-

value = 0�04) (Fig. 1a,b). Furthermore, two of the three

measured soil properties significantly changed with succes-

sion. Soil moisture increased (r2 = 0�51, P-value = 0�03)
and soil pH slightly decreased (r2 = 0�35, P-value = 0�05)
with succession (Fig. 1c,e). Soil bulk density did not signif-

icantly change with increased stand age (Fig. 1d).

In the PCA, the three traits, d13C, LDMC and the

C : N molar ratio grouped together in multivariate space

with early successional stages, while the other three traits,

SLA, LPC and d15N grouped with late successional stages

(Fig. S1). These grouping patterns are associated with a

directional shift between these traits during succession. In

general, the community-weighted mean (CWM) trait val-

ues for most traits significantly shifted with stand age.

First, d13C significantly decreased linearly with stand age

(r2 = 0�72, P-value < 0�001), while LDMC initially

decreased during succession until 70–80 years since distur-

bance before increasing (r2 = 0�48, P-value = 0�027) and

the C : N molar ratio (r2 = 0�62, P-value = 0�003)
decreased rapidly during early successional stages reaching
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Fig. 1. (a) Forest biomass (Mg ha�1), (b) Tree species richness. In addition, environmental variables (c) soil moisture (g), (d) bulk density

(g cm�3) and (e) soil pH were measured in each plot and assessed as a function of age. Early successional plots are characterized by low

species richness above-ground biomass, low soil moisture and high soil pH.
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an asymptote after 40 years (Fig. 2). Next, both CWM

SLA (r2 = 0�76, P-value < 0�001) and LPC (r2 = 0�62, P-
value = 0�005) significantly increased with succession peak-

ing around 80 years and slightly declining thereafter

(Fig. 2). d15N, although not significant (r2 = 0�40, P-

value = 0�058), there was a trend for the CWM d15N to

increase steeply in early stages of succession, with two

plots around 40 years of age that have much greater values

of d15N than expected by chance.

In contrast with our expectation, the community-weighted

variance (CWV) for most traits did not show any significant

changes with stand age (Fig. 2). d13C was the only trait that

had a CWV that increased significantly with succession

(Fig. 2 r2 = 0�38, P-value = 0�018). However, in comparison

with the null model, most observed CWV values were less

variable than expected by chance irrespective of stand age.

Additionally, using multiple regression, a linear model con-

taining both stand age and soil moisture explained 75% of

the CWV LDMC (P-value < 0�001). Whereas, soil bulk den-

sity and soil pH were able to explain 80% of the variation

found of CWV SLA (P-value < 0�001; Table S3).

Discussion

The premise of our approach is that observed variation in

functional traits underlies a coordinated trade-off between

resource acquisition and resource conservation. Traits

determine where on a growth vs. survival trade-off an indi-

vidual is located given a set of environmental conditions

(Lambers & Poorter 1992; Enquist et al. 1999; Kobe

1999). In general, as discussed by Reich (2014), this pre-

mise is supported by several studies showing that variation

in traits reflect a fundamental trade-off between competi-

tive ability (or ‘fast’ strategies where individuals grow

quickly to acquire more resources when resources are

abundant) and the ability to avoid mortality under low-

resource conditions (or ‘slow’ strategies where individuals

grow more slowly) (Grime 1979; Tilman 1985; Kobe 1999;

Pacala et al. 1996). The goal of our study was to determine

the drivers of TDF succession using a trait-based approach

by focusing on traits associated with a ‘fast-slow’ contin-

uum of ecological and life-history strategies. Building on

the work of Tilman (1985), Norberg et al. (2001), and

Enquist et al. (2015), we hypothesized that for TDFs com-

munity functional composition during succession will shift

from more xeric and filtered ‘slow’ strategies towards more

mesic ‘fast’ strategies. We expect that early in succession,

increasing water stress, soil degradation, and greater

edaphic variation would select for a limited subset of phys-

iologies associated with drought tolerance, low nutrient

supply and tolerance to higher temperatures. These filters

would then act to reduce functional trait dispersion.

CWM

δ13
C
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M

C
C:

N

CWV

SL
A

LP
C

δ15
N

Stand age (years)

CWM CWV

Stand age (years) Stand age (years) Stand age (years)

Fig. 2. Community-weighted mean (CWM) and variance (CWV) for functional traits: stable carbon isotope concentration (d13C), leaf dry
matter concentration (LDMC), foliar carbon to nitrogen ratio (C : N), specific leaf area (SLA; cm2 g�1), leaf phosphorus concentration

(LPC) and stable nitrogen isotope concentration (d15N) as a function of stand age. Thin dashed lines represent the mean trait values and

95% confidence interval for randomly assembled communities. A solid regression line indicates statistical significance (P < 0�05) for the

best fit regression model (as determined by the lowest AIC score). Open circles represent communities that do not differ significantly from

the null community. Closed circles differ from the null communities with P-values < 0�05.
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Furthermore, we expected that as the forest ages, the

importance of biotic interactions and the relaxation of abi-

otic filtering would increasingly lead to more dispersed

traits during the course of succession.

We found three main results:

Firstly, in support of Grime’s ‘productivity filtering’

hypothesis or PFH we see strong directional shifts in most

community-weighted mean trait values with stand age. We

observed higher d13C, LDMC and C : N, along with lower

values of SLA and LPC in early successional communities

which describes drought-tolerant ‘slow’ growth strategies

as well as low decomposability and highly ‘retentive’ nutri-

ent strategies possibly resulting in lower soil nutrient avail-

ability (Mason et al. 2011; Le�on & Osorio 2014). These

traits are all associated with longer-lived leaves, lower pho-

tosynthetic rates and slower growth rates (Poorter & Lam-

bers 1991; Reich, Walters & Ellsworth 1997; Niklas et al.

2005; Wright et al. 2005). Patterns of high C : N indicate

that early successional communities may be more nitrogen

limited (Hyodo et al. 2012) than later successional stages

due to reduced rates of decomposition associated with high

values of C : N. In contrast, intermediate and older aged

communities were dominated by fast growing species with

higher SLA, LPC and d15N, but lower values of d13C,
LDMC and C : N consistent with trees with higher growth

rates and higher forest net primary productivity (Chapin,

Matson & Mooney 2002). The peak of d15N and LPC

observed in intermediate successional stages further sug-

gests that deciduous and leguminous species may influence

nutrient availability during succession (Gei & Powers

2013). We observe a large shift in d13C leaf values which

ranged from �28 to approximately �33 effectively span-

ning the observed shift in isotope values from dry tropical

savannas to wet evergreen lowland rain forest (Leffler &

Enquist 2002). Our results are also similar to a recent

study by Becknell and Powers (2014). Together, the

observed trait shifts appear to be primarily determined by

a concomitant shift in resource availability, e.g. water

availability (reflected in increased soil moisture) and light

availability (reduced by increased stand biomass) consis-

tent with the PFH (Poorter et al. 2005; Grime 2006).

Secondly, we asked, are patterns of functional trait dis-

persion consistent with increased abiotic filtering during

early stages of succession and increased biotic interactions

during later successional stages? In contrast with expecta-

tions arising from trait over-dispersion as a result of biotic

pressures (see Lohbeck et al. 2014), our results are consis-

tent with a competitive hierarchy hypothesis and/or abiotic

filtering hypothesis across all stages of succession (Fig. 2;

CWV d13C, CWV SLA and CWV LPC). We found that in

general, the community-weighted trait variance for most

traits did not change significantly with succession and were

equal to or lower than the expected null distribution. This

is likely the result of strong abiotic filtering or shifts in

resource availability, and a hierarchical model of plant

competition throughout succession (Grime 2006; Mayfield

& Levine 2010; Kunstler et al. 2012). Although recent

studies have emphasized the tendency for functional simi-

larity to be most prominent between species within early

successional communities (Lebrija-Trejos et al. 2010;

Purschke et al. 2013), we found that species within all

stages of succession were also more functionally similar

than expected by chance. These findings point to a general-

ity of trait structuring successional processes within TDFs

(Lebrija-Trejos et al. 2011; Alvarez-Anorve et al. 2012)

and the importance of either increased development of

competitive hierarchies and/or directional filtering during

community assembly. However, these results may be

affected by incomplete trait sampling which could either

reduce or increase the total variation observed within and

between plots (Violle et al. 2012).

Finally, we assessed whether patterns of functional trait

changes during succession can shed light on the time

required for TDF to recover to a more mature state. Over-

all, our results (see Figs 1b and 2) suggest that the rate of

change of species richness and many community-weighted

trait values tend to slow and/or asymptote at around 60–
90 years. While there is some indication that some commu-

nity-weighted trait values continue to shift (leaf d13C) our
results suggest that at around 60–90 years since distur-

bance, TDF begins to converge on many functional, struc-

tural and diversity measures characteristic of the oldest

TDF measured. Furthermore, the observed shifts in traits

with stand age are linked to a corresponding shift in plant

growth rates (Enquist et al. 2015) and consistent with the

‘slow-fast’ continuum hypotheses.

Conclusions

The main objectives of this study were to assess: (i) if a

trait-based approach to forest succession could shed light

on general processes driving a successional trajectory; and

(ii) quantify the influence of stand age on diversity via

shifts in the community-weighted trait distributions. In par-

ticular, we tested the hypothesis that shifts in resource sup-

ply rates during succession would then select for unique

combinations of traits that reflect differences in plant life

history and ecological strategies. Throughout succession,

observed plant functional traits shift along a ‘slow’ to ‘fast’

continuum of plant growth. Although TDF tree species are

highly drought tolerant, abiotic conditions in early succes-

sional forests are key limiting factors for recruitment and

assembly. Therefore, early successional TDFs are domi-

nated by ‘slow’ growth strategies with conservative traits

such as high water use efficiency and low SLA. In later

stages of succession, species with lower leaf nutrient conser-

vation, as observed in low C : N and LDMC predominate

as environmental conditions become increasingly favour-

able. This observed shift in trait distributions may be con-

sistent with either continued trait filtering and/or increased

hierarchical plant competition. Although the structure and

function of TDFs, as viewed by functional traits, appear to

be restored within a single human generation, leaf func-

tional traits may recover at differing rates or continue to

© 2015 The Authors. Functional Ecology © 2015 British Ecological Society, Functional Ecology, 30, 1006–1013
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shift (e.g. d13C). From a conservation and management

perspective, the results of this study suggest that TDFs are

resilient and are capable of returning to a functional state

comparable to that of the old-growth forests observed in

this study. These findings are useful for developing a more

mechanistic understanding of forest succession.
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