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Abstract

1. Regenerating tropicalforests are increasingly important for their role in the global carbon cycle. Carbon
stocksin aboveground biomass can recover to old-growth forest levels within 60-100 years. However more
than half of all carbon in tropical forests is stored belowground, and our understanding of carbon storage
in soils during tropical forest recovery is limited.

2. Importantly, soil carbon accumulation does not necessarily reflect patternsin aboveground biomass
carbon accrual during secondary forest succession and factors related to past land-use, species
composition, and soil characteristics may influence soil carbon storage during forest regrowth.

3. Usingtreecensus dataand a measure oftree community shade tolerance (species-specificlight response
values), we assessed the relationship between soil organic carbon stocks and tree functional groups during
secondary succession alonga chronosequence of 40—-120-year-old naturally regenerating secondary forest
and old-growth tropical forest stands in Panama.

4. Whereas previous studies found no evidence for increasing soil C storage with secondary forest age, we
found a strongrelationship between tree functional composition and soil carbon stocks at 0-10 cm depth,
whereby carbon stocks increased with the relative influence of light-demanding tree species. Light
demandingtrees had higher leaf nitrogen but lower leaf density than shade-toleranttrees, suggesting that
rapid decomposition of nutrient-rich plant material in forests with a higher proportion of light-demanding
species results in greater accumulation of carbonin the surface layer of soils.

5. Synthesis. We propose that soil carbon storage in secondary tropical forests is more strongly linked to

tree functional composition than forest age, and that the persistence of long-lived pioneer trees could
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Abstracto espanol

1. Los bosques tropicales enregeneraciéon son cadavez masimportantes porsu papel enel ciclo
global del carbono. Las reservas de carbono en la biomasa aéreapueden recuperarse hastalos
nivelesde los bosques maduros en un plazode 60 a 100 afios. Sin embargo, mas de la mitad de todo
el carbono enlosbosques tropicales se almacenabajotierra, y nuestracomprension del
almacenamiento de carbono enlossuelos durante larecuperacidon de los bosques tropicales es
limitada.

2. Es importante sefialar que laacumulacién de carbono en el suelo no reflejanecesariamente los
patrones de acumulacién de carbono en la biomasaaéreadurante lasucesion de bosques
secundariosy losfactoresrelacionados con el uso pasado del terreno, lacomposicion de especiesy
las caracteristicas del suelo puedeninfluiren el almacenamiento de carbono en el suelodurante la
regeneracion del bosque.

3. Usando datos del censo de drbolesyuna medidade latoleranciaala sombrade lacomunidad de
arboles (valores de respuestaalaluz especificos de laespecie), evaluamos larelacion entrelas
reservas de carbono organico del sueloylos grupos funcionales de los arboles durante la sucesién
secundariaalolargode una cronosecuenciade 40a 120 afios bosques secundarios de regeneracion
natural y rodales de bosques tropicales primarios en Panama.

4. Mientras que estudios previos no encontraron evidenciade unaumento del almacenamientode C
enelsueloconlaedaddel bosque secundario, encontramos unafuerte relacién entre la
composicion funcional de los drbolesy las reservas de carbono del sueloa0-10 cm de profundidad,
porloque las reservas de carbono aumentaron con la influencia relativa de especies de drboles que
demandade luz. Los arboles que requieren luz tenian mas nitrégeno en las hojas pero menor
densidad de hojas que los drbolestolerantes alasombra, lo que sugiere que ladescomposicién
rapidadel material vegetal rico en nutrientes enlos bosques con una mayor proporcién de especies
guerequierenluzdacomoresultado unamayoracumulacidon de carbono en lacapa superficialde
lossuelos.

5. Sintesis. Proponemos que el almacenamiento de carbono en el suelo enlos bosques tropicales
secundarios esta mas fuertemente relacionado con lacomposicion funcional de los arboles que con
la edad del bosque, y que lapersistenciade arboles pioneros de largavida podria mejorar el
almacenamiento de carbonoen el sueloamedidaque los bosques envejecen. La consideracion de
los cambios enlos grupos funcionales de los drboles podria mejorarlas estimaciones del potencial
de secuestro de carbono para la mitigacidon del cambio climatico mediantelaregeneracién de los
bosquestropicales.
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enhance soil carbon storage as forests age. Considering shifts in tree functional groups could improve

estimates of carbon sequestration potential for climate change mitigation by tropical forest regrowth.

Keywords: Light-demanding tree species, litter quality, organic matter, tropical forest regrowth, secondary

succession, shade-tolerance, soil carbon storage, tree functional groups.

Introduction

‘Secondary’ or ‘regrowth’ forests make up over half ofall remaining tropical forest (Chazdon, 2014)and are
therefore increasingly important as key providers of tropical forest ecosystem services, particularly for their
crucial contribution to the terrestrial global carbon (C) cycle (Chazdon et al., 2009; Poorter et al., 2016).
The C sequestration potential of regenerating tropical forests is substantial, because they rapidly
accumulate Cin aboveground biomass during regrowth, forexample, in a multi-site chronosequence study
in the Neotropics, naturally regenerating tropical forests recovered 90% of old-growth biomass values after
c. 66 years (Poorter et al., 2016). However, as much as 60% of the total tropical forest C stock is stored
belowground in soils (Don, Schumacherand Freibauer, 2011)and, in contrast to aboveground biomass, soil
C stocks do not necessarily follow a predictable pattern of accumulation over time during secondary
succession (Li, Niu and Luo, 2012; Marin-Spiotta and Sharma, 2013; Martin, Bullock and Newton, 2013;
Powers and Marin-Spiotta, 2017). Important knowledge gaps in our understanding of soil C cycling and
storage during secondary forest regrowth limit our ability to accurately predict and manage soil C
sequestrationin secondary tropical forests, such as the influence of past disturbancevs. currentland cover
(Marin-Spiotta and Sharma, 2013; Martin, Bullock and Newton, 2013). This is further complicated as
multiple interacting factors can influence soil C dynamics during forest recovery, including climate (Marin-
Spiotta and Sharma, 2013), soil properties such as pH and nitrogen (N) concentration (Jones et al. 2019),

vegetation characteristics such as growth rates, litter production and biomass allocation strategy (Lai, 2004;
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Laganiere, Angers and Paré, 2010), and previous land-use (Laganiere, Angers and Paré, 2010). However,
the relative influence of many of these factors haveyet to be quantified (Laganiére, Angers and Paré, 2010;
Li, Niu and Luo, 2012) particularly in tropical forests, where the high diversity of plant species and
differences in tree community functional composition among forests may mask underlying mechanisms.
The extent of soil disturbance during former land-use plays a key role in determining initial soil C stocks,
but there is nonetheless no clear trajectory of soil C accrual during secondary succession among forests
growing on the same former land-use type (Martin, Bullock and Newton, 2013). Importantly, whereas
aboveground biomass C accumulation over time is a direct result of rapid tree growth during forest
recovery (Poorteretal., 2016, 2021), soil C storage depends largely on the interplay between soil physico-
chemical properties and microbial turnover of organic matter (Cotrufo, Wallenstein and Boot, 2013;
Lavallee, Soong and Cotrufo, 2020), which in turn is driven by the quantity and quality of plant inputs
(Metcalfe, Fisher and Wardle, 2011; Castellano et al., 2015).

There is increasing evidence that labile, nitrogen-rich plant C inputs are particularly important for soil
organic matter (SOM) formation, and therefore play a key role in governing rates of soil C accumulation
andlong-term Cstorage (Hattonetal., 2015; Cotrufo et al., 2019; Lavallee, Soong and Cotrufo, 2020). Labile
compounds such as sugars and amino acids are more efficiently used by soil microbes than compounds
such as lignin, and the resulting microbial products of decomposition become increasingly stabilised by soil
minerals (Cotrufo, Wallenstein and Boot, 2013; Liangetal., 2019). As the quality (leaf chemical composition
and root exudates) and quantity of plant inputs are determined by tree community structure and
composition, changes in forest vegetation during secondary succession should therefore strongly influence
soil C dynamics and storage in regenerating tropical forests (Laird-Hopkins et al., 2017). However, the
majority of studies linking litter quality to soil C storage have been conducted in temperate systems (e.g.

Freschetet al., 2013; Chenetal., 2020), in part becauseitis hard to account for the high diversity of tropical
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forests in experiments (Clarke et al., 2017). Consequently, we are only just beginning to understand how
plant traits might influence soil C storage in tropical forests.

The physical and chemical properties of organic matter inputs to forest soils are hypothesised to change
during secondary forest succession, with the shift from ‘acquisitive’ to ‘conservative’ tree growth strategies,
as fast-growing, light-demanding species are gradually replaced with slow-growing, shade-tolerant species
(Chazdon, 2014; Whitfeld et al., 2014). Trees with acquisitive growth strategies prioritise investment in light
captureand rapid growth, which generally results in low specific wood density, large specific leaf area (SLA),
high foliar nutrient concentrations, and lower investment in foliar defences (i.e. 'high-quality' plant litter;
Poorter et al., 2004; Wright et al., 2004; Chazdon, 2014). Conversely, trees with conservative growth
strategies invest more resources in structure and defence, resulting in high specific wood density and
tougher plant material with lower nutrient concentration (i.e. ‘low-quality’ litter). The functional traits
associated with distinct plant growth strategies also influence the decomposition of plant material
(Cornwell etal., 2008), whereby litter from light-demanding species is preferentially utilised by decomposer
organisms, and therefore decays at a faster rate than litter from shade-tolerant species (Laird-Hopkins et
al., 2017). Microbial decomposition products of ‘high-quality’ plant litter are the main precursors of stable
SOM (Cotrufo, Wallenstein and Boot, 2013), and we would expect greater SOM accrual in forests with a
greater proportion of light-demanding species (typical of early succession) than in forests with
comparatively more shade-tolerant species (typical of older forests).

However, tree community composition does not always change predictably with forest age. Although
succession is often conceptualised as a transition from fast-growing species with acquisitive traits to a slow-
growing ‘climax’ community with conservative traits, successional trajectories can be influenced by former
land use, soil conditions, the composition of the surrounding landscape, ongoing disturbance, and seed
dispersal, amongst other factors (Turner et al., 1998; Baldeck et al., 2013; Chazdon, 2014; Norden et al,

2015; Dentand Estrada-Villegas, 2021). The lack of a predictable transition from light-demanding pioneer
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species to shade-tolerant late-successionalforest trees during secondary succession would be reflected in
plant C inputs to the soil and could therefore explain why soil C stocks do not necessarily increase with
secondary forest age. Importantly, although light-demanding species are likely to dominate in young
secondary forests, they can still play an important role throughout succession: Not only do natural
disturbances create canopy gaps allowing light-demanding species to colonise areas of old-growth forest
(Chazdon, 2014) but long-lived pioneers can also persist in the canopy of late-successional forests (Riger
et al., 2020). These long-lived pioneers may be an important source of nutrient-rich litter inputs in late-
successional secondary forests becausethey grow fast but have longlife-spans, so they attain large stature
in comparison to short-lived pioneer species (Ruger et al., 2020). Indeed, long-lived pioneers can dominate
most successional stages and contribute substantially to aboveground biomass through mid- to late
secondary succession (Finegan, 1996; Gutiérrez et al., 2008; Riger et al., 2020). The persistence of light-
demanding species during late-successional stages could enhance SOM formation by maintaining inputs of

easily decomposable plantlitter, thereby increasing soil C storage.

Ourstudy aimstoimprove understanding of soil Cstorage in secondary growth tropical forests by assessing
the role of plant community composition in determining soil C accumulation. We hypothesised that tree
functional composition determines soil C storage via the quality of resources available to decomposers, and
that differences in tree functional composition among stands of similar age could explain the lack of a clear
trajectory in soil C stocks through time. To test our hypothesis, we characterised the relationship between
tree functional composition and soil C storage along a chronosequence of naturally regenerating lowland
tropical forest in central Panama comprising ten stands ranging from 40 years old to old growth forest
(>500vyears). Previous work at the site found a stronglink between soil C and N stocks, but no relationship
between soil C stocks and former land use or forest age (Jones et al. 2019). Thus, we investigated whether

soil C stocks are instead linked to shifts in functional characteristics of the tree community. Based on

85U8017 SUOWWIOD BAIER.D 3(eot[dde auy Aq peusenob ae sajole YO ‘8sN JO SanJ Joj AIq1TaUIIUO A8]IM LD (SUONIPUCO-PUR-SWLBIALID™AS 1M AReIq 1[Bul [UO//StY) SUORIPUOD pUe S L 8U) 89S *[2202/TT/80] Uo AriqiTauliuo oM ‘AriqiTay L AiseAln Jexseoue Aq TZeyT SErZ-GOET/TTTT OT/I0p/L0Y A8 | AeIq 1 jpul UO'S feunoag/sdiy wWoij papeojumoq ‘el ‘SerzS9eT



preferential microbial utilization of ‘high-quality’ litter, we hypothesised that soil C stocks would increase

with the relative proportion of light-demanding trees in mid- to late-successional tropical forest stands.

Materials and methods

Study site description

The fieldwork was carried out with the permission and support of the Smithsonian Tropical Research
Institute (project #3218). The chronosequence is located in the Barro Colorado National Monument
(BCNM)in Panama, Central America (9.15°,-79.85°). The climate s classified as moist tropical with a distinct
dry season from January to April. Long-term records from the weather station on Barro Colorado Island
indicate a mean annual temperature of ~27°C and an average annual rainfall of ~2660 mm (Paton, 2021),
of which c. 90% falls in the rainy season (Windsor, 1990). The chronosequence overlies a mixture of volcanic
(andesite) and sedimentary (volcanic and marine) geology, supporting mainly Cambisols and Ferralsols
(Baillie et al., 2007) but soil Cand nutrients do not vary significantly among different soil types (Yavitt, 2000;
Grimm et al., 2008; Jonesetal., 2019).

The chronosequence consists of permanent plots embedded in 10 forest stands, each at least 5 ha in size
(Figure 1): two stands each of four secondary forest (SF) age classes, which were ¢. 40, 60,90and 120years
old at the time of the present study (Denslow and Guzman, 2000; Dent, DeWalt and Denslow, 2013), and
two old growth forest (OG) stands for comparison. The OG forest stands are > 500 years old with no
evidence of previous clearance or agriculture. The stand ages are henceforth given as: 40Y, 60Y, 90Y, 120Y
and OG; the dominanttree species and a comparison of species diversity for each age category are shown
in Table S1.

The chronosequenceis considered representative of forest recovery following the wide-spread practice of
swidden agriculture in the tropics, where deforestation for agriculture and subsequent farm abandonment

over time has created a mosaic of OG and naturally regenerating SF (Denslow and Guzman, 2000; Dent,

85U8017 SUOWWIOD BAIER.D 3(eot[dde auy Aq peusenob ae sajole YO ‘8sN JO SanJ Joj AIq1TaUIIUO A8]IM LD (SUONIPUCO-PUR-SWLBIALID™AS 1M AReIq 1[Bul [UO//StY) SUORIPUOD pUe S L 8U) 89S *[2202/TT/80] Uo AriqiTauliuo oM ‘AriqiTay L AiseAln Jexseoue Aq TZeyT SErZ-GOET/TTTT OT/I0p/L0Y A8 | AeIq 1 jpul UO'S feunoag/sdiy wWoij papeojumoq ‘el ‘SerzS9eT



DeWalt and Denslow, 2013). Prior to the designation of the BCNM as a nature reserve in 1977, pastland-
use on SF stands included pasture for cattle, fruit and vegetable production, and banana plantations, of
varying duration and intensity (Leigh, Rand and Windsor, 1983; Denslow and Guzman, 2000). Although
prior land use did not explain differences in soil C or N stocks among stands (Jones et al., 2019), historic
differences in land-use patterns among stands are acknowledged as a potential cause of differences in
initial stand composition and subsequant successional processes (Denslow and Guzman, 2000; Dent,

DeWalt and Denslow, 2013).

Tree community characterisation

We used tree census dataand a measure of tree community shadetolerance to characterise forest stands
and assess the relationship between soil C stocks and tree functional groups during secondary succession.
Stand basal area was calculated from census data collected in 2011 from two 0.16 ha transects per stand
(except for one stand where only one 0.16 ha transect was censused; Dent, DeWalt and Denslow, 2013).
Stem diameter at breast height (DBH; 1.3-m)for each individual> 10 cmm DBH was converted to stem basal
area (m?) and the sum of all stems in each stand was then divided by the total area to obtain a single stand-
level basal area. To characterise shade tolerance of the tree communities in each stand, we used light-
effect categories proposed by Riigeretal. (2009), based on species-specific growth responses to increasing
light. Species were assigned to one of three growth response categories and assigned light effect values (b)
based on sapling recruitment: ‘accelerating species’ (b = 1) where recruitment increases with increasing
light and the increase is greater at higher light levels; ‘decelerating species’ (1 > b > 0) where recruitment
increases with increasing light, butthe increase is lower at higher light levels; and ‘negative species’ (b <0)
where recruitment is higher at lower light and decreases with increasing light levels. These categories are
considered comparable to the light requirements for recruitment of fast- and slower-growing species

(Rugeretal., 2009).
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To assign each individual tree to a functional group, we used the mean light effect values of each species
to classify them as ACC (accelerating), DEC (decelerating) or NEG (negative; sensu Ruger et al., 2009);
species without light effect data were classified as ‘unknown’. These categories are henceforth referred to
as tree functional groups. We then calculated an importance value (V) for each species based on the
relative frequency of individuals (Eg. 1) and the relative dominance calculated from their basalarea (Eq. 2).
Thus, the IV (Eq.3) considers species with large numbers of individuals as well as those with a large total

biomassto be of equal importance for determining ecosystem processes (Lohbeck et al., 2012):

Number of individuals of a species
Relative frequency (%) = ( ) + 100

Total number of individuals per stand Eq.1
of basal area of a species
Relative dominance (%) = (Z f fasp ) 100
Total basal area per stand Eq. 2
Relative frequency + Relative dominance
Importance value (%) = 5 c. 3
g.

Finally, to provide a comparative measure of community shade tolerance across the chronosequence
stands, we calculated the relative influence (RI) of the ACC, DEC and NEG tree functional groups in each
stand, whereby the summed Vs for each group were expressed as a proportion ofthe total IV of all species
per stand. Ofthe 276 tree species identified across the 10 stands (14,046 individual trees), light effect data
were available for 200 species (12,825 individual trees). Therefore c¢. 72 % of species and c¢. 91 % of
individuals were assigned to growth response categories (DEC = 10,965 individuals of 128 species, ACC =
1,276 individuals of 61 species, NEG=584 individuals of 11 species), which amounted to c. 88 % of the total

proportion of species expressed as Rl (60 % DEC, 24 % ACC, 4 % NEG, and 12 % unknown).
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Soil samplingand analysis

In each of the 10 stands, we established four (20-m x 10-m) sampling blocks, spaced at 40-m intervals along
a 160-m transect. Soil was collected at two 10-cm depth increments from 0-20 cm at three points (5, 10
and 15 m) along each transect and within each sampling block using a 4.8-cm diameter soil corer. The
samples were composited by block and depth and mixed thoroughly, giving a total of 80 composite samples
(10standsx 4 blocks x 2 depth increments). The samples were stored at 4°C within four hours of collection,
sieved to <2 mm to remove debris and stones, and processed for analysis within 48 hours. Soil C and N
concentration (mass-based %) was measured by high temperature combustion gas chromatography (Vario
El 111 C/N analyser, Elementar, Stockport, UK) using 30 mg (+1 mg) subsamples of ground, air-dried soil. Soil

C stocks (Mg ha™) were calculated for 0-10 and 10-20 cm depth increments in each stand following Eq. 4:

Cstock =D X Bd X Ceonc Eq.4

where D is the depth of sample (cm), Bdis the mean soil bulk density (provided by Jones et al. (2019)),
and Ceonc is the mean soil C concentration (%) from the four measured values per stand and depth

increment.

Data analysis

Data analyses were performed using R version 3.5.2 (R Core Team, 2018) using the vegan package for
multivariate analyses (Oksanen et al., 2008) and the Ime4 (Bates et al., 2015) and ImerTest (Kuznetsova,
Brockhoff and Christensen, 2017) packages for mixed effects models.

We first assessed whether ourtree functional groups, assigned using the light effect value b, corresponded

to plant functional traits associated with light-demanding and shade-tolerant species. We performed a
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principal components analysis (PCA, rda function in the vegan package) based on four leaf traits associated
with differences in plant life history strategies: leaf density, leaf thickness, specific leaf area (SLA) of shade
leaves, and N concentration of shadeleaves (Poorterand Bongers, 2006; Chazdon, 2014; Heet al., 2019),
which were available for 64 species at the study site (representing 23% of all species and 29% of all
individuals at the study site; Wright et al., 2010; accessed from the TRY database http://www.try-db.org).
All trait values were centred and scaled before analysis and fitted to the ordination as vectors to aid
interpretation (envfit function). We then assessed whether functional group (ACC, DEC, NEG) explained the
separation of species in ordination space with a permutational multivariate analysis of variance
(perMANOVA, adonis function; Anderson, 2017) based on Euclidean distance and 9999 permutations. We
then extracted the scores for thefirst two principal components (PC1 and PC2)and tested their relationship
with the mean b values of the tree species using Pearson’s correlation test (cor.test function). Finally, we
tested differences among tree functional groups for each of the four plant traits using linear models (Im
function), modelling leaf N concentration, leaf thickness, leaf density or SLA as a function of tree functional

group.

We assessed the relationships between soil C stocks (Mgha™)and tree functional groups with linear mixed
effects models (Imer function). Models were based on stand-level mean soil C stocks calculated from the
four sampling blocks, with stand identity included as a random effect. We accounted for declining soil C
concentration with depth by including depthincrement as a fixed effect in all models. Furthermore, given
that soil C stocks were strongly related to soil N stocks (Jones et al. 2019), we included soil N stocks as a
fixed covariate in all models. As the Rl values of the tree functional groups within stands represent relative
proportionsthat sumtoone, we conducted a compositionalanalysis in which we used the additive In-ratio
transformation for the percentage compositions, with relative influence (RI) of DEC and NEG species as

numerators and (RI) ACC as the denominator in the ratios (henceforth referred to as In(DEC/ACC) and
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http://www/

In(NEG/ACC)). Therefore, the fixed effects in the full model were the relative influence of tree functional
groups (In(DEC/ACC) and In(NEG/ACC)), depth, the interaction between tree functional groups and depth,
and N stocks; stand was included as a random effect. We used Akaike Information Criterion (AIC) values to
rank models and then used a likelihood ratio test to compare the top-ranked model to the null model,
which included soil depth and N stocks as fixed effects and stand as a random effect (Supplementary Table
S2). Hence, a significant difference of the final model to the null model indicates an influence of tree
functional composition on soil C stocks overand abovethe established relationship with soilN (Jonesetal.,
2019). The significance of fixed effects was determined using Satterthwaite’s approximation to estimate
degrees of freedom, and the fit of the final model was checked using diagnostic plots. Results are reported
as significant at p < 0.05; for linear mixed effects models y? and p values are given for the comparison

between the final model and the corresponding null model.

Results

The PCA and perMANOVA based on plant traits for the subset of 64 species demonstrated separation of
species in ordination spacethat was related to tree functional group (R* =0.17, p<0.001)and thefirst two
principal components explained 85% of the variation among species. Leaf density, leaf N and SLA were
strongly correlated with PC1, which explained 50% of the variation among species, whereas leaf thickness
was correlated with PC2, which explained 34% (Figure 2). The species-specific light effect value b was
correlated with PC1 (r = -0.39, p = 0.002; Supplementary Figure S2) but not PC2, indicating that our
classification based on light effect values reflects variation in three key leaf functional traits. Overall, ACC
species had higher leaf N concentration (F,6; = 5.39, p = 0.007), SLA (F ,6:= 5.16, p = 0.009), and leaf
thickness (F, 1= 5.35, p = 0.007) but lower leaf density (F,6; = 9.20, p < 0.001) than DEC or NEG species

(Figure 3).
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Patterns in soil carbon and tree functionalgroups across the 10 stands

Across all stands, mean soil C concentrationat 0-10cmwas 4.74£0.15 %, soil C stocks were estimated at
56.96+11.92 Mgha™and both declined with depth, but there was no clear pattern with forest stand age
(Figure 4; Table 1). Overall, the Rl of DEC species tended to increase, and the Rl of ACC species tended to
decrease with increasing forest age up to 90 years, but the functional composition of the 120Y stands was
similar to the 60Y stands and the functional composition of the OG forests was similar to the 90Y stands
(Table 1). The Rl of NEG species was low (<7%) in all stands (Table 1). The proportions of species not
assigned to a growth response (‘unknown’ species) ranged from 4.3 % - 21.6 % of the total number of
species per plot, butthere was also no trend with forest age class (Table 1). Soil Cstocks increased with the
Rl of ACCspecies (Figure 5a)and the model showed a significant negative relationship between soil C stocks
and In(DEC/ACC) but not In(NEG/ACC) (p = 0.0014; Figure 5b; Supplementary Figure S1). The relationship
between soil C and tree functional composition was only apparent at 0-10 cm depth (In(DEC/ACC) x depth
interaction p =0.014; Figure 5). Hence, the best model explaining the change in soil C stocks across stands
included the In-ratios for the tree functional groups, sampling depth and soil N stocks (y?=15.26, p =0.004;

Supplementary TableS2; Figure 5b).

Discussion

Our study demonstrates that tree functional composition plays a key role in the storage of soil C during
secondary tropical forest succession, and thus provides a compelling explanation for the lack of a clear
trajectory of increasing soil C stocks over time. Along our chronosequence, surface soil C stocks were
strongly related to the relative influence of ACC trees. As the separation of tree functional groups in
ordination space was explained by leaf traits associated with light- vs. shade-tolerance as well as
decomposition rates, we proposethat the relationship between soil C stocks and the relative influence of

ACC species can be attributed to the quality of resources available to decomposer organisms. Thus, our
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findings conform to recent theoretical frameworks and empirical studies demonstrating preferential
stabilisation of compounds from N-rich plant material in the soil during microbial decomposition, resulting
in greater SOM accrual (Cotrufo, Wallenstein and Boot, 2013; Castellano et al. 2015; Haddix, Paul and

Cotrufo, 2016).

Tree functional composition as a driver of soil C storage

Tree functional composition mightinfluence soil C accumulation during secondary succession because soil
Cstorageis determined by the balance between inputs and losses of organic C during decomposition (Post
and Kwon, 2000; Laganiere, Angers and Paré, 2010), and microbial decomposition of plant litter is largely
determined by planttraits (Meier and Bowman, 2008; Bakker, Carrefio-Rocabado and Poorter, 2011). We
hypothesised that differences in tree functional composition among stands would influence soil C storage
via plant traits representing resource quality for microbial decomposers. The tree functional groups used
in this study correspond largely to previous definitions of light-demanding or pioneer species (ACC) and
shade-tolerant or climax species (DEC; Dent, DeWalt and Denslow, 2013). In our study, ACC species were
associated with higher SLA and leaf N concentration, whereas DEC and NEG species were associated with
lower leaf N and higher leaf density (Figures 2 and 3), which is consistent with the fast-slow continuum at
the leaf level (Reich, 2014; Riger et al., 2018). Thus, although the ACC, DEC and NEG classifications relate
primarily to tree demography (Ruger et al., 2009), they also act as a proxy for acquisitive versus
conservative life-history strategies. Light-demanding or ACC species are associated with ‘competitor’ traits
(Grime, 1974), which contribute to rapid growth rates and photosynthetic capacity. By contrast, the leaf
traits of DEC and NEG species indicate a more conservative resource use strategy (Figures 2 and 3).

The leaf traits separating ACC and DEC and NEG along the first axis in ordination space in our study (SLA,
leaf N concentration and leaf density) are often strongly related to decomposition rates (Bakker, Carrefio-

Rocabado and Poorter, 2011) because they represent high- vs. low quality resources to microbial
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decomposers (Santiago, 2007; Cornwell et al., 2008). The significant relationship between the first
ordination axis and the light effect value b thus suggests that trait differences amongour broad functional
groups are likely to influence C turnover and soil C storage. Light-demanding species typical of early
successional stages can supply large amounts of nutrient-rich litter to the soil which are rapidly
decomposed (Coley, 1983; Bakker, Carrefio-Rocabado & Poorter 2010; Szefer et al. 2017). Conversely,
shade-tolerant DEC or NEG species produce longer-lived, but low-quality litter (Grime et al., 1996), which
reduces decomposition rates (Kutsch, Bahn and Heinemeyer, 2009). These differences in plant litter
decomposition drive soil organic matter (SOM) formation, because the products of successive microbial
processes during decomposition increase C stability in SOM through aggregation and chemical bondingin
the soil matrix (Schmidt et al., 2011; Cotrufo, Wallenstein and Boot, 2013; Castellano et al., 2015; Cotrufo
et al., 2015, 2019; Hatton et al., 2015; Faucon, Houben and Lambers, 2017; Lavallee, Soong and Cotrufo,
2020). The availability of N plays a key role in the formation and of SOM because the initial C:N ratio of
plant litter is higher than the C:N ratio of the microbial biomass and thus microbial activity is constrained
by N availability (e.g. Hessen et al., 2004; Billings and Ballantyne, 2013). Consequently, rapid turnover of
labile plant substratesthatare rich in N can increase SOM stabilisation and storage in soils that are not yet
C-saturated (Castellano et al., 2015; Faucon, Houben and Lambers, 2017). We demonstrate that soil C
stocks were highest in stands with a greater relative influence of light-demanding ACC tree species, Figure
5) of which many have ‘high quality’ litter (Bakker, Carrefio-Rocabado and Poorter, 2011; Figure 3),
representing a substantial source of labile C compounds and nutrients for soil microbes. This major role of
leaf litter decomposition in tropical forest soil carbon storage (Sayer et al., 2021) would also explain why
we only observed a significant relationship between soil C stocks and tree functional composition at the
soil surface (0-10 cm; Figure 5a). Thus, our results suggest that high-quality plantinputs may play akey role

in soil C accumulation during secondary succession in these forests.
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Successionaltrajectories oftree community functional groups during forest recovery

In theory, high abundance of fast-growing ACC species in the early stages of succession would contribute
to rapid accumulation of soil C, which attenuates as they are eventually replaced by slow-growing DEC and
NEG species. At ourstudy sites, soil C stocksincreased between 40 and 60-year-old stands (Table 1), which
likely reflects the high abundance of ACC species during early to mid-succession, whereas the continued
influence of ACC species during later succession can be attributed to the persistence of long-lived pioneers,
which form a significant proportion of the canopy in secondary tropical forests (Riger et al., 2020). For
example, Gustavia superba (Kunth) O.Berg, a long-lived pioneer species (Rlger et al., 2020) made up >50
% of individuals in the canopy of one of the 120Y stands (120_1; Dent, DeWalt and Denslow, 2013), which
also had the second-highest Cstocks measured in this study (Table 1; Supplementary Table S1).
Differences in tree functional composition could explain why several meta-analyses and syntheses have
reported either a weak relationship, no significant change, or contrasting results for changes in soil C as a
function of forest age (Yang, Luo and Finzi, 2011; Li, Niu and Luo, 2012; Marin-Spiotta and Sharma, 2013;
Martin, Bullock and Newton, 2013; Powers and Marin-Spiotta, 2017). It is conceivable that the lack of
consistency among studies can be attributed to differences in the dominant tree functional group (and
associated organic matter quality), which is not necessarily predictable with forest age. Despite
expectations that light-demanding species arereplaced by shade-tolerant trees during forest regrowth, the
successionaltrajectory of tree functional composition can be influenced by a multitude of factors, including
soil physicochemical properties and former land-use (Chazdon, 2014). For example, Dent, DeWalt and
Denslow (2013) report that the high proportion of shade-tolerant species they observed in one of the
youngest stands (40_1)may in partbeduetoashorterfarming history and therefore lower soil disturbance
than stands farmed for longer periods. In addition, disturbances such as storms can create gaps and
promote recruitment of light-demanding tree species in late-successional stages (Chazdon, 2014) and as

such, the functional characteristics of dominant tree species may differ markedly among secondary forest
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stands of the same age (Norden et al., 2015; Boukiliand Chazdon, 2017). Thus, successional trajectories
and disturbances that create conditions favourable for the persistence of pioneer species could have
profound effects on soil C accumulation and storagein tropical forests. Characterising tree communities in
secondary tropical forests by functional groups rather than successional age formed a key component of
our study because it considers both the quality of organic inputs from different tree functional types and
the pathways of C stabilisation in soils. Considering such plant-soil interactions revealed clear relationships
between tree community composition and soil Cstocks during seconday succession. We believe that similar
characterisation of tree community composition could elucidate patterns of soil Caccrual during secondary
succession in many other tropical forests.

It is important to note that previous work along the same chronosequence of stands demonstrated
increasing community-level shade-tolerance with stand age (Dent, DeWalt and Denslow, 2013). However,
the study by Dentet al. (2013)was based on data collected in 1994, when theyoungest stands weresstill at
an early successional stage, with high abundances of ACC species. Here, we assessed mid- to late-
successional stages and used a different measure of dominance, based on species importance values, to
calculate the relative influence (RI) of each functional group. We expected that the use of Rl values in our
study was more likely to reveal relationships between tree communities and soil C stocks as they assume
that many small individuals are as important for determining ecosystem processes as a small number of
large trees (Lohbeck et al., 2012). Given the clear relationship between soil C stocks at 0-10 cm depth and
theRl values for ACCspecies (Figure 5a), our approach suggests that theinfluence oftree functional groups
on soil processes does not necessarily follow widely observed patternsin tree species abundance or basal
area during secondary forest succession. Forexample, despite the declinein abundance of light-demanding
pioneer species with successionalage (Dent, DeWalt and Denslow, 2013)the high relative influence of ACC

species in our study (Table 1) suggests that long-lived pioneer species in the later stages of succession may
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still make a substantial contribution to soil C storage. Therefore, the influence of tree functionalgroupson
soil processes may not be as readily apparent when species abundance dataare used.

There is potential for ourapproach to be extended by expanding the functional classification of trees using
additional traits that are relevant to SOM formation and stabilisation. The light effect value we used here
is based on a single trait axis relevant to demographicprocesses (the ‘growth-survival’ trade-off; Riger et
al., 2009), which we used as a proxy for acquisitive vs resource-conservative life history strategies. By
focussing ontree species’ life history trade-offs that influence soil microbial processes, we may be able to
identify similar trait axes that more accurately represent the influence of plants on processes such as SOM
formation and soil C storage. Given the paucity of trait data for tropical trees, we were only able to consider
relevant leaf traits for a subset of our species, but inclusion of root traits and turnover rates would likely
provide additional explanatory power, and perhaps elucidate patterns of soil C storage at greater sail
depths. Thus, our study suggests that targeted trait collection could advance our understanding of how

functional diversity influences ecosystem carbon storagein tropical forests.

Indirect influence of former land-use on tree functional composition and soil C storage

Differences in tree functional composition might also explain the influence of former land-use on soil C
accumulation during succession, and why soil C stocks do notincrease consistently with stand age (Martin,
Bullock and Newton, 2013; Orihuela-Belmonteetal., 2013). Formerland use not only affects soil C stocks
through the extent of C loss from initial soil disturbance (Guo and Gifford, 2002; Don, Schumacher and
Freibauer, 2011), but also influences the recruitment and growth of tree species in the early stages of
succession. The intensity and duration of previous soil disturbance can affect both the viability of the soil
seedbank (e.g. due to soil compaction) and the germination success of particular species (e.g. the
requirement of exposed soil for some small-seeded pioneers (Guariguata and Ostertag, 2001; Chazdon,

2003). Thus, if former land use influences species recruitment during the early stages of secondary
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succession, differences in tree community structure would mediate the relationship between prior land
use and soil Cstocks, explaining why it is observed in some studies but not others. Our findings also have
implications for forest restoration and management decisions. Light-demanding trees species are
commonly included in forest restoration strategies as they grow rapidly creating an environment that
allows slower-growing, shade-tolerant species to establish (Mayer et al., 2020). This initial colonization by
fast-growing, light-demanding tree species should also resultin rapid soil C accumulation in the early stages
of forest restoration, when site conditions are favorable (Powers and Marin-Spiotta, 2017). Conversely,
commercial plantations of tropical hardwoods, which are often late-successional species, could decelerate
accumulation of soil C stocks. Our results suggest that soil C storage could be enhanced by management or
restoration practices that ensure the persistence of long-lived pioneer species, e.g. by informed choice of
‘nursetrees’. Hence, understanding theinfluence of light-demanding tree species on soil C storage can not
only help us improve predictions of C sequestration in naturally regenerating secondary forests but might

also have wider relevance for forest restoration.

Conclusions

We demonstratethat tree functional groups explain differences in soil C stocks during secondary tropical
forest succession, which likely explains the lack of a clear trajectory of increasing soil C with successional
age. We proposethat the broad distinctions between light-demanding, accelerating growth (ACC) species
and shade-tolerant, decelerating growth (DEC) species and their respective relative influence on soil C
storage provides the basis for a useful, quantitative method to investigate how disturbance and
successional dynamicsin tree communities influence ecosystem scale C dynamics in recovering secondary
tropical forests, whereby decomposition of N-rich plant material results in higher C stocks in the surface

soil of forests with a greater relative influence of light-demanding (ACC) species.
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Our study demonstrates a link between aboveground plant community and belowground characteristics,
showing that species composition in natural successional trajectories and planting choices in active
restoration caninfluence both above- and belowground carbon accumulation. Given the globalimportance
of secondary tropical forests for C sequestration and climate change mitigation, existing long-term
monitoring data and global plant trait databases could be used to investigate whether soil C stocks are

related to plant traits and tree functionalgroups across other forest sites worldwide.
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Table

Table 1. Soil properties and tree functional groups for 10 stands along a chronosequence of naturally regenerating

tropical forest in Panama, Central America, comprising 40, 60, 90, 120-year-old stands and old growth (OG) forest,

showing soil carbon (C) and nitrogen (N) concentrations (%) and stocks (Mg hal), soil C:N ratio at two depths (0-10,

and 10-20; means given for n = 4 per stand) and the relative influence (RI) of accelerating growth species (ACC),

decelerating growth species (DEC) negative growth species (NEG), the ratio of DEC:ACC (DEC:ACC) species, and the Rl

of species with unknown growth response (Unknown). Stand codes give the stand age in years and replicate number.

Stand code (age_rep) 40Y_1 40Y_2 60Y_1 60Y_2 90Y_1 90Y_ 2 120Y_1 120Y 2 OG_1 O0G_2
Soil C% 0-10cm | 4.56 5.22 4.81 5.80 451 3.76 4.83 5.60 399 437
10-20cm | 2.50 2.18 3.05 3.23 2.12 1.81 291 2.84 269 279
Soil € 0-10cm | 60.37 6882 60.14 60.84 5400 43.60 6829  59.55 4589 480
(Mg ha?) 10-20cm | 44.18 3231 4395 50.96 32.84 2736 4794 3949  39.20 39.10
Soil N% 0-10cm | 0.38 0.42 0.44 0.49 0.39 0.26 0.42 0.44 040 0.38
10-20cm | 0.19 0.12 0.24 0.23 0.14 0.06 0.24 0.19 025 0.22
Soil N 0-10cm | 4.97 5.54 5.44 5.09 4.67 3.04 5.91 4.68 455 421
(Mg ha?) 10-20cm | 3.27 1.82 3.46 3.59 2.09 0.95 4.00 2.61 362  3.08
Rl tree ACC 28.1 434 26.2 23.0 18.1 19.8 28.5 20.4 101 176
functional DEC 49.3 42.7 56.2 55.1 66.1 68.8 63.1 55.4 752 726
groups (%) Ngg 1.03 0.2 6.9 1.8 1.5 7.2 1.7 6.1 5.0 43
DEC:ACC 1.8 1.0 2.2 2.4 3.7 3.5 2.2 2.7 7.5 4.1
‘Unknown’ | 21.6 13.7 10.8 20.1 14.3 43 6.7 18.1 9.7 5.5
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Figure captions

Figure. 1 Map of the Barro Colorado Nature Monument (BCNM) in Panama, Central America, showing the approximate
location of 10 stands, comprising two replicates in five age classes along a chronosequence of naturally regenerating
tropical forest. Stands are labelled with the approximate stand age and the replicate number, whereby OG is old-
growth forest. Green shaded area indicates land within the BCMN (land outside BCMN shown in lighter shades) solid
orange line indicates route of Panama Canal. Insert map shows location of the BCNM in Panama. Maps courtesy of

STRI GIS Data Portal.

Figure 2 Ordination plot (principal component analysis) based on four plant functional traits, showing the functional
groups for 64 tree species accordingto their lightresponse effect values, where ACC = accelerating, DEC = decelerating
and NEG = negative growth response to increasing light; ellipses show the separation of functional groups in
ordination space based on 99% confidence limits based on standard errors; traits that explain the separation of species
in ordination space are shown as vectors, where leaf.N and SLA are the nitrogen concentration and specific leaf area

of shade leaves, respectively.

Figure 3. Comparison of leaf traits between accelerating growth (ACC), decelerating growth (DEC) and negative growth
(NEG) tree functional groups in a lowland tropical forest in Panama, Central America, showing (a) leaf nitrogen (N)
concentration of shaded leaves, (b) specific leaf area (SLA) of shaded leaves, (c) leaf density, and (d) leaf thickness.
Data were taken from (Wright et al.,, 2010) accessed from the TRY database (http://www.try-db.org). Boxes denote

the 25th and 75th percentiles and median lines are given for ACC n = 21, DEC n = 39; NEG n = 4. Whiskers indicate
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values up to 1.5x the interquartile range, and dots indicate outliers. Letters indicate significant differences between

tree functional groups at p <0.05.

Figure 4. Soil carbon stocks (Mg ha!) measured at two depth increments (purple = 0-10 cm, green = 10-20 cm) in each
of ten stands across an age gradient of lowland tropical forest sites in Panama, Central America, comprising 40, 60,
90, 120-year-old stands and old growth (OG) forest. Stand codes on the x-axis give the stand age and replicate number.
Boxes denote the 25th and 75th percentiles and median lines are given for n = 4, whiskers indicate values up to 1.5x

the interquartile range, and dots indicate outliers.

Figure 5. Estimated marginal mean effects (line) with 95% confidence intervals (shading) of tree functional
components on soil carbon (C) stocks at two depth increments, showing (a) the relative influence (RI) values (%) of
accelerating species (ACC) and b) the In-ratio of the Rl values for decelerating (DEC) and ACC species (In DEC/ACC)
across 10 stands of naturally regenerating lowland tropical forest in Panama Central America. In (a) a linear mixed
model (LMM) was fit to allow estimates for display purposes, with the model following the same random effects
structure and covariates as panel b). The model formula and statistics for b) are given in Supplementary Table S2.

Points represent stand means calculated from n =4 blocks.
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