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ABSTRACT
Background: Secondary montane forests, covering 30% of forested lands in the Andes, play 
a crucial role in mitigating the impact of carbon release. However, the mechanisms responsible 
for carbon sequestration in the above-ground biomass of these forests are not well quantified.
Aims: Understanding the determinants of above-ground carbon (AGC) dynamics in secondary 
forests along a 3000-m elevational gradient in the Andes to assess their mitigation potential.
Methods: We assessed how abiotic and biotic conditions and past human disturbances were 
related to forest structure and composition, AGC stocks and productivity within sixteen 0.36-ha 
plots established in secondary forest stands of 30–35 years of age.
Results: Structural equation models revealed that changes in temperature conditions along 
the elevation gradient shaped leaf functional composition, which in turn controlled AGC 
dynamics. Productivity and temperature decreased with increasing elevation and decreased 
tree community leaf area. Disturbance legacy (Tree mortality) increased with competitive 
thinning and low soil fertility.
Conclusions: We show that temperature drives AGC dynamics by changing the functional trait 
composition. This highlights the importance of preserving these forests along elevation 
gradients and implies potentially strong future changes due to global warming.
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Introduction

Tropical forests harbour a large proportion of global 
tree diversity and store a significant fraction of 
terrestrial carbon (C) stocks in their vegetation 
and soil (Pan et al. 2011; Sullivan et al. 2017; 
Requena Suarez et al. 2019). They contain between 
40% and 50% of the global terrestrial vegetation 
C stocks and account for 30–40% of the global net 
primary productivity (Townsend et al. 2011; 
Phillips et al. 2019). Their capacity to fix large 
amounts of CO2, and store C in their biomass, 
exceeds that released by autotrophic and hetero-
trophic respiration (Malhi and Grace 2000; Malhi 
2012). Furthermore, these ecosystems exhibit long 
continuity of forest cover and ecological processes, 
such as their role in the water cycle (Bruijnzeel et al. 
2010), which results in unique assemblages of biota 
(Wirth et al. 2009) and make them important com-
ponents of climate regulation (Artaxo et al. 2022).

Nearly half of the world’s tropical forests are 
secondary forests at different regrowth stages, and 
their species composition, structure and biomass 
C stocks and productivity are the product of past 
disturbances – natural and anthropogenic – and the 
local environment (Chazdon 2003; Marín-Spiotta 
et al. 2007). Notably, in the Neotropics, 55% (ca. 
569 million ha) of the remaining forest area is 
considered degraded (Grantham et al. 2020), pri-
marily due to logging and land conversion for cattle 
grazing (Armenteras et al. 2017). Since secondary 
forests comprise a quarter of all pantropical forests 
[ca. 763 million ha; Rutishauser et al. (2015)], 
understanding the determinants of C dynamics in 
secondary forests and their potential contribution 
to climate change mitigation is important. In the 
Andes, the region has witnessed a complex interplay 
of forest regeneration and loss over the past dec-
ades. Aide et al. (2019) have estimated a cumulative 
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forest loss of 488,353 ha and regrowth of 988,790 ha, 
equalling a net increase of 500,437 ha between 2001 
and 2014. The dynamics of forest loss and regrowth 
results in a patchwork of secondary forest stands of 
different successional stages of recovery or degrada-
tion, increasing the spatial variation of C in the 
biomass (Christmann et al. 2023).

Plot-based studies in tropical montane forests are 
few (but see Duque et al. (2021) and Cuni-Sanchez 
et al. (2021)), as researchers have primarily focused 
on C stocks in old-growth lowland rain forests (e.g. 
Brienen et al. 2015; Sullivan et al. 2017, 2020; Hubau 
et al. 2020). There have been some studies on 
C stocks in tropical secondary forests using perma-
nent plots (Poorter et al. 2016, 2021; N’Guessan 
et al. 2019), but very few along elevation gradients 
in the Andes (Spracklen and Righelato 2016). Such 
studies, however, are essential to understand how 
ecosystem structure and function change over space 
and through time (Hérault and Piponiot 2018) and 
assess their long-term potential for C sequestration 
and storage (Mathez-Stiefel et al. 2017).

The rate of primary productivity and hence 
C sequestration tend to decrease with secondary 
forest age (Poorter et al. 2021). For example, mean 
annual accumulation of C in stem biomass (above- 
ground carbon [AGC] following Duque et al. 
(2021)) between 1,000 and 2,250 m a.s.l. was 3.24  
Mg C ha−1 for forests up to 12 years after pasture 
recovery in southern Ecuador as opposed to 0.70  
Mg C ha−1 for forests between 15 and 40 years of age 
(Spracklen and Righelato 2016). Similarly, in the 
eastern Andes, a chronosequence study has 
reported annual AGC productivity of 6- to 8-year- 
old secondary forests at 3,000 m a.s.l. to be 6.79 Mg 
C ha−1 y−1 and 30-year-old forests at 2.98 Mg C ha−1 

y−1 (Fehse et al. 2002). The differences described in 
these studies between young and intermediate-age 
secondary forests may be attributed to the rapid 
establishment and fast growth rate of species during 
early successional stages (Fehse et al. 2002) and the 
high light availability compared to more mature and 
slower-growing species during the later stages with 
lower light availability (Matsuo et al. 2021).

Studies along elevation gradients in Andean for-
ests have shown that AGC stocks and productivity 
are related to both biotic (e.g. species richness [SR]) 
and abiotic (e.g. climate) conditions, alongside dis-
turbance history (Girardin et al. 2014; Duque et al. 
2021). Variations in AGC stocks and AGC produc-
tivity with elevation have been related to a decrease 
in temperature and tree SR (Lieberman et al. 1996; 
Duque et al. 2021), with their highest values 

typically found at low elevation (<1,100 m a.s.l.) at 
warmer temperatures (ca. 150 Mg C ha−1; Moser 
et al. (2011); Phillips et al. (2019)), and gradually 
decreasing with increasing elevation (ca. 99 Mg 
C ha−1 above 3,000 m a.s.l.; Girardin et al. (2010); 
Moser et al. (2011); Román-Cuesta et al. (2011)) as 
temperature decreased. However, the determinants 
of AGC dynamics in secondary forests remain 
limited.

The ‘mass-ratio hypothesis’ (Grime 1998; 
Hooper et al. 2005) proposes that direct controls 
on ecosystem processes, such as AGC productivity 
and tree growth, could be determined by the traits 
and functional diversity of dominant plant species 
in a community (Fauset et al. 2015; Finegan et al. 
2015). Research in lowland tropical forests has 
found support for this hypothesis and indicated 
that leave functional traits (LFTs), such as specific 
leaf area (SLA), were positively (Poorter et al. 2017) 
and negatively (van der Sande et al. 2017) related to 
AGC productivity, suggesting that plant traits are 
important AGC determinants.

Changes in environmental conditions with eleva-
tion, e.g. temperature, rainfall (Jarvis and Mulligan 
2011; Fyllas et al. 2017), in montane forests are 
related to plant traits, community trait assembly 
and thus ecological functioning (Luo et al. 2019; 
van der Sande et al. 2021; Llerena-Zambrano et al. 
2021). As elevation increases, LFTs change from 
acquisitive to conservative traits. Acquisitive traits 
(e.g. large leaf area) increase light interception and 
increase photosynthetic efficiency, resulting in 
higher AGC productivity. Conversely, conservative 
leaf traits (e.g. thick and small leaves) enhance 
nutrient retention, reduce transpiration and extend 
leaf lifetimes, slowing carbon gain but increasing 
survival (J. Ordoñez et al. unpublished). However, 
the relationship between plant functional traits and 
AGC dynamics throughout elevation has yet to be 
evaluated in secondary Andean forests.

Across large environmental gradients, SR has 
been found to be significantly related to AGC 
dynamics (Poorter et al. 2017). SR may enhance 
biomass stocks and dynamics through a variety of 
mechanisms. For example, niche complementarity 
or facilitation among species could increase biomass 
growth at the community level (Cardinale et al. 
2011). Likewise, dilution of species-specific patho-
gens could reduce diseases and thus increase pro-
ductivity (Schnitzer et al. 2011), ultimately 
increasing AGC stocks (Chisholm et al. 2013). Yet, 
in hyper-diverse tropical forests, the relevance of 
diversity varies due to SR saturation (Prado-Junior 
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et al. 2016; van der Sande et al. 2017, 2017) or its 
impact on AGC stocks alone (Poorter et al. 2015). 
Few studies have simultaneously explored the inde-
pendent effects of environmental conditions and 
diversity on AGC stocks and dynamics (Poorter 
et al. 2017), and none has examined these factors 
across extensive elevation gradients in secondary 
forests.

To our knowledge, no previous study in the 
Andes has simultaneously evaluated the relative 
importance of SR, trait composition, disturbance 
and microclimate conditions on carbon dynamics 
in tree communities along an elevation gradient. In 
this study, we assessed C stocks and productivity of 
the above-ground biomass (AGC following Duque 
et al. (2021)) of secondary forests of intermediate 
age (30–35 years old) in the Ecuadorian Andes. We 
aimed to identify the primary determinants of AGC 
stocks and productivity along a 3,000-m elevational 
gradient. Based on three censuses between 2015 and 
2019, we quantified tree SR, AGC stocks and pro-
ductivity within sixteen 0.36-ha secondary forest 
plots. Our objective included the (1) quantification 
of SR, forest structure and AGC accumulation along 
the elevation gradient after 30–35 years of forest 
recovery, contrasting these findings with previous 
reports on mature Andean forests; (2) identification 
of the factors related to forest structure, composi-
tion, AGC stocks and productivity along the eleva-
tion gradient and (3) assessing how tree mortality 
related with AGC dynamics throughout the eleva-
tion gradient. First, we predicted that the rapid 
growth and high rate of recruitment of tree indivi-
duals would lead to similar SR, forest structure, 
AGC stocks and productivity as found in mature 
forests (Duque et al. 2021; Cuni-Sanchez et al. 
2021). Second, we expected that SR and the dom-
inance of species with acquisitive leaf traits (e.g. 
large SLA) would decrease with elevation because 
of strong environmental filtering caused by decreas-
ing temperatures and as a physiological adaptation 
to reduce transpiration rates in leaves due to 
decrease in annual precipitation and increase UV 
radiation. The reduction in SR and increased dom-
inance of conservative tree species (e.g. low SLA and 
high leaf dry matter content (LDMC)) would, in 
turn, lead to reduced biomass growth and accumu-
lation because they invest more energy in develop-
ing leave tissue and allocate a lower proportion of 
resources in stem growth. Third, we expected that 
tree mortality and consequently carbon loss in the 
above-ground compartment (defined as AGC mor-
tality) would decrease with elevation (Ceballos et al. 

2021), driven by a decrease in temperature and 
a concomitant decrease in soil fertility (Poorter 
and Bongers 2006; Moser et al. 2011), causing 
a shift towards tree communities with conservative 
strategies, favouring survival over growth. Finally, 
we expected that past human disturbance (i.e. selec-
tive logging) could have altered this pattern by 
increasing mortality rates in secondary forests, 
overriding the effect of environmental conditions 
(Sheil and Bongers 2020).

Materials and methods

Study site and experimental design

Sixteen permanent plots, 60 m × 60 m in size, were 
established in 30- to 35-year-old secondary mon-
tane forests along the Pichincha Forest dynamic 
monitoring transect in 2015 (van Manen ML et al. 
2019; Llerena-Zambrano et al. 2021). The transect is 
found on the western versant of the Ecuadorian 
Andes (Figure 1) along an elevation gradient of ca. 
3,000 m (range: 632–3,507 m a.s.l.), covering four 
ecosystem types: piedmont, lower montane, mon-
tane and upper montane forest (Ministerio del 
Ambiente del Ecuador 2012). The plots were posi-
tioned in four elevation bands and separated by 
about 300 ± 100 m elevation from each other, each 
band containing four plots. Each plot was subdi-
vided into nine subplots (20 m × 20 m) for the cen-
sus of trees, palms and tree ferns to account for 
variation in forest structure (e.g. small vs. large 
trees, Chave et al. (2003)). Annual precipitation, 
ranged from 2,700 mm at the lower section (1,200  
m a.s.l.) to 1,250 mm in the upper section (3,100 m 
a.s.l.), with a bimodal distribution (van Manen ML 
et al. 2019).

The plots were established in successional forests 
(Pain et al. 2021) that were selectively logged and 
burnt in the 1980s, defined as secondary forests (i.e. 
secondary forests sensu latto, given that no com-
plete forest clearance has occurred in these plots). 
The plots were placed in forest fragments inside 
private reserves established in the 1980s where for-
est remnants have been recovering naturally since 
further human disturbance. By 2020, native forests 
covered nearly 68% (195,000 ha) of the study area 
and 12% (35,000 ha) corresponded to other native 
ecosystems (e.g. páramo and shrublands). The 
remaining 20% (57,000 ha) constitute pastures and 
agricultural land (Wiegant et al. 2020).

The plots were established in the middle of forest 
patches, which, based on Landsat 5 and 7 images, 
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have grown from a patch size of 170.7 ± 154.4 ha 
(mean ± SD) in 1985 to 181.6 ± 158.3 ha (mean ±  
SD) by 2015. In the meantime, forest edge density 
was reduced from 65.1 ± 44.5 m ha−1 (mean ± SD) in 
1985 to 59.8 ± 36.6 m ha−1 (mean ± SD) in 2015 (S1).

Estimations of AGC stocks and productivity

Tree censuses were conducted in 2015, 2017 and 
2019. To estimate AGB, data were collected using 
standardised methods (Phillips et al. 2009; Pinto 
and Cuesta 2019). The diameter of every tree, 
palm, and tree fern with ≥5 cm of diameter at breast 
height (DBH), corresponding to 1.3 m of height, 
was measured and recorded, identified to the spe-
cies level and tagged in 2015 and remeasured twice 
(Girardin et al. 2014). Tree total height (H) was 
estimated visually, and 10% of the population 
within each plot was randomly measured using 
clinometers (Suunto). These data were used to 
develop a tree H:DBH model at the plot level 
using the function model HD of the BIOMASS 
package in R (Réjou-Méchain et al. 2017). The gen-
eration of the H:DBH model serves two roles: (1) to 
avoid under- and over-estimations of tree height at 

lowlands and highlands, respectively, and (2) to 
homogenise AGB estimates along elevation gradi-
ents (Phillips et al. 2019). The function uses four 
models: two log-log polynomial models, a three- 
parameter Weibull model and the two-parameter 
Michaelis–Menten model (S2). The function with 
the lowest Residual Standard Error (RSE) and aver-
age bias was considered the best estimate for each 
respective plot (S2).

Carbon estimates were based on data integrated 
from all plots in the BIOMASS package (Réjou- 
Méchain et al. 2017). The BIOMASS package first 
corrects and uses the last validated taxonomic names 
and determines the wood density (WD) values per 
species using the getWoodDensity function, according 
to published WD datasets (Chave et al. 2006; Zanne 
et al. 2009). This function assigned WD values to each 
stem found in the plots. In cases where the WD value at 
the species level could not be assigned, the average 
value for the genus or family level was used. For 
stems without a taxonomic identification, the average 
WD value of all other stems found within the plot was 
used (Peña and Duque 2013). Finally, for AGB esti-
mates at the individual and plot level, the BIOMASS 
package uses a pantropical forest allometric equation 

Figure 1. The Pichincha forest dynamics monitoring transect on the western versant of the Ecuadorian Andes, located near Quito 
in the Andean Choco Biosphere Reserve, comprises 16 permanent plots (represented by coloured dots along the elevation 
gradient) spanning an elevation of ca. 3,000 m (represented in greyscale).
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defined as AGB ¼ 0:0673� WD� DBH2 �Hð Þ
0:976 

(Chave et al. 2014). Tree values (kg) were summed to 
estimate the biomass at the plot level, which was then 
scaled the hectare level (Mg ha−1). To obtain AGC 
values, we multiplied the individual plot AGB value 
by a conversion constant of 0.456 that corresponds to 
wood C concentration estimated for pantropical forest 
species (Martin et al. 2018).

Three measures of productivity were used for this 
study. The AGC net change (AGCnc Mg ha−1 y−1) 
was calculated as the difference between the total 
AGC stocks in the last census (2019) and the total 
AGC stocks in the initial census (2015). This value 
was then divided by the elapsed period of 4 years 
(Duque et al. 2021). To estimate the AGC produc-
tivity (AGCp Mg ha−1 y−1) between 2015 and 2019, 
we considered the growth of living trees over 4  
years, the growth of 2017 recruits over 2 years 
(2017–2019) and added AGC of the recruits at the 
time of the last census in 2019 (Phillips et al. 2019). 
To avoid overestimate the overall increase in AGC 
due to the inclusion of recruitment in 2019, we 
subtracted the AGC corresponding to a tree of 
4.99 cm per recruit or individuals with DBH ≥5  
cm; in this way, we considered only the increment 
over 5 cm as growth in recruits (e.g. for a recruit 
with 5.5 cm of DBH in the last census, only 0.50 cm 
was considered as growth; Talbot et al. (2014)). The 
individual growth values were summed to obtain 
a per plot value of productivity, referred to as AGC 
growth of survivors and recruits. Values were then 
divided by the time interval between censuses and 
scaled to a per hectare value. AGC mortality (AGCk 

Mg ha−1 y−1) was calculated as the sum of the AGC 
contained in all individuals that died between cen-
suses, divided by the time between censuses.

Climate and soil data

Two temperature sensors (TidbiT® v2 Temp 
Logger) were planted in each plot in 2015; one 
sensor was buried 10 cm below the ground surface 
(BG10 cm), and the other was positioned 10 cm 
above the ground surface (AG10 cm). A HOBO Pro 
v2 Temp/RH sensor was installed at 1 m above the 
ground surface to measure relative humidity as 
a complement to the temperature data; this sensor 
also provides an extra above-ground surface tem-
perature record (AG1 m). From these sensors, we 
derived the following parameters, related to envir-
onmental filters that facilitate the assimilation of the 
nutrients in Andean forest species (Leuschner et al. 
2007; Salinas et al. 2011): such as the minimum 

(minDT), mean (meanDT) and maximum 
(maxDT) daily temperatures, calculated across 
2016–2020 (S3). Mean annual precipitation (AP) 
was extracted from the CHELSA bioclimatic data-
sets (Karger et al. 2017) at 30 arc second resolution 
(pixel size = 928 m × 921 m = 0.85 km2 at the 
equator).

Principal component analysis (PCA) was used to 
reduce the number of temperature variables to 
reduce the multicollinearity and better captures 
environmental variations along the elevational gra-
dient (Báez et al. 2015). PCA summarises the nine 
temperature variables collected per plot along the 
transect, six above-ground temperatures at two dif-
ferent heights, three at 10 cm and three at 1 m and 
three at 10 cm below ground were used to derive 
temperature PCA axes (TEMPPCA1) (S3).

Soil pits of 1 m3 (1 m × 1 m × 1 m) were dug 
outside each plot, where soil horizons were identi-
fied and measured to determine the sampling depth 
along the gradient. Six soil samples were collected 
per plot within three of the nine subplots, at 16 and 
32 cm depths, where the greatest amount of organic 
matter is concentrated (Zimmermann et al. 2010). 
The soil samples were collected using a soil borer, 
stored in hermetically sealed plastic bags to avoid 
moisture loss, and transported to the laboratory for 
processing. Soil samples were analysed for total 
C (%), N (%) and S (%) at the University of 
Amsterdam (UvA) using an Elementar-Organic 
Elemental Analysis. We collected undisturbed soil 
cores, using Kopecky rings (4 cm wide × 5 cm deep) 
in an area free of litter and fine woody debris to 
determine bulk density. Nine samples per plot were 
taken, one per subplot, and the soil that exceeded 
the upper and lower edges of the cylinders was 
carefully removed. Soil organic C (SOC) was deter-
mined as C content (Mg ha−1) = (ρ * h * C), where ρ 
is the bulk density of the soil measured in g cm−3, 
h is the depth at which the sample was taken (cm) 
and C is the percentage by weight of organic carbon 
in the soil (Hribljan et al. 2016).

Leaf functional traits

Mean-community leaf trait values weighted by basal 
area were estimated from the trait database 
(Llerena-Zambrano et al. 2021). The leaf functional 
traits (LFTs) database was updated in 2019 and 2020 
with additional species information and linked to 
the ecological data associated with each plot. 
Specifically, the following LFTs were included: (1) 
leaf area (LA), (2) specific leaf area (SLA), (3) leaf 
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blade thickness (LBT) and (4) leaf dry matter con-
tent (LDMC). Species were sampled considering the 
mass-ratio hypothesis (Grime 1998), i.e. we mea-
sured leaf traits for species that contributed 58–86% 
(mean ± SD = 76% ± 6.4%) of the total basal area of 
each plot (5–29 species per plot; S4). Overall, LFTs 
were determined for 125 tree species and then 
scaled to community level to generate community 
scores (Ackerly and Cornwell 2007).

Effects of disturbance on AGC stocks and 
productivity

Since the exact time of land use abandonment and 
thus the age was not known for our forest plots, 
possible successional stages were assessed using the 
framework of Coomes and Allen (2007), in which 
a size-dependent mortality parameter β is used to 
describe how mortality of the community is related 
to DBH size by distinguishing three phases of forest 
development: (1) competitive thinning (i.e. early 
recovery after disturbance), (2) mature thinning and 
(3) mature forests. In the early stages of succession, 
mortality rates are mainly due to the death of small 
individuals and of fast-growing species. As forests 
mature, mortality rates become driven more by 
large adult individuals, i.e. the early-successional spe-
cies that reached their maximum size and are being 
replaced by slower-growing species, and by random 
deaths (e.g. due to landslides) that create space and 
light gaps for recruits. To assess the effect of past 
human disturbances on C stocks and productivity, 
we used a size-dependent β in the General Linear 
Model (GLM) function, from the stats package in 
RStudio (RCoreTeam, 2016), with a binomial error 
structure (Coomes and Allen 2007). The β values 
reported derive from the logistic regression logit 
(pD) = a + bD, where pD is the probability of death 
and D is the initial stem size. Plots influenced by 
competitive thinning tend to have a small β, while 
plots more affected by the loss of large mature trees 
have a large β; finally, those influenced by mature 
thinning have intermediate values.

Data analyses

Forest composition and structure
We analysed patterns of tree community composition 
along the elevational gradient by constructing an abun-
dance matrix for all tree species and plots for the last 
census. We used PRIMER 6 (Clarke and Gorley 2006) 
to create a between-plot Bray-Curtis similarity matrix 
as a similarity measure and performed a non-metric 

multidimensional scaling analysis [NMDS; Clarke and 
Gorley (2006)]. Furthermore, we performed 
a hierarchical agglomerative cluster analysis using 
a group average linkage procedure. We assessed the 
significance of each group using the Similarity Profile 
routine, SIMPROF, which tests data against the null 
hypothesis of the absence of a structure (Clarke 1993). 
Lastly, we correlated the ordination matrix with envir-
onmental variables using Pearson’s correlation to 
address which variables contributed to the resulting 
groups (only correlations higher than 0.8 were 
included; collinear environmental variables were 
discarded).

To estimate tree SR while also accounting for 
differences along the elevational transect, we used 
observed SR and rarefied species richness 
[SRrarefied; Homeier et al. (2010)]. We used the 
individual-based rarefaction method of Gotelli 
and Colwell (2001), taking the number of species 
expected in a sample of 220 trees from a 3,600-m2 

plot, where the value of 220 corresponds to the 
smallest number of trees found in any of the 16 
plots. Subsequently, we performed bivariate linear 
regressions to assess SR and forest structure 
across the elevational gradient using JMP 8 (SAS 
Institute Inc. 2008) statistical software. 
Specifically, mean community tree height, DBH, 
the square root-transformed value of DBH (to 
provide equal representability to all diametric 
classes and reduce the biased effect of the largest 
and smallest tree diameters), mean community 
WD and mean community stem slenderness of 
trees with dbh >5 cm (ratio height:DBH) were 
quantified across the elevational gradient.

Above-ground carbon (AGC) stocks and 
productivity

We used simple bivariate linear regressions to relate 
individual environmental and ecological factors, as 
independent variables, to observed AGC stocks and 
productivity, as dependent variables, across the ele-
vation gradient (S5). Independent variables included 
climate factors, community weighted mean for leaf 
functional traits (CWM_LFT), soil properties, SR 
and the β parameter. We tested four different metrics 
as dependent variables: (1) AGC stocks in the 2019 
census (AGCfinal), (2) AGC net change in AGC 
stocks (AGCnc), (3) AGC productivity (AGCp) and 
(4) AGC mortality (AGCk) (Figure 2, S6).

Subsequently, we built structural equation models 
(SEMs) to assess the relationship between ecological, 
environmental and disturbance factors on C stocks 
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and their productivity along the gradient (van der 
Sande et al. 2017). The SEMs included climate, CWM_ 
LFT, soil properties, SR and the β parameter as inde-
pendent variables. We performed a series of pair-wise 
Spearman-correlation analyses to determine explana-
tory variables to be used in the SEMs: abiotic factors 
(temperature, precipitation, soil conditions, and dis-
turbance parameter), and biotic factors (SR and 
CWM_LFT) (S7); AGC stocks and productivity 
metrics were described as endogenous variables (S8).

To determine significant sources of variation in 
AGC stocks and their dynamics across the gradi-
ent, we generated several SEMs to identify the 
most parsimonious model per AGC metric using 
SPSS AMOS 27 (Arbuckle 2006). The number of 
models for each AGC metric was related to the 
number of possible explanatory variables identi-
fied in the correlation analyses (S7). We selected 
the best model considering the Akaike informa-
tion criterion (AIC) and the Root Mean Square 
Error (RMSE) together with the number of inde-
pendent variables used per model (Grace 2006). 
Those with the lowest AIC, RMSE and smallest 
number of independent variables were considered 
the best models (S8).

Lastly, to assess the significant relationships of the 
total, direct and indirect effects among the endogen-
ous and exogenous variables, we used a bootstrapping 
analysis to estimate the 95% confidence intervals (CI), 
of the selected AGC models (Duque et al. 2021). To 
assess the relative contribution of each group of vari-
ables to explaining variation in AGC stocks and pro-
ductivity along the elevational gradient, we used 
estimates of the standardised coefficients in each 
path of the model and R2 for each of the AGC variable 
(S9-S12).

Results

Forest composition and structure

We measured 7,432 stems (DBH ≥5 cm) between 
2015 and 2019, distributed across 82 families, 205 
genera and 432 species; 90% of the stems were iden-
tified to species level, 7% to family or genus level, and 
3% were unidentified. The most species-rich families 
were Lauraceae (32 spp.), Melastomataceae (31 spp.), 
Rubiaceae (29 spp.), Fabaceae (26 spp.), and 
Moraceae (26 spp.). Dussia lehmannii (632–2,492 m 
a.s.l.), Turpinia occidentalis (632–3,109 m a.s.l.), 

Figure 2. Non-metric multidimensional dimensional scaling analysis (NMDS) of 16 tree species assemblages (plots) along the 
Pichincha forest dynamics monitoring transect, Andean Choco Biosphere Reserve, Ecuador. The similarity distance used was that 
of Bray-Curtis with the abundance scores of the species (square-root transformed) as the main grouping criterion. The vector 
represents the Pearson correlation (> 0.8) of TEMPPCA1 with the first ordination axis (NMDS1). TEMPPCA1 equals the estimated air 
temperatures from dataloggers installed in each plot that integrates recorded mean, maximum and minimum temperatures. 
TEMPPCA1 has a 0.95 correlation with the first NMDS axis.
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Critoniopsis occidentalis (1018–2932 m a.s.l.), Guarea 
kunthiana, Miconia clathrantha (653–3,109 m a.s.l.) 
and Miconia theaezans (1018–3109 m a.s.l.) were the 
most common species, present in at least in 50% of 
the plots across the transect. Forest composition gra-
dually changed along the elevation gradient. The 
composition of the lowland forest (600–1,200 m a.s. 
l.) was dominated by Leguminosae (Inga), Moraceae, 
Rubiaceae, and Arecaceae, which gradually decreased 
as elevation increased and peaked between 1,000 and 
1,200 m a.s.l. Above 2,000 m a.s.l., the composition 
consisted of species from the Lauraceae, 
Melastomataceae, and Rubiaceae families and tree 
ferns, such as Cyathea. Above 3,000 m elevation, 
vegetation was dominated by species from the 
Melastomataceae, Chloranthaceae, Primulaceae, 
Cyatheaceae, Actinidiaceae and Asteraceae 
families (S13).

The NMDS (stress: 0.07) segregated the forest 
plots into four groups along the elevation gradi-
ent (first ordination axis) – the low-elevation 
plots on the left-hand side of the diagram and 
the mid- to high-elevation plots, placed at the 
centre and on the right-hand side, respectively 
(Figure 2). TEMPPCA1 was the main variable 
related to this distribution (R = −0.96; P ˂ 0.05). 
SR decreased as elevation increased (R2 adj= 0.75; 
P < 0.0001), at 800 m a.s.l., MALO_02, was the 
plot with the highest number of species (113 
spp.), and at 3,500 m a.s.l., YANA_01, showed 
the lowest number (18 spp.) (Table 1). A similar 
negative trend was observed with mean daily 
temperature (R2 = 0.99; P < 0.0001) and mean 
annual precipitation (R2 = 0.69; P < 0.0001) 
(Table 1). We found the same pattern when 
using rarefied SR as the dependent variable, but 
the slopes were steeper than regression results 
for the observed SR (Table 1).

Tree height across the gradient was 11.3 ± 1.7  
m (mean ± SD), with the tallest trees present at 
lower elevations, 13.2 ± 6.6 m (mean ± SD), below 
1,000 m a.s.l. (S2). Tree height significantly 
decreased as elevation increased (Table 1) and 
the smallest trees, 9.6 ± 1.6 m (mean ± SD) were 
found above 2,900 m a.s.l. On average, trees had 
a higher height to DBH ratio in the lowest eleva-
tion plots. Across the elevation gradient, from 
600 to 3,500 m a.s.l., the average height to DBH 
ratio (i.e. slenderness) per plot declined from 
0.996 to 0.604 (Table 1). We found no trend in 
plot basal area, with values ranging between 6.9 
and 12.1 m2 per 3,600 m2 or 19.1 and 33.5 m2 

ha−1, respectively. The WD and DBH for all 

plots were 0.52 ± 0.1 g cm−3 (mean ± SD) and 
13.87 ± 1.74 cm (mean ± SD), respectively. We 
did not observe significant differences along the 
elevation gradient for WD and DBH (Table 1).

Above-ground carbon (AGC) stocks and 
productivity

Mean AGC stock across the elevation gradient 
was 76.3 ± 24.4 Mg C ha−1 (mean ± SD) in 2015 
and increased to 81.4 ± 26.0 Mg ha−1 (mean ± SD) 
in 2019, equivalent to a mean annual increase of 
1.99 ± 0.99 Mg C ha−1 y−1 (mean ± SD) (Figure 3, 
S6). AGC stocks declined significantly from 
157.6 Mg C ha−1 at 800 m a.s.l. to 46.4 Mg 
C ha−1 at 3,500 m of elevation (Figure 3, S6), 
following trends in temperature and precipitation 
(Figure 4).

Across all plots, the average net AGC change was 
1.27 ± 0.99 Mg C ha−1 y−1 (mean ± SD) and AGC mor-
tality was 0.92 ± 0.62 Mg C ha−1 y−1 (mean ± SD) (S6). 
AGC net change and AGC productivity covaried sig-
nificantly with elevation. We found no elevation trend 
with AGC mortality (Figure 4), but it was positively 
related to the β parameter (i.e. disturbance) (R2 adj. =  
0.19; P = 0.049; Figure 4).

The SEM for AGC stock (AGCfinal) showed 
a direct negative relationship with community- 
weighted mean leaf thickness (CWM_LBT) and 
a positive indirect effect of TEMPPCA1 (P < 0.05) 
on AGC stocks (Figure 4A, S9). CWM_LBT was 
negatively related to temperature (TEMPPCA1) 
and annual precipitation (i.e. in wetter and war-
mer conditions tree communities were charac-
terised by thinner leaves) (Figure 4A; S9). The 
SEM for AGC productivity (AGCp) showed that 
temperature (TEMPPCA1) had a strong positive 
effect on AGCp (Figure 4B, S10), indicating that 
plots under warmer conditions had a faster bio-
mass accumulation. Forest productivity was 
negatively related to leaf area (CWM_LA), and 
both CWM_LA and SR were positively related to 
temperature. The selected SEM for AGC mortal-
ity showed a strong positive relationship with 
disturbance (β parameter) and a strong negative 
relationship with soil fertility (Nsoil), indicating 
that tree mortality increased on infertile soils and 
at high levels of recent disturbance (Figure 4C; 
S11). As with the AGCp model , AGC net change 
(AGCnc) was significantly related to temperature, 
but not to diversity or functional trait composi-
tion (Figure 4D, S12).
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Discussion

Our objective was to assess the potential of sec-
ondary forests for sequestering C in the above- 
ground vegetation and identify how climate and 
forest composition (in terms of diversity, forest 
structure and community-mean leaf traits) are 
related to C stocks and sequestration along 
a 3,000-m elevational gradient. We found that 
composition (i.e. SR) and AGC stocks of 30- to 
35-year-old forests were similar to that of mature 
Andean forests but with differences in some of the 
structural variables (i.e. basal area and tree 
height). Furthermore, AGC stocks and productiv-
ity were negatively related to tree community 
functional composition, and both AGCp and 
AGCnc were positively related to temperature. 
Tree mortality increased with an increase in com-
petitive thinning (β parameter) and decreased 
with soil fertility (total N content). Moreover, 

AGC stocks and their annual increments along 
the elevation gradient were similar to patterns 
reported for mature Andean forests.

Changes in forest species composition and 
structure along elevation

We found that SR showed a hump-shaped relation-
ship with elevation, with a peak between 800 and 
1,200 m a.s.l. (Table 1), a trend that aligns with 
other studies in tropical montane forests 
(Lieberman et al. 1996; Homeier et al. 2010; 
Girardin et al. 2014; Malizia et al. 2020). 
Temperature decreases with elevation monotoni-
cally, while for SR a hump-shaped pattern curve is 
observed when temperature decreases. SR shows 
peak values between 19.7–20.7°C and a steady 
decline below 16°C, a temperature that coincides 
with the cloud immersion zone in our study area. 

Figure 3. Relationships between above-ground carbon stocks and productivity with elevation, Pichincha forest dynamics 
monitoring transect, Andean Choco Biosphere Reserve, Ecuador. (A) above-ground carbon stock in 2015 (AGCinitial; Mg C ha−1), 
(B) above-ground carbon stock in 2019 (AGCfinal; Mg C ha−1), (C) above-ground carbon productivity (AGCp; Mg C ha−1 y−1), (D) 
above-ground carbon mortality (AGCk; Mg C ha−1 y−1), (E) above-ground carbon net change (AGCnc; Mg C ha−1 y−1). Solid lines 
represent bivariate relationships, and the elevation of each forest community (plot) is included in the figure as a colour gradient.
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Girardin et al. (2014) have found a similar trend in 
six transects across the tropical Andes in Bolivia, 
Ecuador and Peru. They argued that the observed 
pattern emphasises the importance of cloud forma-
tion as a driver of species composition and turnover 
along elevation in tropical montane forests. The 
results of our NMDS portray a high turnover in 
species composition along our elevation gradient, 
indicating that most species are restricted to a small 
elevation range, suggesting strong environmental 
filtering and/or adaptation in forming tree commu-
nities along the elevation gradient. However, the 
conspicuous change in species composition could 
also be a legacy effect of past human disturbances or 
a combination of both. The peak of SR between 800 
and 1,200 m a.s.l. may be attributed to 
a combination of factors, including the presence of 
Chocó lowland tree species reaching their upper 
distribution limits, as well as the presence of mon-
tane forest species.

Mean stand tree height and slenderness 
decreased with increasing elevation (Table 1). The 
small stature of the forests at elevations >2,000 m a. 

s.l. is related to decreasing temperatures combined 
with a reduced light incidence due to a persistent 
cloud cover and higher relative humidity that limit 
tree growth. The mechanisms underlying this rela-
tionship could be the trade-offs between tree growth 
vs. persistence, whereby tree communities adapt to 
harsher environmental conditions by limiting 
resource acquisitive strategies towards conserving 
resources at high elevations, as previously docu-
mented for our study area (Llerena-Zambrano 
et al. 2021) and other tropical montane forests 
(Girardin et al. 2010; Homeier and Leuschner 
2021). Further, the negative relationship between 
tree height and elevation found in our study is 
similar to that found for mature tropical montane 
forests (Girardin et al. 2014; Homeier and 
Leuschner 2021). However, our tree height values 
are consistently lower than those reported for 
mature forest, particularly for plots between 600 
and 1,500 m a.s.l., which is likely to be indicative 
of recovery from past human impacts; three- 
quarters of the trees ranged between 2.6–13 m in 
height, with only 8% of the trees larger than 20 m. 

Figure 4. Structural equation models (SEMs) developed to evaluate the effects of climate (TEMPPCA1, and AP), rarefied species 
richness (SRrarefied), leaf blade thickness community weighted mean (CWM_LBT), leaf area community weighted mean (CWM_LA), 
nitrogen in soil (Nsoil) and the size-dependent probability of mortality (BETA) on above-ground carbon dynamics, Pichincha forest 
dynamics monitoring transect, Andean Choco Biosphere Reserve, Ecuador. (A) above-ground carbon stock in 2019 (AGCfinal; Mg 
C ha−1), (B) above-ground carbon productivity (AGCp; Mg C ha−1 y−1), (C) above-ground carbon mortality (AGCk; Mg C ha−1 y−1), 
(D) above-ground carbon net change (AGCnc; Mg C ha−1 y−1). The values over the arrows correspond to the linear coefficients of 
the predictor variables. Positive numbers and blue arrows represent significant positive relationships, negative numbers with red 
arrows determine significant negative relationships, and black arrows illustrate non-significant relationships between variables. 
Thick arrows indicate highly significant relationships (P ≤ 0.01); thin arrows indicate significant relationships (0.01 < P ≤ 0.05). R2 = 
coefficient of determination of the overall model.
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We found a similar pattern for DBH class distribu-
tion; 75% of the 7,432 stems measured across the 
transect had a DBH under 16 cm, and only 5% had 
a DBH larger than 30 cm. The values of basal area in 
our study were lower, 26.0 ± 3.8 m2 ha−1 (mean ±  
SD), than the values reported for the mature mon-
tane forests of the Andes, 30.3 ± 16.7 m2 ha−1 

(mean ± SD), over 236 plots (for trees >10 cm 
DBH) distributed along ca. 4,000 km of latitude 
from Venezuela to Argentina (Malizia et al. 2020). 
Likewise, in a recent study in mature montane for-
ests of Africa, Cuni-Sanchez et al. (2021) have 
reported a basal area of 39.0 ± 14.8 m2 ha−1 (mean  
± SD), due to a high number of large trees, 19.1 ±  
15.4 (mean ± SD) or trees whose DBH was >70 cm. 
Therefore, the distributions of tree size, tree-height 
classes, and basal area in our secondary forests are 
expected to require several decades to resemble 
those observed in mature Andean forests 
(Homeier et al. 2010; Spracklen and Righelato 
2014), especially for canopy trees due to their slow 
turnover rate (Saldarriaga et al. 1988), contrary to 
what we expected.

Above-ground carbon (AGC) stocks

We found a 1.8-fold decline in AGC across the 
3,000-m elevation gradient, a trend similar to that 
found in mature Andean forests (Moser et al. 2008; 
Girardin et al. 2010). Given that DBH, basal area 
and WD did not vary significantly with elevation, 
we suggest that this decline in AGC stocks is pri-
marily attributable to changes in tree height 
(Feldpausch et al. 2012). The influence of low tem-
peratures on tissue development, as new cell gen-
eration is acutely temperature sensitive (Körner 
2003, 2015), might underlie this trend, suggesting 
a potential sink limitation. Conversely, Moser et al. 
(2011) have argued that the significant decrease in 
tree height, AGB and annual productivity with ele-
vation resulted from both below-ground shifts in 
carbon allocation and reduced carbon source 
strength due to a considerable reduction in leaf 
area and not of reduced photosynthetic activity. 
Therefore, temperature-induced reductions in car-
bon sink strength (linked to lowered meristematic 
activity) appeared to be of secondary importance. 
This shift in LFTs may provide insights into 
a potential mechanism for the heightened limita-
tions in canopy carbon acquisition with increasing 
elevation (Homeier and Leuschner 2021). 
Nonetheless, further research is needed to 

comprehensively quantify the contribution of each 
sink and source limitation factors to the observed 
patterns.

Letcher and Chazdon (2009) have reported 
a rapid early accumulation of AGC stocks in low-
land secondary forests (≥2.5 cm DBH) and found 
larger mean ± SD AGC in intermediate-aged forests 
(>30 years; 108.3 ± 27 Mg C ha−1) compared to 
those in mature forest (76 ± 14.8 Mg C ha−1). They 
attributed this pattern to a higher density of stems 
in younger forests due to the weak effect of density- 
depended self-thinning regulating tree distributions 
and AGC stocks at the plot level. In our study, after 
four years, almost all our plots increased in stem 
density and decreased in average DBH, suggesting 
that a similar process may be occurring (Figure 4). 
These findings suggest that even though our accu-
mulated mean ± SD AGC values are large (81.4 ±  
25.95 Mg C ha−1) and similar to those reported by 
Duque et al. (2021) for mature forests across the 
Andes (77.17 ± 28.30 Mg C ha−1), tree DBH and 
tree-height class distributions still resemble second-
ary forests under a mature thinning process (sensu 
Coomes and Allen 2007).

Functional composition drives C stocks and 
productivity

We expected that along elevation, species with con-
servative trait values would become more abundant 
because increasing elevation and decreasing tempera-
tures reduce metabolic rates by various mechanisms, 
such as altered leaf morphology, which in turn might 
lead to reduced C stocks and sequestration. Our SEM 
model showed that temperature was not directly 
related to AGC stocks, indicating that rather than 
directly constraining AGC, temperature is related to 
AGC indirectly by changing the functional composi-
tion (S9). Communities dominated by thick-leaved 
species had lower AGC stocks, which could be attrib-
uted to lower temperatures acting directly on leaf 
development or indirectly via lower soil nutrient avail-
ability at higher elevations (see also Kitayama and Aiba 
2002) (Figure 3a). High CWM_LBT may result in low 
AGC due to different resource allocation patterns by 
tree species at different elevations. Tree species at high 
elevations allocate more resources to leaf tissue, invest-
ing an increased amount of photosynthates in struc-
tural components like additional cell layers and 
specialised tissues to enhance support and reduce 
water loss (Reich et al. 2003; Liu et al. 2020). 
Conversely, tree species at low elevations typically 
exhibit thinner and broader leaves and allocate 
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a greater proportion of resources to the stem, which 
contributes to an increase in growth (Reich et al. 2003; 
Homeier and Leuschner 2021) and AGC levels. In 
addition, it is possible that small and tough leaves 
have a longer lifespan, withstand strong wind, and 
suffer less damage from intense radiation, a trade-off 
between persistence vs. growth, resulting in lower 
C stocks. Similar findings in the southern Andes of 
Ecuador suggest that temperature along the elevation 
gradient drives tree community assembly and ecosys-
tem functioning indirectly through its effect on plant 
traits (Dantas de Paula et al. 2021), along with an 
indirect effect through soil nutrient dynamics on 
AGC stocks.

Our forest plots recorded an annual mean ± SD 
increment in AGCp of 1.99 ± 0.99 Mg C ha-1 y−1, 
larger than the productivity reported by Duque et al. 
(2021) across the Andes (1.25 ± 0.82 Mg C ha−1 y−1), 
confirming our expectation of increased annual pro-
ductivity in our secondary forests compared to the 
mature forests of the Andes. This also confirms the 
high potential of secondary forests to contribute to 
climate change mitigation via carbon sequestration 
during natural regeneration and their structure (and 
presumably their AGCp) will resemble those of 
mature forest.

We expected AGCp in our plots to be related to 
temperature, SR, and LFTs variations across the gra-
dient as an effect of the dominance of fast-growing 
species with acquisitive strategies and also be more 
diverse in the lowlands, contrasting to the prevalence 
of slow-growing species with conservative acquisition 
strategies and particularly less diverse at high eleva-
tions. Mean ± SD AGCp in our transect (1.99 ± 0.99  
Mg C ha−1 y−1) was negatively related to the commu-
nity-weighted mean leaf area (CWM_LA) and posi-
tively and directly related to temperature. Moreover, 
temperature was positively related to CWM_LA, indi-
cating that CWM_LA is greater for plots at high tem-
peratures at low elevations, similar to that reported for 
the Amazon – Andes transect by van der Sande et al. 
(2021). Hence, in line with the results obtained for 
AGC stocks, climate also appears to be indirectly 
related to AGC productivity through its effect on func-
tional trait composition. Positive relationships between 
forest productivity and temperature have been docu-
mented for mature Andean forests (Girardin et al. 
2010; Duque et al. 2021). However, perhaps these 
relationships are not direct but mediated by changes 
in functional composition. The negative relationship 
between AGCp and CWM_LA could be related to the 
observed peak of productivity in plots from the middle 
section of the transect (1,200–2,500 m a.s.l.), where 

dominant trees had smaller leaves compared to the 
average LA of the dominant species from the lower 
plots (600–1,200 m a.s.l.). The dominant species in the 
three most productive plots had a mean ± SD LA of 
134.1 ± 104.7 cm2 and a mean ± SD increase of 3.10 ±  
4.9 kg of C over 4 years. The large productivity of the 
dominant species of the middle section plots suggests 
that mid-successional species drive carbon allocation 
in their above-ground compartment due to recent past 
human disturbance, equalling or surpassing AGCp of 
forest communities from lower elevations (Lohbeck 
et al. 2015).

Species richness is not related to carbon dynamics

Contrary to our expectations, we found no significant 
relationship between tree SR and AGC stocks and 
productivity. Theoretical predictions suggest that 
greater SR should enhance community productivity 
due to complementary resource use and positive spe-
cies interactions (Fei et al. 2018). However, the findings 
from our SEM model suggest that community-mean 
leaf traits, which are mostly determined by the most 
dominant species (the mass-ratio theory; Grime 1998), 
had a major effect on C dynamics in our studies forests. 
Large-scale studies in highly diverse lowland forests 
reported a robust positive effect of SR on AGC 
dynamics perhaps because a potential scale-related 
factor, suggesting that the significance of SR might be 
more pronounced when comparing forests across 
a broader spatial gradient with strong environmental 
contrast (Poorter et al. 2015, 2017). Additionally, it 
may be that the relationship between SR and ecosys-
tem dynamics is more pronounced within mature 
forests, in contrast to disturbed forests where the 
effects are less consistent, possibly because higher 
diversity and structural complexity lead to greater 
complementarity (van der Sande et al. 2017). 
However, the number of studies providing 
a mechanistic explanation of AGC dynamics and bio-
diversity attributes for montane forests, particularly 
those in the Adean region, is limited. The standardisa-
tion of methods to measure and quantify the effect of 
SR at large and local scales, which not only consider 
environmental variation (e.g. elevation gradients) but 
successional stages, is required to elucidate the 
dynamic relationship between SR and ecosystem func-
tioning, such as AGC dynamics in tropical forests. 
Additionally, the inclusion of new dimensions of 
diversity (e.g. phylogenetic diversity) could provide 
additional insights and complement our understand-
ing of the underlying drivers that control ecosystem 
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functioning in secondary forests (Maherali and 
Klironomos 2007; Cadotte et al. 2008).

Tree mortality increases with low soil fertility and 
disturbance history

We hypothesised that tree mortality would 
decrease along elevation due to a shift in plant 
strategies favouring persistence over growth due 
to harsher conditions at colder sites. Further, we 
expected that past human disturbances could 
alter this pattern by increasing mortality rates 
by competitive thinning, overriding the effect of 
environmental conditions. Our best SEM model 
indicated that soil fertility (total nitrogen) 
decreased and human disturbance (β parameter) 
increased tree mortality. We did not observe 
a significant effect of temperature on tree mor-
tality. Instead, our results indicated that 
decreases in soil total N is the strongest factor 
associated with increased mortality rates (de 
Toledo et al. 2011), suggesting that less fertile 
soils may be associated with greater rates of 

tree deaths and shorter lifespan. This relationship 
was primarily driven by two plots with the high-
est mortality and productivity rates and the low-
est soil N contents. In fact, Wolf et al. (2011) 
have found evidence that in montane forests of 
southern Ecuador, forest productivity is limited 
by N. However, the low soil N contents of these 
plots could also be explained by disturbance 
legacies often overlooked in ecological studies 
(Sheil and Bongers 2020). The duration of 
N limitation in secondary forests might be 
short (Herbert et al. 2003) or last for decades 
(Markewitz et al. 2004), which seems to be the 
case at our study site. However, further studies 
are required to assess the relationship between 
nutrient effects and tree mortality, together with 
soil texture properties along the elevation gradi-
ent. The positive relationship of the size- 
dependent mortality, indicated by the β parame-
terand AGCk implies that plots underwent multi-
ple mortality events followed by a pulse of tree 
recruitment (i.e. trees that reach 5 cm DBH), 
which is confirmed by a decrease in the mean 

Figure 5. Change in stem density and mean community DBH for 16 permanent plots in an elapsed period of 4 years, Pichincha 
forest dynamics monitoring transect, Andean Choco Biosphere Reserve, Ecuador. Circles correspond to the census of 2015 and 
triangles to the census of 2019. The elevation of each forest community is included in the figure as a colour gradient (adapted from 
J. Ordoñez et al. unpublished).
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tree size but a concomitant increase in stem 
density for most of the plots (Figure 5). We 
observed the highest mortality rates among 
small trees (5–9.8 cm DBH) in the plots with 
the largest AGCnc, and a general high mortality 
of medium-sized (9.81–16.4 cm DBH) pioneer 
trees (i.e. low negative β values), or individuals 
that have probably reached their mature size and 
were dying, allowing recruitment of younger 
trees that presumably belong to a more advanced 
successional stage [i.e. secondary shade tolerant 
or slower-growing species; Coomes and Allen 
(2007)]. This suggests that AGCk is influenced 
by medium-sized tree mortality and exhibits the 
highest rates in plots characterised by higher 
productivity (Ceballos et al. 2021), proposing 
that some of our plots may be in a competitive 
thinning phase, while others have reached 
a mature thinning phase.

For AGC net change, temperature was the 
main driver of C with a direct and positive effect 
(Piponiot et al. 2022). We found a direct negative 
relationship between temperature and mean 
annual precipitation, and community 
CWM_LBT and SR, which is in line with pre-
vious findings (Llerena-Zambrano et al. 2021), 
implying that as elevation increases and condi-
tions become colder and drier (i.e. high UV and 
reduced relative humidity), species with thick 
leaves become more abundant probably because 
of their high tolerance to reduce water loss (van 
de Weg et al. 2009; Liu et al. 2013). However, the 
high mean ± SD AGCnc variability recorded   in 
our plots (1.27 ± 0.99 Mg ha−1 y−1) results from 
a high dispersion   of estimated productivity and 
mortality rates across our plots. The observed 
variability suggests that our plots along the mon-
itoring transect represent different successional 
stages of the studied forests. Those plots under 
a competitive thinning stage – where tree species 
compete for limited resources such as light, 
water, or nutrients – had higher mortality rates, 
equalling 70% of the annual productivity, than 
those under a mature thinning stage. This diver-
gence implies that substantial growth and bio-
mass accumulation during the competitive 
thinning phase are counterbalanced by tree mor-
tality, where less competitive trees struggle to 
survive while more competitive individuals per-
sist. In contrast, during the mature thinning 
phase, characterised by more stabilised forest 
development, inter-tree competition is lesser 
with maturationdue to lower stand density, 

yielding lower mortality rates and equalling tree 
growth and mortality rates.

Conclusions

Our findings highlight the importance of tropical 
secondary montane forests as a primary nature- 
based solution for climate change mitigation because 
they store, on average, 81.4 ± 26.0 Mg C ha−1, as 
compared to 96 ± 37.4 Mg C ha−1 for old-growth 
secondary tropical rain forests (i.e. >20-year-old for-
est; Rozendaal et al. 2022). Temperature, leaf blade 
thickness, leaf area, soil fertility and disturbance 
legacy (competitive thinning) shape AGC stocks 
and productivity in these forests. Disentangling the 
effects of these factors is crucial for a better under-
standing of the ecological mechanisms that drive 
productivity in these ecosystems. However, contrary 
to our expectations, we found that SR had little effect 
on carbon dynamics in our forests.

Consequently, our findings also suggest that there is 
still much to learn about the role of other factors on 
C accumulation. Understanding the dynamics of 
C cycling and tree demography requires conducting 
more comprehensive and extended censuses. This 
approach is crucial for accurately assessing the succes-
sional patterns and developmental changes occurring 
within forests over extended periods. Along the same 
line, different biodiversity attributes could have com-
plementary effects on C stocks and sequestration. 
More specifically, studying phylogenetic and func-
tional diversity and its relationship with carbon storage 
and productivity rates can explain mechanistically 
community structure and species persistence. Lastly, 
given the importance of temperature in shaping com-
munity functional composition and C dynamics, pre-
serving forest connectivity along elevation gradients 
constitutes a primary nature-based solution that can 
help maintain these forests as C sinks in light of 
a changing climate.
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