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ABSTRACT
Litter decomposition by arthropods and microbes is a key ecosystem process in tropical forests, yet its response to disturbance and 
forest regeneration remains poorly understood. To investigate decomposition dynamics across forest succession, we conducted 
a space-for-time study in the Ecuadorian lowland Chocó spanning active cacao plantations and pastures (year 0), regenerating 
secondary forests (1–38 years), and old-growth forest. We deployed litterbags in 32 plots, with aboveground litterbags accessible 
to arthropods and belowground ones allowing only microbial decomposition. Each litterbag contained standardized leaf litter 
from five common tree species. We modeled litter mass loss as a function of forest age and environmental variables associated 
with regeneration. To assess ecosystem resilience to new disturbances, we also tested how localized pulse perturbation (forest 
clearing) and fencing (large ground-dwelling animal exclusion) influenced decomposition. Aboveground decomposition was 
primarily driven by surface temperature, elevation, tree biomass, and forest age, with trajectories varying by land-use history. 
In sites recovering from cacao cultivation, decomposition followed a U-shaped pattern, with lower rates during mid-succession 
and again higher rates in old-growth forest. This suggests that faunal decomposers respond non-linearly to successional changes, 
likely reflecting shifts in habitat quality and resource availability. Belowground decomposition remained stable across forest 
ages and was shaped by soil moisture and soil carbon-to-nitrogen ratios, indicating strong environmental filtering on microbial 
communities. Perturbation reduced decomposition, especially aboveground, and the rates in fenced treatments did not reach 
undisturbed levels. Our findings highlight the effects of large- and small-scale disturbances on an essential process for successful 
tropical forest restoration.
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1   |   Introduction

Litter decomposition is a fundamental ecological process in for-
ests, driving the breakdown of fallen leaves and organic material 
on the forest floor through the activity of bacteria, fungi, insects, 
and other invertebrates (Liu et al. 2005; Makkonen et al. 2012). 
Decomposition plays a pivotal role in nutrient cycling, thus sup-
porting the fertility and productivity of forests (Long et al. 2021). 
Understanding decomposition dynamics is particularly relevant 
in regenerating secondary tropical forests, as they are expanding 
due to land abandonment (Heinrich et al. 2021) and now repre-
sent 70% of tropical forest area globally (Ngo Bieng et al. 2021). 
Secondary tropical forests have thus become critical for carbon 
storage and biodiversity conservation, yet their recovery tra-
jectories vary depending on how the land was used in the past 
(land-use legacy), disturbance history, and environmental con-
ditions (Poorter et al. 2016). To understand how nutrient cycling 
and forest productivity will develop during forest regrowth, it 
is imperative to ascertain the impact of disturbance and local 
environmental factors on litter decomposition.

In lowland tropical rainforests, variations in local climatic con-
ditions and soil characteristics occur within regions, across 
landscapes and at the forest microhabitat level (Ostertag 
et al. 2022; Paudel et al. 2015). This is usually due to differences 
in land-use legacy (Foster et  al.  2003; Kallenbach and Stuart 
Grandy 2015), disturbance level (Röder et al. 2024), or succes-
sional stage (Attignon et al. 2004; Stone et al. 2020). These fac-
tors, in turn, strongly drive tree species diversity, which largely 
determines litter quality (Sánchez-Silva et al. 2018) and shapes 
decomposer community structure (Ashford et  al.  2013), thus 
influencing decomposition rates (Cornwell et al. 2008; García-
Palacios et al. 2013).

Previous forest succession studies (Morffi-Mestre et  al.  2023; 
Paudel et al. 2015; Powers et al. 2009; Sánchez-Silva et al. 2018) 
indicate that decomposition rates tend to increase along chro-
nosequences (space-for-time experiments) of forest recovery. 
When forests become older and their vegetation more complex, 
decomposition rates increase proportionally with aboveground 
biomass accumulation (Lohbeck et  al.  2015). This “vegetation 
quantity effect” suggests that the recovery of ecological pro-
cesses as decomposition is closely tied to biomass accumulation. 
Mature forests have more constant microclimates which en-
hance microbial activity and promote a stable decomposer com-
munity (Sniegocki et  al.  2022). However, these improvements 
may be limited by the influence of past land-uses (Chazdon 
et al. 2006). Forests with a legacy of agricultural activities may 
still retain high soil compaction, nutrient depletion, and shifts 
in plant species composition (van der Sande et al. 2022), all of 
which may limit the benefits of forest recovery on decomposi-
tion rates.

The changes in vegetation along a process of forest succession 
may also significantly modify the microclimatic conditions at 
the soil surface. Although temperature and water availability 
are typically the two main controlling factors of decomposition 
processes both above- (Salinas et  al.  2011) and belowground 
(Aerts  1997), in tropical forests, where temperature is less re-
strictive, soil moisture plays a crucial role by regulating micro-
bial activity (Meir et al. 2008; Schaap et al. 2024). For instance, 

in forests with closed canopies, higher moisture levels increase 
the solubility of organic carbon and diffusion, facilitating micro-
bial carbon uptake and reducing physiological stress (Manzoni 
et  al.  2014; Moyano et  al.  2013). However, excessive moisture 
may reduce oxygen availability, which slows aerobic decomposi-
tion (Skopp et al. 1990; Keiluweit et al. 2016).

These changes in microclimate interact with environmental con-
ditions to shape decomposition processes during forest regrowth 
(Schilling et al. 2016). For example, soil carbon-to-nitrogen (C:N) 
ratios can have contrasting effects on decomposition during the 
transition from open pasture to forest, with mass loss increasing 
with C:N ratio in forests but decreasing in grasslands (Blanco 
et al. 2023). Decomposition rates also vary across pH gradients, 
as soil pH influences microbial community composition and en-
zymatic activity (Sellan et al. 2020). Finally, topography can also 
influence decomposition via its effects on soil properties and 
microclimate. For instance, some studies report increased de-
composition on steeper slopes due to enhanced solar exposure, 
temperature, and soil aeration (Hu et  al.  2020), while others 
found no significant effects (Ma et al. 2024). Elevation is often 
closely associated with temperature and forest composition, 
thus affecting leaf litter decomposition, especially aboveground 
(Bohara et al. 2020).

Extensive areas of neotropical forests are commonly subject to 
low-impact forest degradation (Matricardi et  al.  2020), result-
ing in plant and animal biomass removal. Such forest clearance 
activities modify microclimate, soil properties, disrupt decom-
poser communities, and hinder litter breakdown (Frouz  2018; 
Latterini et  al.  2023). A long-term litter manipulation experi-
ment in mature forest in Panama revealed that litter removal 
altered soil conditions, reduced nutrient cycling, and impacted 
soil fauna and microbial communities (Ashford et  al.  2013; 
Sayer et  al.  2006). In addition to plant biomass, the reduction 
in animal biomass can also modify decomposition dynamics. 
Vertebrates influence litter breakdown both directly and indi-
rectly, as they alter litter quality through foraging, disturb the 
environment via movement and trampling, modify trophic 
interactions within decomposer communities, contribute nu-
trients through fecal deposition, and physically fragment litter 
(Tuo et al. 2024). However, experimental manipulations of for-
est clearance in tropical forests remain rare, and the immediate 
effects of such perturbations on decomposition dynamics re-
main uncharacterised.

Here, we address this research gap by investigating how dif-
ferent scales and types of disturbance influence above- and 
belowground decomposition in a tropical lowland forest of the 
Ecuadorian Chocó. With a chronosequence established through 
a space-for-time approach (described in Escobar et al. 2025), we 
studied how land-use legacy and environmental factors interact 
in forest areas at different stages of recovery from larger-scale 
disturbances (> 1 ha). In addition, we simulated low-impact 
forest degradation such as localized forest clearance (Sagarin 
and Pauchard 2010) or selective large animal exclusion (Dirzo 
et al. 2014; Granados et al. 2017) with two types of small-scale 
disruptions (100 m).

Our study addressed two key objectives: (a) to elucidate vari-
ations in leaf litter decomposition across stages of forest 
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regeneration from different land-uses, and abiotic factors that 
differ among microhabitats; (b) to experimentally assess the 
recovery of decomposition following a pulse perturbation and 
evaluate the relative importance of large animal activity on de-
composition dynamics. We hypothesized that: (a) decomposition 
rates will increase with forest succession, but the trajectory will 
differ between land-use legacies; these differences in decompo-
sition with forest age and land-use legacy will be explained by 
distinct environmental conditions and soil properties; (b) small-
scale disturbances simulating forest clearance and large mam-
mal loss will strongly inhibit decomposition. Overall, we expect 
disturbances to have stronger effects on aboveground decompo-
sition, as belowground processes are likely more buffered.

2   |   Methods

2.1   |   Study Design

This study is part of the Reassembly Research Unit (www.​reass​
embly.​de), which investigates tropical forest recovery in north-
west Ecuador's lowland Chocó. The study area includes the 
Canandé and Tesoro Escondido reserves and nearby villages (La 
Yuca and Hoja Blanca, Esmeraldas). Climatic conditions at the 
site, based on pilot measurements (Escobar et al. 2025), are char-
acteristic of equatorial lowland forests, with annual precipitation 
of approximately 4000–5000 mm, relative humidity consistently 
approaching saturation, and mean temperatures of 21°C–25°C 
(Table S1). The Reassembly chronosequence spans active cacao 
plantations and pastures to 38-year-old regenerating forests (de-
scribed in Escobar et al. 2025). For the present study, we selected 
32 plots (50 × 50 m) along the chronosequence: three active cacao 
plantations (monocultures of Theobroma cacao), three pastures 
(mainly consisting of grasses Brachiaria or Axonopus scoparius), 
18 regenerating forests (nine each with cacao plantation and 
pasture legacies), and eight old-growth forests served as undis-
turbed benchmarks (Table S1). Forest age, defined by years since 
last human use, was evenly distributed across land-use histories 
(Figure S1). Old-growth plots were selected based on historical 
data provided by the Jocotoco Foundation (www.​jocot​oco.​org).

2.2   |   Perturbation-Recovery Experiment (PREX)

To study the short-term response of decomposition processes 
to disturbance, we conducted a perturbation-recovery exper-
iment (PREX). We established four 10 × 10 m subplots within 
each forest plot along the chronosequence, distributed across 
the plot area. In the agricultural sites (active cacao and pasture 
plots), which were on private property, subplots were reduced to 
8 × 8 m and positioned adjacent to each other. In March 2022, we 
applied one of four treatments to each subplot: (1) complete re-
moval of litter, dead wood, seeds, shrubs, and understory plants 
and lianas with < 8 cm stem diameter at breast height, DBH (P0), 
(2) large animal exclusion by surrounding the area with a c. 1 m 
high shade-cloth fence (CF); (3) combined understory clearance 
and fencing (PF0); and (4) undisturbed open controls (C). A previ-
ous study on vertebrate activity and populations along the same 
chronosequence showed that the collared peccary Dicotyles ta-
jacu and the white-lipped peccary Tayassu pecari were the main 
target of our exclusion fences and that they occur uniformly 

across all stages of forest succession (Grella et  al.  2025). We 
therefore assumed that peccaries regularly visited the unfenced 
subplots throughout the chronosequence. In March 2023, we re-
peated the vegetation removal treatments within smaller areas 
of the previously perturbed subplots. The re-perturbation was 
applied at the southern end of each plot, while the northern end 
was left undisturbed as a one-year recovery reference for other 
studies. All new vegetation with stem DBH of < 8 cm, and all 
dead wood and leaf litter were removed from a 4 × 10 m area in 
the old-growth and regeneration subplots, and a 2.5 × 8 m area in 
the active cacao plantations and pastures. Because of the sloped 
terrain of some plots, a barrier was placed between the newly 
perturbed area and the one perturbed the year before to protect 
from eventual debris- and mudslides. The re-perturbation added 
two more treatments to the PREX experiment: open perturbed 
treatment (P) and perturbed-fenced (PF). Throughout this study, 
we utilized only the C, CF, P, and PF treatments; thus, when re-
ferring to perturbation treatments in the text, this corresponds 
only to P and PF.

2.3   |   Decomposition Experiment

To assess the effects of forest age, land-use legacy, and distur-
bance on decomposition, we measured litter mass loss over three 
consecutive 45-day post-disturbance stages using litterbags. 
Aboveground (AG) litterbags (20 × 20 cm, 0.5-cm plastic mesh) 
and belowground (BG) litterbags (5 × 5 cm, 0.5-mm nylon mesh) 
contained a standardized litter mix from five common tree spe-
cies (with equal proportions of species) that encompass a range 
of leaf traits across the chronosequence (Table S2, Figure S2). 
Litter consisted of mature, freshly fallen leaves to ensure repro-
ducibility. Leaves were processed according to decomposition 
environment and litterbag size. For AG litterbags, leaves were 
cut into 5 × 5 cm pieces, frozen at −18°C for 30 days, and mixed in 
equal mass per species (30 g total). For BG litterbags, leaves were 
cut into 5 × 5 mm pieces, oven-dried at 70°C to constant weight, 
and combined at 0.2 g per species (1 g total). Leaf fragmentation 
and pre-treatment aimed to maximize standardization across 
treatments, along forest succession, and within decomposition 
environments, thereby enabling robust comparisons rather 
than reproducing natural decomposition rates. Freezing and 
oven-drying were used to reduce initial arthropod and micro-
bial activity and, in the case of BG litterbags, to enable precise 
weight standardization given the small litter mass. In March 
2023, we deployed the first set of litterbags on the same day the 
perturbation treatment was applied. We placed one AG litterbag 
and two BG litterbags (c. 10 cm depth) in all four PREX subplots 
per plot. This burial depth corresponds to the biologically active 
surface mineral soil layer that contains substantial root activity 
and diverse decomposer communities, while remaining shal-
low enough for retrieval (Trevathan-Tackett et al. 2024; Powers 
et  al.  2009). In the fenced treatments, litterbags were placed 
away from the fence to prevent potential interference from the 
shadow cast by the shade cloth, which could affect soil moisture 
and, possibly, decomposition rates. AG litterbags were attached 
to tree stems or roots to prevent them from being displaced with 
rainfall. We used two BG litterbags per subplot as buried bags 
were more likely to be damaged or lost. To account for seasonal 
variation, all litterbags were deployed immediately following 
the start of the rainy season, so the 135-day experiment spanned 

http://www.reassembly.de
http://www.reassembly.de
http://www.jocotoco.org
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a period of relatively consistent rainfall. After an incubation pe-
riod of 45 days, we collected all litterbags, replaced them in each 
subplot and repeated this process two times. Thus, we mea-
sured decomposition at 45, 90 and 135 days post-perturbation, 
in four subplots within 32 study plots, giving a total of 386 AG 
litterbags and 772 BG litterbags. In the unfenced treatments, 
we consistently observed signs of vertebrate activity. Upon re-
trieval, litterbags were cleaned, dried (70°C) to constant weight, 
and decomposition was calculated as percentage litter dry mass 
loss (%) per 45-day incubation. BG decomposition was averaged 
across paired bags, provided both were recovered. Due to loss or 
damage, 62 AG and 67 BG litterbags were discarded, leaving 324 
AG and 705 BG litterbags for analysis.

2.4   |   Environmental Data

To establish whether differences in microclimate and environ-
mental conditions might explain differences in decomposition 
with land-use legacy or forest age, we measured slope, elevation, 
aboveground tree biomass, litter standing crop, soil tempera-
ture at the surface and 0–6 cm depth, and soil properties (pH, 
moisture, and C:N ratio at 0–10 cm depth) in each plot. Soil tem-
perature and moisture were recorded with a TMS-4 data logger 
(TOMST s.r.o., Czech Republic; method by Wild et  al.  (2019)) 
and summarized as the 95th percentile over the decomposition 
study period (see Supporting Information Methods). For soil 
pH and C:N ratio, eight soil samples (0–10 cm depth) were col-
lected per plot, combined into one composite sample, and oven-
dried at 40°C. Soil pH was measured in a 1:1 soil-water solution, 
and total C and N were analyzed using an Elemental Analyzer 
FlashSmart (Thermo Fisher Scientific, Italy). Litter standing 
crop was determined prior the first perturbation event from four 
1 × 1 m samples per plot, which were dried to constant weight at 
70°C. Topographical and botanical data were collected as part 
of the Reassembly project; methods are described in Escobar 
et  al.  (2025) and data is from Escobar et  al.  (2024). In brief, 
tree aboveground biomass was estimated according to Chave 
et al. (2014) using plot-level surveys of diameter at breast height 
(DBH) and tree height. Elevation and slope were extracted from 
a digital elevation model using bilinear interpolation at plot 
centroids.

2.5   |   Statistical Analysis

Data analysis was conducted in R version 4.3.1 (R Core Team 
2023, www.​r-​proje​ct.​org) and all analyses were conducted for 
AG and BG litterbags separately. To assess the effects of forest 
age and land-use legacy on litter decomposition, we based the 
analyses on mass loss from litterbags in the PREX control sub-
plots excluding the old-growth forests. We used generalized lin-
ear mixed models (GLMM) with Gaussian family (lmer function 
in the lme4 package; Bates et al. 2015). As preliminary analy-
ses on both AG and BG litterbags showed that mass loss in the 
control subplots did not vary between times since the start of 
the PREX experiment (45, 90, or 135 days), we treated the three 
measurements as replicates, assuming no seasonal variation in 
decomposition (Table S3). Therefore, the initial models included 
study plot as a random intercept, forest age and land-use legacy 
(pasture or cacao) as fixed effects, and they were simplified by 

sequentially removing non-significant terms to derive a mini-
mal adequate model (Crawley 2007; Laird-Hopkins et al. 2017). 
For AG decomposition, a quadratic forest age term provided the 
best model fit, based on likelihood ratio tests (anova function 
in base-R), and Akaike Information Criteria (AIC). To assess if 
the quadratic term was affected by legacy, we conducted further 
analyses on the cacao and pasture legacies separately (Table S4). 
We estimated fixed and random effects using the lmerTest pack-
age (Kuznetsova et al. 2017) and we assessed the significance of 
fixed effects using Type II ANOVA and an F-test (car package, 
Fox and Weisberg 2018). We performed model diagnostics and 
tested for overdispersion or zero inflation using the DHARMa 
package (Hartig 2016).

To examine microhabitat variation with forest succession, 
we modeled each environmental factor as a function of for-
est age (excluding old-growth forests) using generalized lin-
ear models (GLMs, Table S5). Since a preliminary assessment 
of correlations among all measured environmental factors 
showed a high correlation of leaf area index (LAI) with tree 
aboveground biomass (Table S6), we excluded the former from 
further analysis. To determine whether environmental factors 
explained differences in decomposition with forest age, we uti-
lized GLMMs based on mass loss from the control subplots, 
including old-growth forests. We constructed separate mod-
els for each incubation site-specific environmental variable: 
tree aboveground biomass, elevation, leaf litter standing crop, 
soil surface temperature, terrain slope, soil pH, soil C:N, soil 
moisture, soil temperature belowground. Each model included 
its respective environmental variable as a fixed effect and 
study plot as a random intercept. The two temperature mod-
els additionally included land-use legacy as a fixed factor. For 
each level (cacao, pasture and old-growth) we calculated the 
estimated marginal means adjusted for model structure and 
conducted Tukey's post hoc pairwise comparisons (emmeans 
function and package). Predictors were log- or square-root 
transformed as necessary to meet model assumptions, and AG 
mass loss was square-root transformed (Table  S7). However, 
to facilitate comparison among predictors within each spe-
cific incubation environment, we also refitted all models with 
standardized (scaled) environmental variables and extracted 
standardized coefficients (β ± SE). Models were inspected and 
evaluated as described above.

We assessed the impact of perturbation (P, PF treatments) and 
fencing (CF, PF treatments) using Kruskal-Wallis tests, compar-
ing mass loss from each treatment to the control at each sampling 
time. We considered the sampling periods post-perturbation (45, 
90, or 135 days) as recovery stages. To measure the treatments' 
effect sizes, we calculated epsilon squared (ε2) for every recov-
ery stage:

where n = 64 (total sample size), k = 2 (control and one treatment), 
and H is the Kruskal-Wallis statistic (Vogt and Johnson 2016).

To easily visualize the effects of the experimental disturbances 
(PREX), we calculated treatment effects (TE) as response ratios 
for every subplot:

(1)�
2 =

H − k + 1

n − k

http://www.r-project.org
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where CF, P and PF are the treatments and C is the control, i 
represents study plot, and days is the time since perturbation 
(recovery stage). To further assess the effect of time since the 
perturbation event on each treatment, we compared TEs be-
tween the three recovery stages with Wilcoxon rank-sum tests, 
applying Benjamini-Hochberg correction for multiple compar-
isons. For all analyses, we report significant results at p < 0.05 
and non-significant trends at p < 0.1.

3   |   Results

3.1   |   Decomposition Dynamics Across 
the Chronosequence

Mass loss (%) was the highest in the old-growth forest, fol-
lowed by cacao plantations, and was lowest in pastures 
(Table S8). AG mass loss revealed a quadratic pattern of mass 
loss with lower decomposition rates in intermediate-aged for-
est plots (forest age2: estimate = 19.70; SE = 6.45; p = 0.007). 
Although there was no overall difference in mass loss among 
land-use types, the quadratic trend was apparent only in the 
sites with cacao legacy (forest age2: estimate = 19.97; SE = 6.34; 
p = 0.035). There was a trend of declining BG mass loss with 
forest successional stage (estimate = −0.04, SE = 0.07), but the 
effect was not significant and land-use legacy had no detect-
able influence (Figure 1).

3.2   |   The Influence of Environmental Factors

A detailed description of the results of the individual measured 
variables and their respective trends with forest age is reported 
in the Supporting Information (Tables S9–S13). Environmental 
variables differed markedly among sites along the regeneration 
gradient (Table S14, Figure 2). Tree aboveground biomass and 
leaf area index (LAI) increased with forest age, a trend that per-
sisted in old-growth forests. Soil C:N also increased with suc-
cessional stage but old-growth forests had lower soil C:N values. 
Temperature and pH decreased with forest age, reaching lower 
levels in old-growth stands. Leaf litter standing crop followed 
a bell-shaped trajectory, with the highest values in 10–20 year-
old forests and lower litter standing crop in old-growth forests. 
Litter standing crop was much lower at former pasture sites than 
at former cacao plantations at the start of the chronosequence, 
as pastures lacked leaf litter due to minimal tree cover.

AG mass loss was related to differences in tree aboveground 
biomass, surface temperature and elevation across plots, 
whereas BG mass loss was related to soil C:N and soil mois-
ture (Table  S15). AG mass loss increased linearly with tree 
aboveground biomass (β = 0.27, SE = 0.08, p = 0.003) and el-
evation (β = 0.20, SE = 0.09, p = 0.027) but exhibited a bell-
shaped relationship with leaf litter biomass (β = −0.21, 
SE = 0.08, p = 0.023; ANOVA: p = 0.061), with peak values at 
a leaf litter biomass of approx. 1 t/ha. AG mass loss declined 
with increasing surface temperature (β = −0.17, SE = 0.08, 
p = 0.026) but the relationship differed among land-use leg-
acies (ANOVA: p = 0.012), whereby mass loss increased with 

(2)
(

TEi
)

days
=

(Mass Loss%CF, P or PF)i
(Mass Loss%C)i

FIGURE 1    |    Leaf litter decomposition dynamics measured above- and belowground at three time points along a chronosequence of tropical forest 
regeneration from two different land-uses, where dots represent mean mass loss per subplot and timepoint; lines with shading represent modeled 
relationships with confidence intervals; solid lines with opaque CIs stand for statistical significance as opposed to dashed lines with transparent CIs; 
green is pasture, orange is cacao plantation, purple is old-growth forest; black/gray is the overall chronosequence model in which old-growth forests 
were not included; the data distribution of old-growth plots is instead represented by boxplots, showing medians, interquartile range and whiskers.
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soil surface temperature in old-growth forests but declined 
in plots with cacao and pasture legacy (Figure S3). BG mass 
loss declined with increasing soil C:N (β = −1.84, SE = 0.83, 
p = 0.034) but showed a bell-shaped relationship with soil 
moisture (β = −2.74, SE = 0.68, p < 0.001), with peak mass loss 
at a soil moisture of c. 0.57 (unitless, scale 0–1).

3.3   |   Effects of Small-Scale Perturbation 
and Animal Exclusion

In the control treatment, neither AG nor BG mass loss differed 
over time (Table  S3). The effects of each experimental distur-
bance (PREX treatments) on AG and BG mass loss were overall 
comparable (Figure 3, Tables S16–S18). Perturbation inhibited 
mass loss from both AG (p < 0.001, ε2 = 0.20) and BG litterbags 
(p = 0.022, ε2 = 0.07) after 45 days, but only from AG bags after 
90 days (p < 0.001, ε2 = 0.22). In the perturbed-fenced treat-
ments, BG mass loss was marginally lower than the control 

after 45 days (p = 0.095, ε2 = 0.03) but there was no effect at later 
timepoints. However, AG mass loss in the perturbed-fenced 
treatment was strongly reduced compared to the controls at all 
three time points (45 days: p = 0.004, ε2 = 0.12; 90 days: p < 0.001, 
ε2 = 0.23; 135 days: p = 0.002, ε2 = 0.14). Fencing alone had no in-
fluence on mass loss at any time.

4   |   Discussion

This study examined how small- and large-scale disturbances in-
fluence leaf litter decomposition along a forest regeneration chro-
nosequence, exploring variation across succession stages in sites 
with different land-use legacies and microhabitat conditions, and 
evaluating decomposition recovery after a strong pulse perturba-
tion, including the contribution of large animal activity.

We found that both large and small-scale disturbances im-
pact the recovery of decomposition processes during forest 

FIGURE 2    |    Environmental and soil variables measured along the studied chronosequence; lines with shading represent modeled relationships 
with confidence intervals and their opacity stands for statistical significance; leaf litter biomass showed a bell-shaped relationship with forest age; in 
all models we differentiated the trends of each variable with forest age by land-use legacy; green is pasture, orange is cacao plantation and purple is 
old-growth forest; old-growth forests were not included in the models and the data distribution is instead represented by boxplots, showing medians, 
interquartile range and whiskers.
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regeneration. Mass loss during secondary forest succession fol-
lowed different trajectories at sites with pasture legacy com-
pared to former cacao plantations, which are largely explained 
by microclimate differences in the earlier stages of the forest 
chronosequence. Our perturbation treatment simulating ini-
tial land clearance inhibited litter decomposition, and although 
animal exclusion had no immediate effect, the impact of per-
turbation lasted much longer in fenced treatments, suggesting 
that animal activity accelerates the recovery of decomposition 
processes after disturbance.

4.1   |   Land-Use Legacy and Microhabitat 
Influence Decomposition Dynamics During Forest 
Regeneration

Land-use legacy influenced aboveground litter decomposition, 
whereby the U-shaped relationship between decomposition 
and regeneration time at former cacao plantation sites is likely 
due to changes in decomposer communities and microclimatic 

conditions (Guariguata and Ostertag 2001; Paudel et al. 2015). 
Although we did not assess decomposer communities in this 
study, work on temperate forest succession showed that ar-
thropod richness and density (individuals/m2) declined in mid-
successional stages before increasing in mature forests (Cole 
et al. 2020; Deng et al. 2022). The initial decline in mass loss in 
former cacao plantations could also reflect transient changes in 
vegetation structure, soil chemistry, and nutrient availability as 
the forest regrows (Gessner et al. 2010; Thom and Keeton 2020; 
Toro et  al.  2025). For instance, recently abandoned croplands 
and high-activity clay soils are often strongly compacted and de-
pleted in carbon and nitrogen. As succession progresses, bulk 
density decreases while soil C and N increase, promoting greater 
fine root growth and litter input (van der Sande et al. 2022). At 
the same time, leaf traits such as specific leaf area (SLA) and 
nitrogen concentration decline, reflecting a shift toward more 
conservative resource-use strategies (Sánchez-Silva et al. 2018). 
In contrast, mass loss increased linearly with forest age at sites 
with pasture legacies, where harsh conditions in pastures—
high temperatures, intense solar radiation, and the absence of 

FIGURE 3    |    Treatment effect (TE) on above- and belowground decomposition in the experimental treatments (CF, P and PF) at the three time 
points from the installation of the experimental disturbances (PREX event); the dashed black line at TE = 0 indicates no effect of CF, P nor PF hence 
when mass loss in the treatment was the same as the control, TE < 0 when mass loss in the treatment was less than the control, TE > 0 when mass 
loss in the treatment was higher than the control; the significancy levels refer to the p-values of the Wilcoxon rank-sum test to compare the TE in the 
three time points (days from perturbation) within each treatment and sample position.
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canopy cover—create unfavorable environments for decom-
poser communities (Lorenzo et  al.  2014; Wallace et  al.  2018). 
Accordingly, litter decay rates are often lower in pastures com-
pared to forest sites (Röder et  al.  2024; Stone et  al.  2020) but 
increase as ecosystems regenerate. In our study, the soil surface 
temperatures in open pastures were up to 11°C higher than in 
forest sites (Table S9), frequently exceeding 30°C, with no can-
opy cover to provide shade or protection (Table  S12). These 
findings support our first hypothesis, emphasizing the role of 
microclimate in the recovery of decomposition processes during 
forest regrowth. Site-specific microclimates likely also explain 
the positive relationship between decomposition and elevation. 
Our study spanned a narrow elevation range (159–615 m a.s.l.), 
and mid- to high-elevation plots provided more favorable con-
ditions, with increased humidity and moderate temperatures 
(Röder et al. 2024).

While land-use legacy can induce lasting structural changes 
in forests, its influence may weaken as forests mature (Foster 
et al. 2003). Greater AG mass loss in old-growth forests and in-
creasing AG decomposition with forest age and the concurrent 
accumulation of tree aboveground biomass (p = 0.005) reinforce 
the “vegetation quantity effect” (Lohbeck et al. 2015), whereby 
greater live biomass promotes decomposer microhabitats by in-
creasing organic inputs, moisture retention, and temperature 
stability (Schilling et al. 2016). In our study, greater decomposi-
tion rates in old-growth forests were likely due to stable surface 
temperatures (23°C–26°C; Table  S9) maintained by the dense 
canopy, indicated by the high LAI (Table S12). By contrast, BG 
decomposition showed no relationship with successional age or 
land-use legacy, suggesting a distinct recovery trajectory from 
decomposition of litter on the soil surface and weaker depen-
dence on forest structure (Toro et al. 2025). Instead, mass loss 
declined with increasing soil C:N, likely reflecting greater micro-
bial N limitation belowground (Schaap et al. 2024) compared to 
at the soil surface. High soil C:N also indicates that organic mat-
ter is still relatively undecomposed, which further limits decom-
position and contributes to slower litter mass loss. Soil microbial 
activity can be strongly constrained by factors such as soil pH 
(Rousk et al. 2010; Shi et al. 2019) or nutrient content (Cornwell 
et al. 2008), soil moisture and C:N ratios (Pausas and Bond 2020; 
Wieder et  al.  2009). The importance of soil conditions for BG 
mass loss was further evident in the bell-shaped response of de-
composition to soil moisture (Figure  S3). Mass loss peaked at 
intermediate moisture levels but declined at a soil water content 
of c. 53%, at which point it is possible that anoxic conditions in-
hibited microbial activity. In tropical wet forests, this threshold 
is easily reached, as seen in our study: active pastures, lacking 
canopy cover and root biomass, had the highest soil moisture 
levels (Table S10) and also exhibited the lowest decomposition 
rates. Conversely, active cacao plots exhibited very low soil 
moisture levels, likely due to increased evaporation due to the 
elevated surface temperatures and water uptake by cacao plants 
(Foster et al. 2003). In addition, active pastures are associated 
with soil compaction and nutrient depletion (Souza et al. 2013), 
whereas cacao plantations, with higher pH (Table  S13), may 
have enhanced microbial activity (Corre et  al.  2003; Luizão 
et al. 2007), despite the similar nitrogen levels across sites (Gill 
et  al.  2021). Cacao plantations also maintained a substantial 
litter layer (up to 2 t/ha; Table S11), owing to the leaf shedding 
of cacao trees (Rodríguez et  al.  2023; Sari et  al.  2022), which 

reduces temperature extremes (Sayer et al. 2006) and creates a 
favorable microclimate for decomposition (Liu et al. 2005). As a 
result, BG decomposition was lowest in active pastures, while 
cacao plantations showed greater mass loss, likely due to differ-
ences in soil conditions (Figure 2).

AG decomposition followed a bell-shaped relationship with lit-
ter standing crop biomass (Figure S3), suggesting that decom-
position is promoted at intermediate levels of litter on the soil 
surface. While low litter biomass may limit decomposition due 
to microclimatic effects such as lack of water retention (Sayer 
et  al.  2006), excessive accumulation could constrain decom-
poser activity through nutrient immobilization.

4.2   |   Forest Clearance Inhibits Decomposition 
and Exclusion of Large Animal Slows Down 
Recovery

Our results indicate that the presence of the fence alone had no 
substantial effect on decomposition. At first glance, this appears 
to contradict our initial hypothesis that mechanical disturbance 
by large animals would accelerate decomposition by promoting 
litter fragmentation and soil mixing. However, the perturbation 
treatment strongly reduced AG decomposition, supporting our 
hypothesis and aligning with previous research showing that 
disturbances such as logging or clearing can slow decomposi-
tion by disrupting decomposer communities and altering soil 
conditions (Laigle et  al.  2021; Latterini et  al.  2023). However, 
with perturbation alone, mass loss both above and belowground 
only initially decreased (45 days) and then recovered to control 
levels within 135 days. No such recovery was observed for AG 
mass loss when in the fenced perturbed plots, indicating that 
excluding large animals inhibited the recovery of decomposition 
processes after disturbance, at least within the timeframe of this 
study. This finding reinforces the crucial role of large animals in 
forest nutrient cycling by promoting litter breakdown, soil mix-
ing, and bioturbation. The influence of animal exclusion on the 
recovery of decomposition processes was not observed for BG 
mass loss, suggesting that decomposition beneath the soil sur-
face is less sensitive to pulse disturbances and exhibits greater 
resilience overall. Thus, large animals appear to play a key role 
in facilitating the recovery of aboveground litter decomposition 
post-disturbance, offering novel insights into their ecological 
function in tropical forests.

5   |   Conclusion

Our study highlights the intricate and dynamic nature of leaf lit-
ter decomposition in regenerating tropical forests, emphasizing 
the impact of land-use legacy. We show that historical land use 
shapes early recovery, with its influence on ecosystem processes 
slowly fading as time passes from abandonment, underscoring 
the importance of the complex interactions among decomposer 
communities, microclimate, and vegetation structure. Key en-
vironmental drivers played distinct yet interconnected roles in 
shaping decomposition across forest age and land-use legacy. We 
also provide novel insights into the role of large animals and dis-
turbance in decomposition recovery. Small-scale perturbation 
initially slowed mass loss but recovery of decomposition rates 
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over time occurred only when animals remained present. By 
illustrating how vegetation structure, land-use legacy, and de-
composition processes interact, our study provides key insights 
into tropical forest recovery. These findings have direct impli-
cations for conservation and restoration, emphasizing the need 
to account for historical land-use impacts, prioritize vegetation 
recovery, and favor the presence of large animals to restore de-
composition cycles. As tropical forests regenerate under diverse 
anthropogenic pressures, understanding these ecological pro-
cesses is crucial for effective management and ecosystem resil-
ience. Nutrient cycling through litter decomposition supports 
plant growth and soil communities, forming the basis for long-
term forest recovery. Without functioning soil processes, resto-
ration efforts risk failure as ecosystems may lack foundational 
resources needed to sustain biodiversity and productivity.
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