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Secondary tropical forests are increasingly important for their role in the

global carbon (C) balance as they can rapidly accumulate aboveground

biomass C during regrowth. Substantial amounts of plant-derived carbon are

also incorporated into the soil through decomposition processes, but our

understanding of soil C dynamics during forest regrowth is limited. Secondary

succession is characterised by a shift in tree functional groups from light-

demanding to shade-tolerant species over time, which can influence rates of

C turnover via differences in litter quality and by modifying the decomposition

environment. Changes in decomposition processes in turn affect the amount

of organic C stored in the soil or released to the atmosphere as CO2.

Consequently, understanding how tree functional composition influences C

turnover during decomposition could help us predict soil C storage during

tropical forest regrowth. We experimentally explored the relationship between

tree functional groups and soil C dynamics (decomposition and respiration) by

conducting a litter decomposition experiment across a successional gradient of

naturally regenerating tropical forest. We created litter mixtures representing tree

communities differing in their shade tolerance, as well as a functionally diverse

litter mixture, and observed litter mass loss and soil respiration as measures

of C turnover over a 6 month period. Litter from light-demanding species

decomposed faster than litter from shade-tolerant species, which was reflected

in the pattern of soil respiration. There were no clear patterns of increasing or

decreasing rates of litter decay or soil respiration with increasing forest age, but

there was an interaction between stand age and litter type which influenced both

decomposition and soil respiration rates. Interestingly, soil respiration from the

functionally diverse litter mixture was significantly higher in the younger than

older forest stands, and the functionally diverse litter mixture decayed more

rapidly than expected in one of the younger stands. Our findings highlight the

potential importance of functionally diverse plant inputs, as well as the interaction

between local environmental attributes and litter type, for soil C dynamics in

tropical forests.
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1. Introduction

Secondary tropical forests now make up over half of all tropical
forests globally, and are expected to increase in area as a result
of agricultural abandonment and recovery from selective logging
(Chazdon, 2014). Regenerating tropical forests rapidly accumulate
C in aboveground biomass (Pan et al., 2011) and thus, secondary or
“regrowth” forests are becoming increasingly important for climate
regulation (Poorter et al., 2016). Importantly, over half of the C
stock in tropical forests is stored in soils (Don et al., 2011) but our
understanding of soil C dynamics during secondary forest regrowth
is hampered by the complexity of biogeochemical processes and
inconsistent patterns of soil C gains during forest recovery (Yang
et al., 2011; Li et al., 2012; Martin et al., 2013; Marín-Spiotta
and Sharma, 2013; Wallwork et al., 2022; van der Sande et al.,
2023). Recent work demonstrated that shifts in tree community
composition during secondary forest regrowth influence soil C
storage via differences in the quality of plant inputs to the soil
(Wallwork et al., 2022). Litter quality is usually defined by specific
leaf traits, such as foliar concentrations of nitrogen (N), lignin and
secondary metabolites, which determine the availability of plant-
derived C compounds to decomposer organisms (Santiago, 2007;
Cornwell et al., 2008; Bakker et al., 2011; Szefer et al., 2017). Easily
degradable compounds such as sugars and amino acids are more
efficiently used by soil microbes compared to complex structural
C compounds and thus contribute to the microbial stabilisation of
C in soil organic matter (Cotrufo et al., 2013). However, a large
proportion of plant-derived C is released to the atmosphere as CO2
through microbial respiration (Kuzyakov, 2006). Consequently,
microbial activity is strongly related to C turnover (Prescott and
Grayston, 2013) and changes in soil C dynamics during secondary
succession are likely to be linked to shifts in litter quality.

Changes in litter quality arise during secondary succession
because the characteristic shift from light-demanding to shade-
tolerant species (Dent et al., 2013; Chazdon, 2014; Whitfeld et al.,
2014) is reflected in a set of coordinated leaf traits (Conti and Díaz,
2013). Light-demanding species that invest in fast growth often
produce “high-quality” litter with high nutrient concentrations,
high specific leaf area, and low content of structural compounds
such as lignin (Wright et al., 2004; Chazdon, 2014). Conversely,
shade-tolerant species are more likely to have “low quality” litter
characterised by low nutrient concentrations, high fibre and lignin
content and greater concentrations of foliar defence compounds
such as tannins and phenols (Wright et al., 2004; Ostertag et al.,
2008). These marked changes in leaf traits and the overall quality
of litter inputs that accompany the shift from light-demanding to
shade-tolerant tree functional groups during secondary succession
(Cortez et al., 2007; Kröber et al., 2012) are likely to influence
decomposition processes (Cornelissen et al., 1999; Jewell et al.,
2017) and thus determine the amount of C stored as soil organic
matter or released as CO2 to the atmosphere (Kutsch et al., 2009).
Soil respiration in tropical forests represents one of the largest
natural sources of atmospheric CO2, for example, mature tropical
broadleaf forests are estimated to release around 14.31 Mg C
ha−1 year−1 to the atmosphere (Anderson-Teixeira et al., 2021),
of which c. 24–62% is derived from the decomposition of plant
litter (Sayer and Tanner, 2010; Wang et al., 2017). Litter quality is
a dominant control of both decomposition (Cornwell et al., 2008;

Hattenschwiler et al., 2011) and soil respiration (Fanin et al., 2011;
Bréchet et al., 2017) in tropical forests because, although moisture
and temperature are strong predictors of decay rates (Coûteaux
et al., 1995; Powers et al., 2009) and soil CO2 efflux (Raich and
Schlesinger, 1992) globally, neither tend to be limiting in moist
lowland tropical environments. The combination of litter decay and
soil respiration rates may provide a more complete picture of soil
carbon turnover by capturing both the early response of physical
fragmentation as well as the turnover of finer particles and leachate
in later stage decomposition (Jewell et al., 2017). A mechanistic
understanding of the links between plant traits, decomposition, and
soil C dynamics during secondary tropical forest succession could
therefore provide crucial information for forest management to
maximise soil C storage and help parameterise ecosystem models
(e.g., Pugh et al., 2019). However, linking litter quality to soil
C dynamics is particularly complex in tropical forests, due to
the extraordinarily high plant species diversity (Wright, 2002;
Fanin et al., 2011).

Naturally occurring litter comprises a mixture of senesced
leaves from numerous tree species with distinct leaf traits, which
can provide a wide range of resources to microbial decomposers,
modify decomposer interactions (Hättenschwiler et al., 2005), or
supress microbial activity (Chomel et al., 2016). As a result of this
“functional complementarity” of leaf traits, the decomposition of
mixed species litter cannot necessarily be predicted from the decay
rates of the component species (Gartner and Cardon, 2004; Gessner
et al., 2010; Jewell et al., 2017). Instead, decay rates of litter mixtures
are often “non-additive,” whereby mixed litter decomposes more
rapidly (synergistic effects) or more slowly (antagonistic effects)
than would be expected based on the decay rates of individual
component species (Kou et al., 2020). A recent meta-analysis
demonstrated that synergistic effects of litter mixtures on mass
loss predominate (Kou et al., 2020), and thus, species diversity
could promote soil carbon storage by enhancing the availability
of litter-derived compounds to microbial decomposers (Chen
et al., 2020). Studies in temperate systems have also shown that
synergistic effects of litter mixtures can also manifest as differences
in CO2 release from decomposing litter (Wang et al., 2014; Mao
et al., 2017). Consequently, it is conceivable that the functional
diversity of the tree community will determine C turnover rates.
Unfortunately, much of our knowledge around the role of plant
diversity in driving soil C dynamics is derived from temperate
studies focussing on a few dominant species, which may not apply
to highly diverse tropical forests (Laird-Hopkins et al., 2017).
However, previous work demonstrated that simple litter mixtures
representing tree functional groups can represent highly diverse
natural litter in decomposition experiments (Laird-Hopkins et al.,
2017) and that differences in broad tree functional groups
influence soil C storage during secondary tropical forest succession
(Wallwork et al., 2022). Although the changes in litter inputs
that accompany shifts in tree functional groups are also likely to
influence soil respiration rates, the linkages between tree functional
diversity, decomposition, and soil respiration have yet to be
established in tropical forests. Consequently, experimental studies
using multi-species litter mixtures representing tree functional
groups could help us elucidate the influence of shifts in tree
community composition on soil C dynamics during secondary
succession (Laird-Hopkins et al., 2017; Getaneh et al., 2022).

Frontiers in Forests and Global Change 02 frontiersin.org

https://doi.org/10.3389/ffgc.2023.1232694
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org/


ffgc-06-1232694 August 2, 2023 Time: 15:17 # 3

Wallwork et al. 10.3389/ffgc.2023.1232694

Studies assessing the relationship between changes in tree
community composition and biogeochemical cycling during
secondary succession over long time periods are rare; instead
most substitute space-for-time using chronosequences of forest
stands to represent a gradient of successional stages (Walker et al.,
2010; Powers and Marín-Spiotta, 2017). An important caveat of
chronosequence studies is that they rely on the assumption that
variation among stands is determined solely by forest age and
that all other factors are identical (Johnson and Kiyoko, 2008).
However, even fine-scale spatial heterogeneity in environmental
conditions relevant to decomposition processes, such as soil
physical and chemical properties, would likely play an important
role in soil C turnover and contribute to variation between stands
(van der Sande et al., 2023). Consequently, differences in stand
environmental conditions and soil properties, as well as tree
functional composition, need to be taken into account to identify
potential mechanisms underpinning changes in soil C dynamics
during forest succession. Here, we used litter mixtures from tree
species differing in their shade tolerance as a key functional
characteristic, and measured litter mass loss, soil respiration, and
soil properties in four stands representing a tropical forest age
gradient to test the following hypotheses:

H1. Litter from light-demanding tree species will have high
nutrient but low structural fibre content and will therefore
decompose faster and result in higher respiration rates than
litter from slow-growing shade-tolerant trees.

H2. Litter containing a mixture of both light-demanding and
shade-tolerant species will result in faster decomposition and
higher respiration rates than predicted rates based on the
constituent litter mixtures of functionally similar tree species.

H3. Consequently, C turnover rates (rates of litter decay and
soil respiration) will be higher in young stands dominated
by light-demanding species compared to old-growth stands
dominated by slow-growing shade-tolerant trees, but C
turnover rates will be overall highest in mid-successional
stand characterised by a mixture of tree functional groups.

We further expected that differences in soil properties would
contribute to variation in the decomposition rates of the litter
mixtures among stands.

2. Materials and methods

2.1. Study site and litter mixtures

The experiment was conducted in four stands of naturally
regenerating forest within the Barro Colorado National Monument
(BCNM) Panama, Central America which are part of an established
chronosequence of forest plots (Dent et al., 2013). The climate
is classified as moist tropical with a mean annual temperature
of c. 27◦C and a distinct dry season from January to April. The
average annual rainfall is 2600 mm, of which 90% falls in the rainy
season (Windsor, 1990). The soils are described as Cambisols and
Ferralsols on sedimentary and volcanic parent materials (Baillie
et al., 2007) that do not differ significantly in soil C or nutrient

concentrations (Yavitt, 2000; Grimm et al., 2008). To represent a
gradient of secondary regrowth forest succession, we selected three
secondary forest (SF) stands aged 40, 60, and 90 years old, and an
old-growth (OG) stand aged at >500 years old (henceforth 40Y,
60Y, 90Y, and OG, respectively; Table 1). Although tree community
shade-tolerance does not always increase linearly with forest age,
there was an increase in the relative influence (RI) of shade-tolerant
species and a decrease in light-demanding species with age across
our four stands (Table 1; Wallwork et al., 2022) thus allowing us
to use forest age as a descriptor for successional stage. Each stand
was ≥5 ha in size, within which we established five replicate blocks
per stand. Replicate blocks were ≥4 m2 in size and spaced at least
20 m apart on level terrain, avoiding obvious disturbances (e.g.,
footpaths, canopy gaps, animal activity).

We previously characterised the tree functional composition of
the four stands using species-specific data on tree growth response
to increasing light (Rüger et al., 2009; Table 1) to represent tree
community shade tolerance (Wallwork et al., 2022) and we used
the same classification to create functionally distinct litter mixtures.
Briefly, species were assigned to one of two growth-response
categories: “accelerating” or “decelerating” growth with increasing
light based on a light effect parameter ranging from −0.6 to 3.3
(Rüger et al., 2009). Accelerating species (ACC; light effect >1)
represent light-demanding, resource-acquisitive “pioneer” species,
whereas decelerating species (DEC; light effect <1) represent
shade-tolerant, resource-conservative species (Rüger et al., 2009).

To determine whether changes in tree functional groups
during secondary succession influence decomposition rates and
soil respiration, and to test non-additive effects of functionally
diverse litter mixtures, we created three distinct “functional litter
treatments”: (1) litter from ACC species, representing a young,
light-demanding, secondary forest community; (2) litter from
DEC species, representing a shade-tolerant, old secondary or
old-growth forest community; and (3) a mixture of ACC and
DEC species (MIX), representing a more functionally diverse,
intermediate successional stage community. Henceforth, the ACC,
DEC and MIX litters are referred to collectively as “functional litter
treatments.” We also used a standard litter treatment comprising
natural mixed litter from each forest stand (NAT) to assess whether
our litter mixtures were representative of natural litter. To ensure
that the litter treatments represented changes in tree functional
groups during succession, while reflecting species composition
at the study site, we chose species within each growth response
category that: (a) showed a clear trend (positive or negative) in
relative abundance with forest age; (b) were representative of earlier
or later stages of succession based on other studies, and (c) had
leaf traits that are considered broadly representative of successional

TABLE 1 Stand characteristics for four secondary forest stands (40, 60,
90 years old and OG) in Panama, Central America; where RI ACC is
relative influence of accelerating growth tree species, RI DEC is relative
influence of decelerating growth tree species, BA is total tree basal area
(Wallwork et al., 2022).

Forest age 40Y 60Y 90Y OG

RI ACC (%) 43.4 26.2 19.8 10.1

RI DEC (%) 42.7 56.2 68.8 75.2

BA (m2 ha−1) 21.6 22.1 40.3 25.9
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stage. Based on the above criteria, the ACC treatment comprised
litter from Luehea seemannii Triana and Planch and Miconia
argentea (Sw.) DC., and the DEC treatment comprised litter from
Protium panamense (Rose) I.M.Johnst. and Tetragastris panamensis
(Engl.) Kuntze (Table 2). The MIX treatment included all four
species. The three functional litter treatments (ACC, DEC, MIX)
contained an equal mass of litter from the constituent species.

2.2. Litter collection and chemical
analysis

We collected freshly fallen litter for the four tree species during
the dry season from February to April 2017, which coincided with
the period of highest litterfall and minimised decomposition prior
to collection. Litter was collected from the forest floor at least once
a week to ensure fresh samples and avoiding specimens with visual
signs of decay or disease. To obtain representative samples, litter
was collected from beneath c. 10 individuals of each species within
the age class of forest stand they represented. We also collected
stand-specific natural mixed litter (NAT) from the five replicate
blocks in each stand which were homogenised across the stand
to create a representative composite sample. To determine the
functional characteristics of the litter treatments, we collected c.
40 g (dry weight) of additional litter samples from five individuals
per species (or groups of individuals, where it was not possible
to distinguish the litter among closely grouped individuals). All
litter samples were oven-dried separately at 65◦C to constant
weight directly after collection. To standardise the size of litter

fragments we removed petioles and cut larger leaves into pieces of
<10 cm length.

We determined litter nutrient, carbon and fibre concentrations
as a measure of litter quality. The nutrient and carbon
concentrations of the functional litter treatments were determined
using ground, air-dried litter of each constituent species. Foliar
phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg)
concentrations were determined on three replicate samples
per species by Inductively Coupled Plasma-Optical Emission
Spectrometry (ICP-OES) after HNO3 digestion. Total litter C and N
were analysed for five replicates per species using high temperature
combustion gas chromatography on a Vario El III C/N analyser
(Elementar, Stockport, UK).

Three replicate samples per species were analysed for acid
detergent fibre (ADF) following Van Soest et al. (1992). Briefly, 1 g
of ground sample was placed in a crucible with 1 g of acetanilide and
boiled for 1 h with 100 ml of acid detergent solution and four drops
of n-Octanol using a FOSS fibertecTM 8000 fibre analysis system
(FOSS, Hilleroed Denmark). Samples were rinsed with distilled
water until acid-free and soaked with reagent-grade acetone, then
dried overnight at 105◦C before weighing. Weighed samples were
then soaked in 25 ml H2SO4 (72%) and stirred every hour for 3 h,
before being rinsed with hot distilled water and dried overnight at
105◦C. The samples were then placed in a furnace at 525◦C for
3 h then left to cool in desiccators at room temperature before
weighing. To calculate total extracted fibre content (ADF), the
weight of the processed sample was subtracted from the original
sample weight and corrected using blanks.

TABLE 2 Selected characteristics of four tree species used to create three functionally distinct litter treatments (ACC, DEC, and MIX) for a litter
decomposition experiment in lowland tropical forest in Panama, Central America, where: mean b is the species-specific light effect parameter, leaf N is
foliar nitrogen concentration, SLA is specific leaf area, LDMC is leaf dry matter content, ADF is acid dissolvable fibre from litter, and litter C, N, P, K, Ca,
Na, Mg, and Mn are litter carbon, nitrogen, phosphorous, potassium, calcium, sodium, magnesium, and manganese concentration, respectively.

Species code LUEHSE MICOAR PROTPA TET2PA

Species name Luehea seemanni Miconia argentea Protium panamense Tetragastris panamensis

Litter mixture ACC/MIX ACC/MIX DEC/MIX DEC/MIX

Mean b† 2.00 1.87 0.67 0.43

Leaf density‡ (g cm−3) 0.30 0.31 0.50 0.61

Leaf N‡ (mg g−1) 22.38 20.63 16.39 15.69

SLA‡ (mm2 mg−1) 17.02 14.44 11.04 10.00

LDMC‡ (g/g) 0.42 0.32 0.41 0.49

ADF (%) 51.5 39.67 63.17 49.43

Litter C (%) 44.44 41.95 40.48 38.79

Litter N (%) 1.26 1.04 0.95 1.07

Litter C:N Ratio 36.54 40.99 42.91 36.44

Litter P (%) 0.79 0.36 0.37 0.28

Litter K (%) 7.87 3.51 1.13 1.61

Litter Ca (%) 16.52 16.52 15.59 13.12

Litter Na (%) 1.30 1.80 0.97 0.87

Litter Mg (%) 4.04 2.85 2.83 2.36

Litter Mn (%) 788.24 127.09 265.60 695.47

†Data from Rüger et al. (2009).
‡Data from Wright et al. (2010) via the TRY database (http://www.try-db.org).
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2.3. Field experiment and respiration
measurements

To link measurements of litter decomposition and soil
respiration, we used in situ mesocosms to delimit the experimental
area from surrounding soil and litter. Mesocosms are an effective
method to measure both litter decomposition and soil respiration
in a single system; they provide comparable litter mass loss
measurements to litter-bags while minimising disturbance and
maintaining natural environmental conditions (Laird-Hopkins
et al., 2017). The mesocosms were PVC tubes (20-cm diameter
and c. 15-cm height) sunk into the soil to a depth of 2 cm,
which were installed in April 2017, allowing the soil to recover
from initial disturbance for at least 2 weeks before the start of
measurements. We installed a total of five mesocosms in each of
the five replicate blocks per stand, with one mesocosm for each
of the four litter treatments (ACC, DEC, MIX and NAT) and
an additional mesocosm without litter (bare soil controls; CTL),
which allowed us to assess the influence of baseline belowground
stand characteristics on soil respiration. Hence, we installed a
total of 100 mesocosms (four stands, five replicate blocks, five
treatments), giving n = 5 replicate values for each measurement
and treatment. Natural litter was removed from the mesocosms,
and mesh baskets (10-mm plastic mesh) were installed in each
mesocosm to contain the litter treatments (Laird-Hopkins et al.,
2017). Using “baskets” instead of litterbags provided a natural
decomposition environment with maximum contact between litter
and soil during decomposition but also allowed us to collect the
litter remaining at the end of the experiment to determine mass
loss. In May 2017, each basket received 12 g dry weight of litter,
based on the average standing litter dry weight measured across
the chronosequence. The mesocosms were covered with mesh
(10-mm) to prevent additional inputs of natural litter.

To investigate the effects of functionally distinct litter
treatments on soil respiration, we took monthly measurements of
soil CO2 efflux (SR) over each mesocosm for 6 months from May
to October 2017 using an infrared gas analyser attached to a 20-
cm diameter soil survey chamber (Li-8100; LI-COR Biosciences,
Lincoln, NE, USA). Total soil respiration measured above decaying
litter is henceforth referred to as SRTOT, whereas soil respiration
from bare soil controls is referred to as SRB. To account for
differences in soil moisture and temperature among stands, we
measured soil water content at 0–6 cm depth using a Thetaprobe
(Delta-T Devices, Cambridge, UK) at three points within 1 m
of each mesocosm, and soil temperature at a depth of 0–10 cm
in the same area using a temperature probe (Fisher Scientific,
Leicestershire, UK).

2.4. Soil sampling and litter mass loss

To assess litter mass loss, we collected the remaining litter from
each mesocosm at the end of the study in October 2018. Samples
were sealed in individual plastic bags, transported to the laboratory
within 2 h, stored at 4◦C and processed within 2 days. To calculate
litter mass loss and decay rate we carefully removed any large
soil particles and extraneous material from fresh samples before
weighing, we then washed a pre-weighed subsample for 2 min to

remove any remaining soil particles before drying at 60◦C for 48 h
and weighing again to calculate litter dry mass (g).

We characterised the soil of the forest stands by collecting
three soil cores (0–5 cm depth) from each replicate block using
a 4.8-cm diameter punch corer and homogenised the cores to
make one composite sample per block. Fresh subsamples were
taken from each composite sample to determine soil water
content and pH. Total soil C and N content was determined
by high temperature combustion gas chromatography on a Vario
El III C/N analyser (Elementar, Stockport, UK) using 30 mg
subsamples of homogenised, ground, air-dried soil. Extractable P
and K were determined using the modified Morgan’s method at
a commercial laboratory (Central Analytical Laboratory, SRUC
Veterinary Services, Midlothian UK). Soil pH was measured on a
1:3 mixture of fresh soil and deionised water using a bench pH
metre (STARTER 2100, OHAUS, NJ, USA, and Mettler Toledo R©

Seven Compact R©, Leicester, UK).

2.5. Data analyses

The litter decay rate k for each mesocosm was calculated from
the dry mass of litter remaining at the end of the experiment
following Olson (1963; Eq. 1):

ln
(

x
x0

)
= −kt (1)

Where t is time in years, X is litter dry mass at collection, and X0 is
the initial litter dry mass (12 g). Decay rates were used for statistical
analyses, but we show litter mass loss as the more intuitive measure
of decomposition in figures.

Non-additive effects of the mixed litter treatment on litter decay
and soil respiration rates were assessed for each replicate block by
comparing the observed rates of litter decay or SRTOT of the MIX
treatment to the predicted rates calculated from the means of the
two component (ACC and DEC) litter treatments (Eq. 2).

EXPi =
ACCi + DECi

2
(2)

Where EXPi is the expected value of decay (k) or respiration
rate (SRTOT) for the MIX treatment and ACCi and DECi are
the observed values for k or SRTOT for the ACC and DEC litter
treatments, respectively.

Data analyses were performed using R version 3.5.2 (R Core
Team, 2018) using the vegan package for multivariate analyses
(Oksanen et al., 2008) and the lme4 (Bates et al., 2015) and lmerTest
(Kuznetsova et al., 2017) packages for mixed effects models. Data
were log-transformed where necessary to meet model assumptions.

To test our first hypothesis, we assessed differences in litter
traits between ACC and DEC species using the non-parametric
Wilcoxon test (wilcox.test function) to account for non-normally
distributed data, which did not improve with transformation.
We then tested the influence of the forest environment on soil
respiration from the bare soil controls (SRB), using linear mixed
effects models (lmer function) to model SRB as a function of stand
age, with month and replicate block as random effects. We then
evaluated whether decay rates or SRTOT differed among functional
litter mixtures, and whether stand age influenced decomposition
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of litter mixtures using linear mixed effects models. We modelled
decay rate as a function of treatment, stand age, and their
interaction with replicate block as a random effect, including the
decay rates for NAT litter as reference values. We assessed the
influence of functional litter mixture and stand age on SRTOT
using linear mixed effects models with treatment, stand and their
interaction as fixed effects and month and replicate block as
random effects, including SRTOT over NAT litter as reference
values.

Significance of all models was determined by sequentially
dropping terms until a minimum adequate model was
reached, using the Akaike Information Criterion corrected
for small sample sizes (AICc) and p-values to check for model
improvement. The final model fit was assessed using diagnostic
plots (Bates et al., 2015).

To test our second hypothesis, we compared observed and
predicted values under the MIX litter treatment in each stand for:
(a) decay rate using linear models (lm function) and (b) SRTOT
using linear mixed effects models with the predicted/observed
factor, stand and their interaction as fixed effects and month and
replicate block as random effects.

Finally, to aid interpretation of stand age effects on C turnover
in addition to the influence of tree functional composition (our
third hypothesis), we assessed whether differences in soil properties
among stands might contribute to distinct rates of litter decay or
SRB. We compared soil properties (total C and N concentrations,
extractable P and K, pH, water content, and temperature; Table 3)
among stands using linear models. We subsequently reduced
the multivariate soil data to two dimensions using principal
components analysis (PCA, rda function) based on the soil
properties measured in each block. All soil values were centred and
scaled before analysis and fitted to the ordination as vectors to aid
interpretation (envfit function). We assessed whether stands were
separated in ordination space with a permutational multivariate
analysis of variance (perMANOVA, adonis function; Anderson,
2017) based on Euclidean distance and 9999 permutations. We then
extracted the scores for the first two principal components (PC1
and PC2) to represent differences in soil properties among stands
and tested whether PC1 or PC2 explained variation in SRB or litter

TABLE 3 Litter decay rates (k) for three functional litter treatments and
stand-specific natural litter across an age gradient of forest stands after
5 months of decomposition in Panama, Central America; the stands are
40Y = 40-year old, 60Y = 60-year old, 90Y = 90 year-old, OG, old-growth;
the functional litter treatments are: DEC, shade-tolerant (decelerating
growth) species litter; ACC, light-demanding (accelerating growth)
species litter; MIX, mixture of decelerating and accelerating species litter,
and natural litter; NAT, stand-specific natural litter treatments.

Litter treatments

Forest
age

ACC MIX DEC NAT

OG 5.14aB (±1.29) 2.27bB (±0.29) 1.02cB (±0.15) 3.24abB (±0.68)

90Y 2.47aC (±0.26) 1.73bB (±0.10) 0.98cB (±0.10) 2.08abC (±0.15)

60Y 6.35aA (±1.59) 3.73bA (±0.46) 1.41cA (±0.07) 5.81abA (±1.55)

40Y 2.85aBC (±0.19) 1.70bB (±0.14) 0.90cB (±0.06) 2.59aBC (±0.20)

Litter decay rates (k) are given as means and standard error for n = 5. Superscript letters
indicate significant differences at p < 0.05 between stands (uppercase) or litter treatments
(lowercase) determined by ANOVAS with Tukey’s post hoc comparisons and correction for
multiple comparisons. See Table 2 for litter treatment descriptions.

decay rates for each litter mixture separately using linear models
(lm function).

Results are reported as significant at p < 0.05 and as a non-
significant trend at p < 0.1. For all linear mixed effects models,
the significance of terms was determined using Satterthwaite’s
approximation to estimate degrees of freedom. Full model terms
and statistics are provided in Supplementary Table 1.

3. Results

3.1. Litter traits and decay rates

The ACC and DEC litter mixtures were characterised by
distinct leaf traits. Total litter C concentrations were higher in the
ACC litter than in the DEC litter, but ACC litter had slightly lower
concentrations of ADF than DEC litter (Table 2). Surprisingly, total
N concentrations and the litter C:N ratio were similar between
ACC and DEC species, as were Mn concentrations (Table 2).
Nonetheless, the ACC species litter had significantly higher K, Ca,
and Na concentrations, and there was a trend toward higher P and
Mg in ACC compared to DEC litter (Table 2).

Litter decay rates differed notably among stands and treatments
(stand + treatment effect; p < 0.001; Supplementary Table 1 and
Figure 1) but there was no linear relationship between litter decay
rate and stand age. Across stands, ACC litter decayed slightly
faster than NAT litter, whereas DEC and MIX litter decayed more
slowly (treatment effect: p < 0.001; Figure 1). Thus, the mass
loss of litter treatments across stands occurred consistently in the
order ACC > NAT > MIX >> DEC (Table 3 and Figure 1)
resulting in significant differences among all functional litter
treatments. Nonetheless, the stand environment also influenced
decomposition, as the decay rates of all litter treatments were
lower in the 90Y and 40Y stands compared to the 60Y and OG
stands (stand effect: p = 0.0007; Supplementary Table 1). Notably,
the decay rates of NAT litter and all functional litter treatments
were higher in the 60Y compared to all other stands (p < 0.001;
Supplementary Table 1 and Table 3).

3.2. Differences in soil respiration among
stands and litter mixtures

Measurements of respiration over bare soil revealed
significantly lower belowground respiration (SRB) in the 90Y
compared to all other stands, but there were no differences among
the others (χ2 = 32.54, p < 0.001; Supplementary Figure 1).
However, total soil respiration (SRTOT) differed markedly among
stands and litter mixtures (treatment × stand interaction,
p < 0.001; Supplementary Table 1). Across litter mixtures, there
was no difference in SRTOT between OG and 60Y or 40Y stands
but SRTOT was higher in the 60Y stand compared to the 90Y stand
(p = 0.022). Across stands, respiration rates for the ACC treatment
were highest in the early stages of decomposition (June–July) and
declined toward the end of the experiment. By contrast, respiration
rates for the DEC treatment gradually increased throughout
the experiment and were highest in late-stage decomposition
(October–September, Figure 2). SRTOT from the MIX treatment

Frontiers in Forests and Global Change 06 frontiersin.org

https://doi.org/10.3389/ffgc.2023.1232694
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org/


ffgc-06-1232694 August 2, 2023 Time: 15:17 # 7

Wallwork et al. 10.3389/ffgc.2023.1232694

FIGURE 1

Litter mass loss of three functional litter mixtures and stand-specific natural litter after 5 months of decomposition across an age gradient of tropical
forest in Panama, Central America; ACC = light-demanding, accelerating growth species (red), DEC = shade-tolerant, decelerating growth species
(green), MIX = a mixture of light-demanding and shade-tolerant species (blue) and NAT = stand-specific natural litter (light grey). 40Y, 60Y, and 90Y
refer to stand age in years, and OG is old-growth forest. Boxes denote the 25th and 75th percentiles and median lines are given for n = 5, whiskers
indicate values up to 1.5× the interquartile range, and dots indicate outliers.

first tracked that of the ACC litter during early decomposition,
and then matched the increasing SRTOT from the DEC treatment
in late-stage decomposition (Figure 2). As a result, SRTOT under
NAT and MIX litter was higher than under ACC litter (p = 0.001
and p < 0.001, respectively), and DEC litter (p = 0.031 and 0.003,
respectively; Figure 3). The litter × age interaction was largely due
to differences in SRTOT under MIX litter, which was substantially
higher in 60Y and 40Y stands than in 90Y or OG stands (p < 0.001
for all contrasts; Figure 3).

3.3. Non-additive effects of functionally
diverse litter

Overall, litter decay rates of the MIX treatment were close to
predicted rates but the relationship between predicted and observed
mass loss of MIX litter differed among stands [F(7,11) = 8.39,
p = 0.001; Figure 4]. Specifically, there was a significant synergistic
effect on litter decomposition in the 60Y stand, where the MIX
treatment decayed c. 16% faster than predicted (p = 0.04; Figure 4)
but effects were purely additive in the other stands.

Across all four stands, we observed an overall significant
synergistic effect of the functionally diverse MIX litter treatment
on SRTOT, and there was a significant interaction with forest stand
(χ2 = 48.97, p < 0.001). This was explained by significantly higher
observed SRTOT compared to predicted SRTOT in the 40Y and
60Y stands (Figure 5) and significantly higher observed SRTOT

in the two younger compared to the two older stands. However,
there were no significant non-additive effects for SRTOT in the two
older forest stands. Analysis of non-additive effects in individual
stands revealed that SRTOT under the MIX treatment was c. 19%
higher than predicted in the 40Y stand (χ2 = 18.22, p < 0.001;
Figure 5), and c. 15% higher in the 60Y stand (χ2 = 12.30,
p < 0.001; Figure 5).

3.4. Influence of forest stand
characteristics on decay rates and soil
respiration

Linear models indicated differences among stands in total soil
C [F(3,16) = 4.04, p = 0.026] and N concentrations [F(3,16) = 4.14,
p = 0.024], with higher values in the two younger stands than the
two older stands, however, post hoc contrasts revealed no significant
differences between pairs of individual stands (see Table 4). Soil
pH was significantly higher in the 60Y compared to 90Y stand
[F(3,16) = 5.17, p = 0.011] but did not differ among the other stands.
Soil extractable P did not differ among stands, but extractable K was
slightly higher in the 60Y than 40Y stand [marginally significant
trend, F(3,16) = 3.11, p = 0.056; Table 4]. Soil water content was
lower in the 40Y than 60Y stand but there were no significant
differences between other stands [F(3,16) = 3.72, p = 0.033; Table 4].
Finally, soil temperature was around 1◦C lower in the OG than the
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FIGURE 2

Total soil respiration (SRTOT) of three functional litter mixtures and stand specific natural litter in four forest stands measured during a litter
decomposition experiment in Panama, Central America: light-demanding, accelerating growth species (ACC) = red squares; shade-tolerant,
decelerating growth species (DEC) = green circles; a mixture of light-demanding and shade-tolerant species (MIX) = blue triangles, and
stand-specific natural litter (NAT) = purple diamonds. Means and standard errors are shown for n = 5 per time point and treatment.

FIGURE 3

Comparison of total soil respiration (SRTOT) of three functional litter mixtures and stand specific natural litter in four forest stands measured during a
litter decomposition experiment in Panama, Central America. Where: ACC = light-demanding accelerating growth species; DEC = shade-tolerant,
decelerating growth species; MIX = a mixture of light-demanding and shade-tolerant species; and NAT = stand-specific natural litter. 40Y
(diamonds), 60Y (triangles), and 90Y (circles) refer to stand age in years, and OG is old-growth forest (squares). Separate panels show means, and
standard errors for n = 5 measurements per time point.
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FIGURE 4

Comparison of observed vs. predicted mass loss of the mixed (MIX) litter treatment, after 5 months of decomposition across an age gradient of
tropical forest in Panama, Central America. MIX (red) is the measured mass loss of litter treatments containing a mixture of light-demanding and
shade-tolerant species, and MIX.P (blue) the predicted mass loss, i.e., the mean of the measured mass loss of light-demanding (ACC) species litter,
and shade-tolerant (DEC) species litter treatments (ACC + DEC/2). 40Y, 60Y, and 90Y refer to stand age in years, and OG is old-growth forest. Boxes
denote the 25th and 75th percentiles and median lines are given for n = 5, whiskers indicate values up to 1.5× the interquartile range, and dots
indicate outliers.

other stands [F(3,16) = 30.16, p < 0.001; Table 4] but there was no
difference in temperature among the 40Y, 60Y, and 90Y stands.

Multivariate analysis of soil properties demonstrated separation
of stands in ordination space (perMANOVA R2 = 0.47, p < 0.001;
Figure 6) and the first two ordination axes explained 49.2% of the
total variation among stands (32.1 and 17.1% for PC1 and PC2,
respectively). Total soil C and N, extractable P and soil temperature
were strongly correlated with PC1, which explained the separation
between the 60Y and 90Y stands, and between 40Y or 60Y and OG
stands. Extractable K, water content and, to a lesser extent, pH were
correlated with PC2, explaining the separation between 40Y, 90Y,
and 60Y stands (Figure 6).

Linear regression of decay rates against the PC axis scores
revealed that PC2 explained 22.4, 23.8, 44.1, and 48.7% of the
variation in the decay rates of ACC [F(1,18) = 6.47, p = 0.002], DEC
[F(1,18) = 6.93, p = 0.017], MIX [F(1,18) = 15.98, p < 0.001], and NAT
[F(1,18) = 18.95, p < 0.001] litter treatments, respectively, indicating
that litter decomposition was facilitated by high soil extractable
K concentrations and high soil water content. By contrast, no
variation in SRB was explained by soil properties.

4. Discussion

Our study aimed to elucidate how differences in tree functional
composition influence soil C dynamics during secondary
succession. We found higher nutrient content, decomposition rate
and higher rates of respiration in the early stages of decomposition

for the ACC species compared to DEC species litter, largely
supporting our first hypothesis. However, we found limited
evidence that C turnover rates in functionally diverse litter
mixtures are higher than expected (H2), or that C turnover
rates are higher in younger than in older forest stands (H3).
Instead, we found a strong influence of forest stand on both litter
decomposition and respiration rates, and whilst soil properties
explained separation among stands, they only partially explained
variation in decay rates. This suggests that soil C dynamics are
determined by both soil properties and tree species traits.

4.1. Tree growth strategies influence
litter decay via distinct foliar traits

The composition and turnover of functionally distinct
litter mixtures largely conformed to expectations based on
the differences in growth strategies between tree functional
groups. As hypothesised, the ACC litter treatment representing
early successional light-demanding species had higher nutrient
concentrations and decomposed more rapidly than the DEC
treatment which represented late-successional shade-tolerant trees
(Table 2). The decay rates of ACC and DEC species litter in
this study are comparable with the decay rates of “pioneer” and
“old growth” species litter mixtures at a nearby study site (Laird-
Hopkins et al., 2017), which supports the assumption that the ACC
and DEC litter mixtures are largely representative of early and late
successional stages, respectively.
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FIGURE 5

Comparison of observed vs. predicted total soil respiration (SRTOT) of the mixed (MIX) litter treatment, during 5 months of decomposition across an
age gradient of tropical forest in Panama, Central America. MIX (red squares) is the observed mass loss of litter treatments (containing a mixture of
light-demanding and shade-tolerant species), and MIX.P (blue circles) is the predicted mass loss, i.e., the mean from the measured mass loss of
light-demanding (ACC) species litter, and shade-tolerant (DEC) species litter treatments (ACC + DEC/2). 40Y, 60Y, and 90Y refer to stand age in
years, and OG is old-growth forest. Separate panels show means, and standard errors for n = 5 measurements per time point.

TABLE 4 Soil properties at 0–5 cm depth across an age gradient of forest stands in Panama, Central America, where 40Y is 40 year-old, 60Y is 60
year-old, 90Y is 90 year-old, OG is old-growth.

Forest age

Soil properties 40Y 60Y 90Y OG

TC (%) 7.88 (±0.65) 7.40 (±0.98) 5.12 (±0.71) 5.31 (±0.33)

TN (%) 0.54 (±0.06) 0.52 (±0.07) 0.34 (±0.06) 0.33 (±0.02)

C:N Ratio 14.72 (±0.53) 14.42 (±0.61) 15.54 (±0.85) 16.22 (±0.72)

pH 5.83ab (±0.08) 6.36a (±0.08) 5.94ab (±0.17) 5.53b (±0.22)

P (mg g−1) 4.46 (±0.74) 8.56 (±2.23) 6.24 (±1.05) 4.21 (±0.49)

K (mg g−1) 722.94b (±67.12) 1246.91a (±219.48) 886.73ab (±74.92) 972.69ab (±58.15)

Temperature (◦C) 26.88a (±0.07) 26.87a (±0.09) 27.04a (±0.11) 26.06b (±0.05)

Water content (mv) 525.48b (±19.30) 656.18a (±28.96) 607.77ab (±41.79) 582.8ab (±14.84)

TC, total carbon; TN, total nitrogen; CN ratio, ratio of carbon: nitrogen; P, total extractable phosphorous; K, total extractable potassium. Soil properties are given as means and standard
errors for n = 5. Different superscript letters indicate significant differences among stands at p < 0.05, determined by ANOVAs with Tukey’s post hoc comparisons and correction for
multiple comparisons.
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FIGURE 6

Ordination plot (principal component analysis) based on soil properties for 40-year old (40Y), 60-year old (60Y) and 90-year old (90Y) secondary
forest stands and old-growth (OG) lowland tropical forest in Panama Central America. Ellipses show the separation of forest stands in ordination
space based on 99% confidence limits based on standard errors; soil properties that explain the separation of stands in ordination space are shown
as vectors, where P is soil extractable phosphorus, K is soil extractable potassium, SOIL.WC is soil water content, SOIL.TEMP is soil temperature, and
TC and TN are total carbon and nitrogen concentration, respectively.

Despite the overall differences in litter quality among
treatments, there is nonetheless considerable variation in
litter traits among species within broad functional groups
(Hättenschwiler et al., 2008; Table 4). Although litter decay rates
are often strongly related to foliar N (Wright et al., 2010), litter
C:N ratios, or lignin content (Zhang et al., 2008; Hattenschwiler
et al., 2011), our analyses revealed no differences in litter N or
C:N ratios and only a small difference in ADF between ACC and
DEC species. Although litter traits often correlate with living
“green leaf” traits and both have been used successfully to predict
decomposition, fresh leaf traits may better reflect plant growth
strategies (Bakker et al., 2011), as nutrient reabsorption during
leaf senescence can result in lower nutrient contents in litter
compared to fresh leaves (Vergutz et al., 2012). Indeed, there
were clear differences in the N content of fresh leaves between
the ACC and DEC species we used in our study (Wright et al.,
2010; Table 2). Since the experiment used a relatively small species
pool, and because traits tend to be highly coordinated (e.g., Wright
et al., 2004), it was not possible to formally test the influence of
specific litter traits on decomposition rates. However, a fertilisation
experiment conducted close to our study sites demonstrated
that litter decomposition was enhanced by P addition, and the
decomposition of cellulose (the primary constituent of leaf litter)
increased with the addition of both P and K (Kaspari et al., 2008).

Similarly, litter P and K content were shown to be more important
than N in explaining the decomposition of natural mixed litter
in a nearby forest stand (Kerdraon et al., 2020). Thus, the
marked differences in litter P and K concentrations between
ACC and DEC species could explain their distinct decay rates
in our study. Our multivariate analyses also indicated that soil
K concentrations were important for explaining differences in
decay rates among stands. Potassium availability could influence
decay rates because fungi actively accumulate K (Tyler, 2005),
and K addition can stimulate fungal activity (Nottingham et al.,
2018). Hence, the high soil K concentrations in the 60Y stands
likely contributed to faster decay of leaf litter compared to the
other stands.

Despite inter-specific variation in the litter traits of light-
demanding and shade-tolerant species, the observed differences
in litter quality clearly reflect the shift in resource investment of
trees during secondary succession, from fast-growing acquisitive to
slow-growing conservative strategies (Chazdon, 2014; Reich, 2014)
and this was reflected in the faster decay rates of ACC litter and
slower decomposition of DEC litter. Hence, in support of our first
hypothesis, the litter properties and decay rates in the present
study suggest that leaf traits related to the life-history strategy
of tree functional groups have a considerable influence on litter
decomposition.
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4.2. Quality and decay rate of litter from
different tree functional groups is
reflected in distinct patterns of soil
respiration during decomposition

Our study revealed a clear link between litter decay rates and
soil respiration for functionally distinct litter treatments, but these
become most apparent when comparing patterns of mass loss
over time. Whereas in natural conditions there is a simultaneous
accumulation and breakdown of plant material on the forest
floor, we measured the decay rate and respiration rates for a
representative mass of leaf litter without additional inputs. This not
only allowed us to directly link decay rate to respiration, but also to
compare patterns of respiration among functional litter treatments
during distinct decomposition stages. The differences in respiration
among the functional litter treatments during early- (June and
July) and late- (September and October) stage decomposition
suggest a strong influence of different litter types on soil microbial
activity via the accessibility and availability of labile compounds
from decaying plant material (e.g., Berg and McClaugherty, 2007).
Hence, we propose that early nutrient release from the high-quality
ACC litter boosted microbial activity in the first 2 months of
decomposition.

Higher SRTOT from ACC species litter during the first 2 months
of decomposition also indicates rapid loss of highly soluble
compounds (Kutsch et al., 2009). Conversely, higher rates of SRTOT
over DEC litter during the last 2 months of the study likely reflect
the greater amount of substrate remaining, coupled with greater
activity of slow-growing microbes capable of degrading tougher C
compounds (Waldrop et al., 2000; Kutsch et al., 2009). Hence, the
differences in SRTOT from ACC and DEC litter during early- and
late-stage decomposition likely reflect the sequential breakdown
and processing of labile C during decomposition (Kutsch et al.,
2009; Powers et al., 2009). These processes are supported by the
pattern of SRTOT observed from the MIX treatment, which first
tracked that of the ACC litter during the first 2 months, and then
matched the increasing SR from the DEC treatment in late-stage
decomposition (Figure 3). Thus, in support of our first hypothesis,
SRTOT was significantly higher from the ACC litter than from
the DEC litter treatment in early decomposition, suggesting that
light-demanding species litter provide a high-quality resource to
microbial decomposers via the release of soluble C and nutrients.

Few studies have measured soil C turnover during secondary
succession in tropical forests and they often report contrasting or
no clear trends with stand age. For example, higher respiration rates
were observed in older compared to younger secondary tropical
forest in southern Mexico (Aryal et al., 2017) but this was only
observed during a single season and across a relatively narrow age
range of secondary forest (5–35 years old). Other studies report
no clear relationships between respiration and forest age (e.g.,
Adachi et al., 2006; Schedlbauer and Kavanagh, 2008), although a
global study found that respiration declined with increasing age
in temperate forests (Pregitzer and Euskirchen, 2004). However,
there was insufficient data to test the relationship across tropical
forests, and while the authors attribute higher respiration in the
younger temperate forests to disturbance in early succession, it is
conceivable that changes in species traits likely contribute to these
patterns (Pregitzer and Euskirchen, 2004).

4.3. Non-additive effects of the mixed
litter treatment

To help resolve some of the uncertainty regarding the influence
of functionally diverse litter mixtures on soil C dynamics, due
in part to the paucity of data in tropical forests (Kou et al.,
2020), we assessed non-additive effects of a mixed litter treatment
on rates of litter decay and respiration in comparison to the
component, functionally similar litter mixtures. Other studies
which have assessed non-additive effects of functionally diverse
litter mixtures on decomposition processes in tropical forests have
variously reported synergistic (e.g., Trogisch et al., 2016; Getaneh
et al., 2022), antagonistic (Laird-Hopkins et al., 2017), and mixed
responses (Lin and Zeng, 2018), as well as purely additive effects
(Scherer-Lorenzen et al., 2007). In our study, we hypothesised
that the observed decay and respiration rates for the MIX litter
treatment would be higher than predicted rates, but we found
limited evidence for non-additive effects of the MIX litter treatment
on litter decay rates. However, we observed a synergistic effect on
respiration rates in the two youngest stands (Figure 5), suggesting
that both stand environment and litter traits could influence non-
additive effects during decomposition (e.g., Scherer-Lorenzen et al.,
2007; Barantal et al., 2011). Interactions between litter mixture
and stand environment could contribute to the large discrepancies
among studies investigating non-additive effects, and the potential
mechanisms merit further investigation.

We also investigated the potential for non-additive effects
of litter mixtures on soil respiration rates, which has hitherto
only been assessed in temperate systems (Wang et al., 2014; Mao
et al., 2017). Synergistic non-additive effects of mixed species litter
are expected to occur due to the transfer of nutrients between
different litter types which can promote decomposition of more
recalcitrant litter compounds, or as a result of greater variation in
the physical microhabitat and decomposer interactions compared
to single species litter (Hättenschwiler et al., 2005; Keiser et al.,
2013). Differences in foliar nutrients (P, K, and Mg) between the
constituent treatments in the MIX treatment (ACC and DEC;
Table 2), and also between species in the ACC litter treatment
(Table 2), suggest that multiple nutrient transfers between litter
types may occur during decomposition, and thus may help explain
non-additive effects of the MIX treatment on respiration rates.
Interestingly there was a clear positive, non-additive effect of the
mixed litter treatment on SRTOT in the two younger (40Y and 60Y)
stands, a slight positive non-additive effect in the 90Y stand, but
there was no effect in the OG stand. Our findings thus provide
further evidence that the wider forest stand influenced the non-
additive effects of the functionally diverse litter on the decomposer
community (e.g., Scherer-Lorenzen et al., 2007; Barantal et al.,
2011), and suggest that differences in soil vs. litter nutrient
concentrations as a potential underlying mechanism.

Surprisingly, the synergistic effect of the MIX litter treatment
on SRTOT appeared to be largely uncoupled with litter decay
rates, as only the 60Y stand showed a clear synergistic effect of
MIX litter on both decay rates and respiration (Figures 4, 5).
The synergistic effect of the MIX treatment on decomposition in
the 60Y stand could be partly explained by the overall high C
turnover rates in this stand, demonstrated by comparably fast litter
decomposition and high respiration rates (e.g., for the MIX and
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DEC treatments). Interestingly, a study across a chronosequence
of secondary (10–80 years old) and old growth tropical forest
in Puerto Rica reported that decomposition of a common litter
was generally fastest in the 60 and 80 year old stands, which
was attributed to more favourable microsites for decomposition
(Ostertag et al., 2008). Thus, the high C turnover and strong
synergistic effects we observed in the 60Y site likely arise from
favourable microclimate as well as higher soil concentrations of
potentially limiting elements such as K.

It is conceivable that non-additive effects from a functionally
diverse litter mixture may be more pronounced in stands with
higher microbial activity as a result of a more diverse and
complex decomposer community, adapted to consume a wide
range of C compounds (Van Der Heijden et al., 2008). Another
potential explanation is that soil K was significantly higher
in the 60Y than 40Y stand (Table 4) perhaps suggesting that
nutrient exchange between the soil and litter enhanced the
positive non-additive effect in this stand. It is noteworthy that
the influence of soil properties (represented by PC2 in our study)
on litter decomposition was strongest for the MIX and NAT
litter treatments, which could indicate stronger environmental
controls on decomposition for functionally diverse leaf litter. Such
interactions between soil nutrient availability and litter diversity
could explain why experiments investigating non-additive effects
of litter mixtures have produced such variable results (Kou et al.,
2020). We therefore suggest that to fully understand how diversity
influences decomposition, future experiments will need to assess
the combined influence of soil properties and species diversity on
decomposition processes.

Interestingly, although we observed a clear temporal response
of SRTOT to rates of litter decomposition between early and late
stage decomposition, along with higher rates of decomposition in
the 60Y stand compared to the 40Y and 90Y stands, the non-
additive effects on litter decomposition in our study did not confirm
to recent findings from Kou et al. (2020), whereby synergistic
effects were observed more strongly in early decomposition (from
10 to 40% mass loss) and declined as decomposition progressed.
By contrast, we observed the largest synergistic effect in litter
at the end of the experiment (> 60% mass loss, Figure 4).
Stronger synergistic effects in the earlier stages of decomposition
are expected to occur when mass loss is dominated by leaching
rather than microbial processes (Kou et al., 2020). However, in
our study, the synergistic effect observed in the 60Y stand in the
later stages of decomposition instead suggests that the ability of the
microbial community to process functionally diverse compounds
in litter shapes decomposition in this forest.

Our results reveal that there were clear non-additive effects
on decomposition of the mixed litter treatment, suggesting
that measurements comparing litter from a single species or
from functionally similar species do not fully capture the
complex interactions between plant litter traits and decomposer
communities which drive soil C dynamics. Instead, we propose that
assessing the decay rate and respiration rates of a standardised,
functionally mixed litter treatment containing litter from a
range of tree functional groups would more closely represent
natural conditions and better reveal the influence of tree
functional characteristics on soil C dynamics in highly diverse
tropical forest stands.

4.4. Strong influence of forest stand on
soil carbon dynamics

We hypothesised that soil carbon turnover would be higher
in the younger than older forest stands due to the greater
relative influence of light-demanding tree species providing a
high-quality resource to microbial decomposers. Although there
was a clear separation in SRTOT between the two younger and
two older stands measured over the functionally diverse MIX
litter treatment, we found limited evidence for declining soil
C turnover with stand age. A study in a subtropical forest in
China found that litter decomposition of an abundant canopy
species decreased significantly with increasing stand age (Trogisch
et al., 2016), although the pattern was not observed for mixed
species litter. The authors propose this was driven by stand and
microclimate characteristics related to succession. In our study,
the strong influence of forest stand on both litter decomposition
and soil respiration was partially explained by measured soil
characteristics.

Soil C turnover is strongly linked to plant growth rates and
the quality of plant inputs (Schlessinger and Andrews, 2000; De
Deyn et al., 2008). The relative influence of shade-tolerant (DEC)
species increased with forest age across the four stands (Table 1),
and previous work revealed that soil C stocks at 0–10 cm increased
with the increasing influence of light-demanding (ACC) species in
these forest stands (Wallwork et al., 2022). As such, we expected
that C turnover would be fastest in younger stands, resulting
in higher rates of litter decay and total respiration compared to
the older forest stands. However, in contrast to our hypothesis,
variation in decay rates and SR was not explained by shifts in tree
functional groups among forest age classes, as the highest rates of
decay and SRTOT were recorded in the 60Y stand, and the lowest
in the 90Y stand. Although we did not find a clear relationship
between C turnover and the increasing relative influence of shade-
tolerant tree species at a stand level, it is possible that rates of
litter decomposition and respiration were influenced by dominant
species at a more local scale (e.g., Joly et al., 2017). For example,
the “homefield advantage” theory stipulates that litter decomposes
more rapidly in proximity to the tree species it derives from due
to specialisation of the soil microbial community (Ayres et al.,
2009; Kerdraon et al., 2019). While we did not formally assess
the influence of trees in direct proximity to the mesocosms in
each block, the relative influence of our four target tree species
within a 20-m radius of soil mesocosms was highest in the 60Y
stand and lowest in the 90Y stand, potentially explaining some
of the variation in C turnover between these stands. Additionally,
small-scale heterogeneity of forest structure and soil properties can
help explain variation in litter decomposition due to variations
in microhabitat, although the direction of the relationship can
vary among studies. For example, litter decomposition increased
with tree density, DBH and basal area at one an old-growth
tropical forest site (de Godoy Fernandes et al., 2021), whereas
decomposition declined with tree density but increased with soil
nutrient concentrations (including P, K, Ca, and Mg) at another site
(Oliveira et al., 2019).

Although there were no clear relationships between individual
soil properties and rates of litter decomposition or soil respiration
in our study, there was a clear separation of stands based on
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multiple soil properties and these helped explain some of the
variation in rates of litter decomposition among stands. Although
our analyses indicated no difference among stands in soil C and
N concentration at 0–5 cm depth, previous studies revealed that
soil C and N stocks at 0–10 cm depth were higher in the 40Y and
60Y stands (Jones et al., 2019; Wallwork et al., 2022), which could
contribute to the higher rates of SR by sustaining greater microbial
biomass (Fierer et al., 2009). Correspondingly, the lower rates of
decay and SR in the 90Y stand coincide with lower total soil N
content compared to all other stands (Jones et al., 2019; Wallwork
et al., 2022). In addition, soil pH exerts a strong influence on
soil microbial community composition (Fierer and Jackson, 2006;
Rousk et al., 2009), which in turn controls rates of C turnover
(Schimel and Schaeffer, 2012). Although we found only a weak
relationship between soil pH and litter decomposition, soil pH
was significantly higher in the 60Y compared to 90Y stand, and,
coupled with greater soil water content in during dry periods
could also explain the high rates of litter decay and SR in the
60Y stand.

Given the strong links between soil properties and tree
functional composition at our study sites (Wallwork et al., 2022)
it is not possible to disentangle the influence of tree functional
composition on soil C turnover from the influence of soil
properties, however, it is clear that both act in concert to shape
decomposition processes during secondary forest succession.

5. Conclusion

Our study presents an integrated assessment of soil C
dynamics during litter decomposition in regenerating tropical
forests, measuring both the decay rate and derived respiration
rate of functionally different litter mixtures across a successional
gradient of tropical forest. We found that multiple, interacting
factors influence patterns of soil C turnover during decomposition.
Although rates of litter decay and soil respiration did not follow
the expected trajectory of forest successional age, there was a
clear separation in C turnover between functionally different litter
treatments, whereby litter from light-demanding “ACC” species
decomposed more rapidly than litter from shade-tolerant “DEC”
species, and these distinct decay rates influenced soil respiration
at different stages of decomposition. Surprisingly, despite stands
being of the same climate, ecosystem, and relative proximity to one
another, both litter decay rates and soil respiration were strongly
influenced by forest stand, which was only partially explained by
soil properties.

Our study thus demonstrates that changes in tree species
composition can influence soil carbon dynamics in regenerating
tropical forests via differences in leaf litter quality and decay rates.
We also highlight the potential importance of functionally diverse
plant inputs for soil microbial activity in tropical forests and that
local stand-level characteristics may be of equal importance in
explaining variation in rates of carbon turnover in these forests.
We suggest that future work on the links between litter traits, soil
properties and soil microbial communities could further clarify the
role of functional diversity in soil C dynamics and storage during
secondary tropical forest succession.
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